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NATHANIEL BOWDITCH

(1773-1838)

Nathaniel Bowditeh was born on March 26, 1773, at Salem, Mass., fourth of the
soven children of shipmastaf Habakkuk Bowditch and his wife, Mary.

Since the migration of William Bowditch from England to the Colonies in the
17th century, the family had resided at Salem. Most of its sons, like those of other
families in this New England seaport, had gone to sea, and many of them became
shipmasters. Nathaniel Bowditch himself sailed as muter on his last voyage, and
two of his brothers met untimely deaths while pursuing careers at sea.

It is reported that Nathaniel Bowditch's father lost two ships at sea, and by late
Revolutionary days he returned to the trade of cooper, which he had learned in his
youth, This provided insufficient income to properly supply the needs of his growing
family, and hunger ajid cold were often experienced. For many years the nearly destitute
family received an annual grant of fifteen to twenty dollars from the Salem Marine
Society. By the time Nathaniel had reached the age of ten, the family's poverty neces-
sitated his leaving school and joining his father in the cooper's trade.

Nathaniel was unsuccessful as a cooper, and when he was about 12 years of age,
he entered the first of two ship-chandlery firms by which he was employed. It was
during the nearly ten years he was so employed that his great mind first attracted public
attention. From the time he began school Bowditch had an all-consuming interest in
learning, particularly mathematics. By his middle teens he was recognized in Salem
as an authority on fhat subject. Salem being primarily a shipping town, most of the
Inhabitants sooner or later found their way to the ship chandler, and news of the bril-
liant young clerk spread until eventually it came to the attention of the learned men
of his day. fmpressd by his desire to educate himself, they supplied him with books
that he might learn of the discoveries of other men. Since many of the best books
were written by Europeans, Bowditch first taught himself their languages. French,
Spanish, Latin, Greek, and German were among the two dozen or more languages
and dialects he studied during his life. At the age of 16 he began the study of Newton's
Principia, translating parts of it from the Latin. He even found an error in that classic,
and though lacking the confidence to announce it at the time, he later published his
findings and had them accepted.

During the Revolutionary War a privateer out of Beverly, a neighboring town to
Salem, had taken as one of its prize, an English vessel which wan carrying the philo-
sophical library of i famed Irish scholar, Dr. Richard Kirwan. The books were brought
to the Colonies and there bought by a group of educated Salem men who used them to
found the Philosophical Library Company, reputed to have been the best library north
of Philadelphia at the time. In 1791, when Bowditch was 18, two Harvard-educated
ministers, Rev. John Prince and Rev. William Bentley, persuaded the Company to
allow Bowditch the use of its library. Encouraged by these two men and a third-
Nathan Read, an apothecary and also a Harvard man-Bowditch studied the works of
the great men who had preceded him, especially the mathematicians and the astrono-
mor. By the time he became of age, this knowledge, acquired before and after his long
working hours and in his spare time, had made young Bowditch the outstanding mathe-
matician in the Commonwealth, and perhaps in the country.
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In the seafaring town of Salem, Bowditch was drawn to navigation early, learning
the subject at the age of 13 from an old British sailor. A year later he began studying
surveying, and in 1794 he assisted in a survey of the town. At 15 he devised an almanac
reputed to have been of great accuracy. His other youthful accomplishments included i
the construction of a crude barometer and a sdndial.

When Bowditch went to sea at the age of 21, it was as captain's writer and nominal
second mate, the officer's berth being offered him because of his reputation as a scholar.
Under Captain Henry Prince, the ship Henry sailed from Salem in the winter of 1795

\1 on what was to be a year-long voyage to the lie de Bourbon (now called Ile de la R-
'\din) in the Indian Ocean.

Powditch began his seagoing career when accurate time was not available to the
average naval or merchant ship. A reliable marine chronometer had been. invented some4
60 years before, but the prohibitive cost, plus the long voyages without opportunity to
check the error of the timepiece, made the large investment an impractical one. A sys-
tem of determining longitude by "lunar distance," a method which did not require an

- accurate timepiece, was known, but this product of the minds of mathematicians and
astronomers was so involved as to be beyond the capabilities of the uneducated seamen
of that day. Consequently, ships navigated by a combination of dead reckoning and
parallel sailing (a system of sailing north or south to the latitude of the destinatioL and
then east or west to the destination).

To Bowditch, the mathematical genius, computation of lunar distances was no
mystery, of course, but he recognized the need for an easier method of working them
in order to navigate ships more safely and efficiently. Through analysis and observa-
tion, he derived a new and simplified formula during his first trip, a formula which was
to open the book of celestial navigation to all seamen. A

John Hamilton Moore's The Practical Navigatd&Ws the leading navigational
text when Bowditch first went to sea, and had been for mrny years. Early in his
first voyage, however, the captain's writer-second mate began turning up errors in
Moore's book, and before long he found it necessary to recompute some of the tables
he most often used in working his sights. Bowditch recorded the errors he found,
and by the end of his second voyage, made in the higher capacity of supercargo, the
news of his findings in The Practical Navigator had reached Edmund Blunt, a publisher
at Newburyport, Mass. At Blunt's request, Bowditch agreed to correct Moore's A
book. The first edition of The New Practical Navigator was published in 1799, with
coirection of the errors Bowditch had found to that time, and with some additional
information. The following year a second edition was published with additional correc-
tions. Bowditch eventually found more than 8,000 errors in the work, however, and it _
was finally decided to completely rewrite the book and to publish it under his own
name. In 1802 the first edition of The. New American Practical Navigator by Nathaniel
Bowditch was published, and his vow to put nothing in the book he could not teach V
every member of his crew served to keep the work within the understanding of the A
average seaman. In addition to the improved method of determining longitude, A

Bowditch's book gave th. ship's officer information on winds, currents, and tides;
directions for surveying; statistics on marine insurance; a glossary of sea terms; in-
struction in mathematics; and numerous tables of navigational data. His simplified I
methods, easily grasped by the intelligent seaman willing to learn, paved the way for - -

"Yankee" supremacy of the seas during the clipper ship era.
Two months before sailing for Cadiz on his third voyage, in 1798, Bowditch married

Elizabeth Boardman, daughter of a shipmaster. While he was away, his wife died at " -
the age of 18. Two years later, on Ocober 28, 1800, he married his coisin, Mary
Ingersoil, she, too, the daughter of a shipmaster. They had eight children.

iv
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Bowditch made a total of five trips to sea, over a period of about nine years, his
last as master and part owner of the three-masted Putnam. Homeward bound from a
13-month voyage to Sumatra and the Ile de Frant (now called Mauritius) the Putman
approached Salem harbor on December 25, i803, during a thick fog without having
had a celestial observation since noon on the 24th. Relying upon his dead reckoning,

had the good fortune to get a momentary glimpse of Eastern Point, Cape Ann, enough
to confirm his position. The Putnam proceeded in, past such hazards as "Bowditch':;
Ledge" (named after a great-grandfather who had wrecked his ship on the rock more
than a century before) and anchored safely at 1900 that evening. Word of the daring
feat, performed when other masters were hove-to outside the harbor, spread along the
coast and added greatly to Bowditch's reputation. He was, indeed, the "practical
navigator."
(oHis standing as a mathematician and successful shipmaster earned him a lucrative
(for those times) position ashore within a matter of weeks after his last voyage. He
was installed as president of a Salem fire and marine insurance company, at the age
of 30, and during the 20 years he held that position the company prospered. In 1823
he left Salem to take a similar position with a Boston insurance firm, serving that
company with equal success until his death.

Trom the time he finished the "Navigator" until 1814, Bowditch'. mathematical
and scientific pursuits consisted of studies and papers on the orbits of comets, applica-
tions of Napier's rules, magnetic variation, eclipses, calculations on tides, and the chart-
ing of Salem harbor. In that year, however, he turned to what he considered the greatest
work of his life, the translation into English of Mcanique C&leste, by Pierre Laplace.
Mkcanigue Cdeste was a summary of all the then known facts about the workings of the
heavens. Bowditcl Lranslated four of the five volumes before his death, and published
them at his ow, expense. He gave many formula derivations which Laplace had not
shown, and also included further discoveries following the time of publication. His work
made this information available to American astronomers and enabled them to pursue
their studies on the basis of that which was already known. Continuing his style. of
writing for the learner, Bowditch presented his English version of Mecanique Cdeste in
such a manner that the student of mathematics could easily trace the steps involved in
reaching the most complicated conclusions.I

Shortly after the publication of The New American Practical Navigator, Harvard
College honored its author with the presentation of the honorary degree of Master
of Arts, and in 1816 the college made him an honorary Doctor of Laws. From the
time the Harvard graduates of Salem first assisted him in his studies, Bowditch had a '

great interest in that college, and in 1810 he was elected one of its Overseers, a position teu
he held until 1826, when he was elected to the Corporation. During 1826-27 he was _,a
the leader of a small group of men who saved the school from financial disrster by
forcing necessary economies on the college's reluctant president. At one time Bow-ditch was offered a Professorship in Mathematics at Harvard but this, as well as I
similar offers from West Point and the University of Virginia, he declined. In all his

life he was never known to have made a public speech or to have addressed any large
group of people. -

Many other honors came to Bowditch in recognition of his astronomical, math-
ematical, and marine accomplishments. He became a member of the American Academy
of Arts and Sciences, the East India Marine Society, the Royal Academy of Edinburgh,
the Royal Society of London, the Royal Irish Academy, the American Philosophical
Society, the Connecticut Academy of Arts and Sciences, the Boston Marine Society,
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the Royal Astronomical Society, the Palermo Academy of Science, and the Royal
Academy of Berlin.

Nathaniel Bowditch outlived all of his brothers and sisters by nearly 30 years.
Death came to him on March 16, 1838, in his sixty-fifth year. The following eulogy
by the Salem Marine Society indicates the regard in which this distinguished American
was held by his contemporaries:

"In his death a public, a national, a human benefactor has departed. Not thiscommunity, nor our country only, but the whole world, has reason to do honoi to his i

memory. When the voice of Eulogy shall be still, when the tear of Sorrow shall cease
to flow, no monument will be needed to keep alive his memory among men; but as long
as ships shall sail, the needle point to the north, and the stars go through their wonted
courses in the heavens, the name of Dr. Bowditch will be revered as of one wtho helped
his fellow-men in a time of need, who was and is a guide to them over the pathless
ocean, and of one who forwarded the great interests of mankind."

The New American Practical Navigator was revised by Nathaniel Bowditch several
times after 1802 for subsequent editions of the book. After his death, Jonathan Inger-
soll Bowditch, a son who made several voyages, took up the work and his name appeared
on the title page from the eleventh edition through the thirty-fifth, in 1867. In 1868 the I"
newly organized U.S. Navy Hydrographic Office bought the copyright. Revisions I
havo been made from time to time to keep the work in step with navigational improve-
ments. The name has been altered to the American Practical Navigator, but the book is I
still commonly known as "Bowditch." A total of more than 850,000 copies has been j
printed in about 70 editions during the more than a century and a half since the book
was first published in 1802. It has lived because it has combined the best thoughts of
each generation of navigators, who have looked to it as their final authority.
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PREFACE

This epitome of navigation has been maintained continuously since it was first
published in 1802. The U.S. Navy maintained "Bowditch" from 1868 until 1972, when
the Defense Mapping Agency Hydrographic Center was assigned the responsibility for
its publication.

The intent of the original author to provide a compendium of navigational material
understandable to the mariner has been consistently followed. However, navigation
is not presented as a mechanical process to be followed blindly. Rather, emphasis
has been given to the fact that the aids provided by science can be used effectively to
improve the art of navigation only if a well-informed person of mature judgment and
experience is on han-i to interpret information as it becomes available. Thus, the facts I
needed to perform the mechanics of navigation have been supplemented with additional I
material intended to help the navigator acquire perspective in meeting the various £
needs that arise.

Volume II of this extensively revised edition provides the tables, formulas, data,
and instructions needed by the navigator to perform many of the computations associ-
ated with dead reckoning, piloting, and celestial navigation. All references to tables 1 I
through 37 in this volume are with respect to the tables in volume II.

Many institutions, organizations, groups, and individuals have assisted in the
preparation of volume I, but all of the material has been edited by one individual I
to assure continuity and consistency. Particular acknowledgement is given the follow-
ing: Dr. P. Kenneth Seidelmann, Director, Nautical Almanac Office, U. S. Naval
Observatory, for assistance in matters pertaining to navigational astronomy and the
almanacs; Dr. William J. Klepczynski, Time Service Division, U. S. Naval Observatory,
for guidance in the treatment of the dissemination of time; Commander Guy P. Clark,
U. S. Coast Guard, for assistance in matters pertaining to visual and audible aids to
navigation, piloting, and navigational safety; Dr. William H. Guier and Mr. John W.
Casey, Applied Physics Laboratory, The Johns Hopkins University, for the satellite
navigation chapter; Lieutenant Commander Richard A. Smith, Royal Navy, when
Chairman, Department of Navigation, U.S. Naval Academy, for assistance in practical
areas; Commander Carl W. Fisher, National Oceanic and Atmospheric Administration,
Chief, Oceanographic Division, National Ocean Survey, for assistance in matters
pertaining to tides and tidal currents; Dr. Robert J. Renard, Professor of Meteoro~ogy,
Naval Postgraduate School, Monterey, California, for assistance in matters pertaining
to weather elements; Mr. Richard M. DeAngelis, Environmental Data Service,
National Oceanic and Atmospheric Administration, for his contributions to the tropical
cyclones chapter; Chief Aerographer's Mate Robert J. Kemple, U.S. Navy, Naval
Postgraduate School, Monterey, California, for assistance in matters pertaining to
weather observations; Mr. Max W. Mull, Chief, Marine Weather Services Branch,
National Weather Service, National Oceanic and Atmospheric Administration, for
guidance in matters pertaining to meteorology and ship weather routing; Commander

J. William G. Schramm, U.S. Navy, Fleet Numerical Weather Central, Monterey,
California, for assistance in matters pertaining to oceanography, Mr. Lyman W.
Griswold, Head, Sensors Branch, Naval Ship Research and Development Center, Anna-
polis, Maryland, for assistance in matters pertaining to speed logs; Messrs. Donald R.
Lesnick and Rosario Casamento of the Naval Ship Engineering Center, and Mr. Eric L.

vii
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Puckett, Navy Ships Parts Control Center, for their assistance in matters pertaining to
navigation instruments; Lieutenant Commander Arthur J. Tuttle, U.S. Navy, when
Executive Officer, USS Kawishiivi (AO-146), and Master Chief Quartermaster Byron E.
Franklin (SS), U.S. Navy, for assistance in practical areas; Mrs. Irene Fischer, C!fief,
Geoid Branch, Defense Mapping Agency Topographic Center, for assistance in matterspertaining to geodesy; Mr. James E. Gearhart, staff cartographer, Marine Chart

Division, National Ocean Survey and Mr. Anthony S. Basile of this Center for their
oontributions to the nautical chart chapter; Mr. Peter A. Mitchell, Naval Ocear.o-
graphic Office, for contributions to the ice in the sea chapter; Mr. D. H. Luzius, Head-
quarters U. S. Coast Guard, for guidance in matters pertaining to position reporting
systems; Lieutenants Wilson E. Fitch and Tiothy L. Vaughan, U. S. Navy, Depart.
mtent of Navigation, U.S. Naval Academy, and Mr. Richard M. Plant, Maritime
Institute of Technology and Graduate Studies, Linthicum Heights, Maryland, for their
contributions to the appendix addressing the use of hand-held digital calculators for
navigational ralculations; Commander William M. Ross, U.S. Navy, when Chairman,
Department of Navigation, U.S. Naval Academy, and Captain Wayne M. Waldo, -

Maritime Institute of Technology and Graduate Studies, for assistance in practical
areas; Commander Cortland G. Pohle, U.S. Coast Guard (Ret.), U.S. Merchant
Marine Academy. for constructive suggestions; Dr. Milton Y. J. Cha, when witih the
Omega Navig-tioni System Operations Detail, U.S. Coast Guard, for his assistance in
matters l)ertaining to the characteristics of propagation of very low frequency. radio iwaves; Messrs. David C. Scull, Robert M. Willems, and Peter B. Morris, Omega Navi
gation Sy-teni Operations Detail, U.S. Coast Guardl. for their assistance in matters per-
taining to the Omega Navigation System; Mr. David T. Haislip, Chief, Radionavigation
Aid. Branch, U.S. Coast Guard Iealquarters. for his at-istance in matter, pertaining to
radionavigation; Mr. Richard J. Sanlifer. Associate Professor of Astronomy, Anne
Arundel Community College, Arnold, Maryland, for his contribution to the chapter
on tides and tidal currents: Lieutenant Commander Raymond A. Helbig, U.S. Navy
Physics Department. U.S. Naval Academy. fer his contribution to th c-pter on
doppler sonar navigation: Messrs. William M. Chime and George L. Hammond, Fleet
Numerical Weather Central, Monterey, California, for the ship weather routing chapter;
Mr. William 'M. Cline for assistance in matters l)ertaining to weather observations,
an(l material assistance to the editor in coordinating- the contributions made at Mon-
terey: Captain Joel It ,Jaicobs for assistance in matters pertaining to the sextant;
Mr. Melvin E. Cruser, Naval Guided Missiles School, Dam Neck, Virginia Beach.
Virginia, for his contribution to the inertial navigation chapter; anti the U.S. Power
Squadrons for suiggestioni relating to the graph of article 1206 for height of tide deter-
mnitiation; and many individuals, especially the marine navigation instructors and
experienced practicing navigators who have responded to our questionnaires and offered m
constructive suggestion or directed attention to errors in previous editions.

Users should refer correction,, additions,a'd comments for iml)roviu-g this product _~to DIIREC'~i'(I, DEFENSE -MAPPING AGENCY HIYDROGRAPIIIC CENTER,

Washington, D.C. 20390, ATTN: Code PR.

IM

~.iii

? -



-4

CONTENTSI Page
Froniispiece ------------------------------------------------------- ii -
Nathaniel Bowditch (1773-1838) -------------------------------- ------- iii
PREFACE----------------------------------------------------------------------- vii

PART ONE

FUNDMNTL

CHAPTER L. History of Navigation -------------------------------------- I
CHAPTER 11. Basic Definitions----------------------------------------- 56

CHATE 11. hat.Prjections --------------------------- ------------ 64

CHIAPTER IV. Visual and Audible Aid., to Navig-ation ----------------------- 90
CHAPTER V. Thei -NAutical Chart -------------------------------------- 109

PART TWO

PILOTING AN D DEAD) RECKONING

CHAPTER VI. In~strumnts for Piloting and Dead Reckoning ----------------- 137
CHAPTER VII. Compass Error ---------------------------------------- 19-
CHAPTER VIMI Dead Reckoning -------------------------------------- 250
CHAPTER IX. The Sailings------------------------------------- 259 e
CIIP-iERX. Piloting----------------- ---------------------------- 271
CHAPTER XI. Use of Sextant in Piloting ---------------------- 302
CHAPTER XII. Tide and Current Predictions------------------- ---------- 313
CHAPTER XII I. Sailing Directions and Light Lists ------------------------- 327 i

PART THREE

wCELESTIAL NAVIGATIONI
CHAPTER XIV. -Navigational Astronomy ---------------------- ----------. 341
CHAPTER XV. Instrumients for Ce!estial Navigation------------------------ 391
CHAPTER XVI. Sextant Altitude Corrections----------------------------- 41S
CHAPTER XVII. Lines of Position iron, Celestial Observations --------------- 441
CHAPTER XVIII. Time---------------------------------------------- 459
CHAPTER XIX. The Almanac --------------------------- -------------- 498
CHAPTER.XX. Sighit Reduction--------------- ------------------------ 515
CHAPTER XXI. Comparison of Various NMethods of Sighit Reduction ----------- 559 --

CHPE XIL. Identification of Celestial Bodies-------------------- 61

A ix

A*-



OONTSNT8

PART FOUR

THE PRACTICE OF NAVIGATION

page

CHAPTER XXIII. The Practice of Marine Navigation--------------------- 641
CHAPTEP XXIV. Ship Weather Routing-------------------------- --- .
CHAPTER XXV. Polar Navigation------------------------------------ 669
CHAPTER XXVI. ifeboat Navigation--------------------------------- 692

PART FIVE

NAVIGATIONAL SAFETY

CHAPTER XXVII. Navigational Safety -------------------------------- 715
CHAPTER XXVIII. Oceanic Soundings and Hydrographic Reports------------ 723

=-CHAPTuR XXIX. Position Reporting Systems---------------------------731

PART SIX

OCEANOGRAPHY

CHAPTER XXX. The Oceans ---------------------------------------- 741
CHAPTER XXX. Tides and Tidal Currents----------------------------- 754
CHAPTER XXXII. Ocean Currents ----------------------------------- 778
CHAPTER XXXIII. Ocean Waves ------------------------------------ 787
CHAPTER X-XXIV. Breakers and Surf --------------------------------- 1797

CHAPTER XXXV. Sound in the Sea----------------------------------- 801
CHAPTER XXXV I. Ice in the Sea ------------------------------------ 806

PART SEVEN

WEATHER

CHAPTER XXXVII. Weather Observations----------------------------- 845
CHAPTER XXXVII Weather Elements ------------------------------- 8S63
CHAPTER XXXX. Tropical Cyclones--------------------------------- 890

PART EIGHT

ELECTRONICS AND NAVIGATION

CHAPTER XL. Radio Waves ---------------------------------------- 91.5
CHAPTER XL1. Radio Direction Finding ------------------------------ 930
CHAPTER XLII. Radar Navigation----------------------------------- 040
CHAPTER XLIII. Radionavigation Systems----------------------------- 967
CHAPTER XLIV. Satellite Navigaticon--------------------------------- 1019

CHAPTER XLV. Dopplhr Sonar Navigation ---------------------------- 1066
CHAPTER XLVI. introduction to Inertial Navigation -------------------- 1076



crc - - _5,'

ONTENTS

APPENDICES
Page

APPENDIX A. Abbreviations ------------------------------------------ 1107
APPENDIX B. Greek Alphabet ------------------------------------------- 1112
APPENDIX C. Symbols ------------------------------------------------- 1113
APPENDIX D. Miscelaneous Data ------------------------------------ 1115
APPENDIX E. Navigational Coordinates --------------------------------- 1127
APPENDIX F. Extracts from Xautical Almanac -------------------------- 28
APPENDIX G. Extracts from Air Almanac -------------------------------- 1145
APPENDIX H. Long-term Almanac -------------------------------------- 1164
APPENDIX I. Identification of Navigational Stars ------------------------ 1170
APPENDIX J. Navigational Stars and Planets --------------------------- 1177
APPENDIX K. Constellations -------------------------------------------- 1178
APPENDIX L. Extracts from Tide Tables --------------------------------- 1180
APPENDIX M. Extracts from Tidal Current Tables ----------------------- 1183
APPENDIX N. Extracts from Pub. No. 214 ------------------------------ I IS7
APPENDIX 0. Extracts from Pub. No. 229 ------------------------------ 1194
APPENDIX P. Extracts from Pub. No. 249 ------------------------------ 1200
APPENDIX Q. Navigational Errors --------------------------------------- 1204
APPENDIX R. Loran-A ------------------------------------------------ 1238
APPENDIX S. Charts and Publications of Other Agencies ------------------ 1252 j
APPENDIX T. Hand-held Digital Calculators ---------------------------- 1254
APPENDIX U. Underwater Log Calibration Guidelines ........ 1264
APPENDIX V. Beaufort Wind Scale -------------------------------------- 1267
APPENDIX W. Sea State ------------------------------------------------ 126S J
APPENDIX X. Geodesy for the Navigator --------------------------------- 1296
APPENDIX Y. Buoyage Systems ----------------------------------------- 1310
APPENDIX Z. Extracts from Chart No. I ------------------------------- 1325

INDEX -------------------------------------------------------------- 1355

Ixi

I

Xl.. .

NU



PART ONE

FUNDAMENTALS

II

Pq



- -

PART ONE

FUNDAMIENTALS
page

CHAPTER 1. History of INavigation ----------------- ---------------- 1
*CHAPTER II. Basic Definitions--------------------------------------- 56j

CHAPTER III. Chart Projections-------------------------------------- 64J
Irs ~CHAPTER INV. Visual1 and Audible Aids to Navigation---------------------- 90

-CHAPTER V. The Nautical Chart------------------------------------- 109

IS
oil 71



I'- 'l

CHAPTER!II'"1

HISTORY OF NAVIGATION

Introduction
101. Background.-Navigation began with the first man. One of his first con-

seious acts probably was to home on some object that caught his eye; and thus landi
navigation was undoubtedly the earliest form. His first venture upon the waters may i
have come shortly after he observed that some objects float, and through curiosity i
or an attempt at self-preservation he learned that a larger object, perhaps a log, would
support him. Marine navigation was born when he attempted to guide his craft.

~The earliest marine navigation was a form of piloting, which camne into being as
i . man became familiar with landmarks and used them as guides. Dead reckoning prob-
. : ably came next as he sought to predict his future positions, or perhaps as he bravely
i - ~ventured farther from landmarks. Celestial navigation, as it is known today, had to i"
u await acquisition of information regarding the motions of the heavenly bcdies, although -

i these bodies were used to steer by almost from the beginning.
i " 102. From art to science.-Navigation is the process of directing the movements|

. , of a craf-t from one point to another. To do this safely is an art. In perhaps 6,000 years--i:
some writers make it 8,000--man has transformed this art almost into a stenlce, and!" -

Snavigation today is so nearly a science that the inclination is to forget that it was| j" .
ever anything else. It is commonly thought that to navigate a ship one must havea

~~chart to determine the course and distance, r compass to steer by, and a means of _;

determining the positions of the ship during the passage. Must have? The word "must" -

betrays how dependent the nmdern navigator has become upon the tools now in his i
hands. Many of the great voyages of history-voyages that made known much of the I "- i

world-were made without one or more of these "essentials." : -
~~103. Epic voyages.-History records a number of great voyages of varying navi- "

gational significance. Little or nothing is known of the navigational accomplishments =
! , of the ancient mariners, but the record of the knowledge and equipment used during
i later voyages serves to illustrate periodic developments in the field.
i 104. Pre-Christian navigation.-Down through the stream of time a number of

voyages have occurred without navigational significance. Noah's experience in the ark .
is of little interest navigationally, except for his use of a dove to locate land. There is =
avidence to support the view that at least some American Indians reached these -shores 'I °= -
by sea, the earliest of several groups probably having come about 2200 BC, the approxi- j{
mate time that a general exodus seems to have occurred from a center in southwestern
Asia. This is about the time the Tower of Babel is believed to have been built. It is - ° :=

o ;. noteworthy that almost every land reached by the great European explorers was already
inhabited. = -

It is not difficult to understand how a people not accustomed to the sea might make
a single great voyage without contributing anything of significance to the advancement

i. ~~of navigation. Not so clear, however, is the fact that the Norsemen and the Polynesians, ;:..
- ""great seafaring people, left nothing more than conificting traditions of their methods.
:i ,The reputed length of the voyages made by these people suggests more advanced navi-
% gational methods than their records indicate, although the explanation may be that they .

111
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2 HISTORY OF NAVIGATION

left few written accounts of any kind. Or perhaps they developed their powers of percep-
tion to such all extent that navigation to them, was a highly advanced art. In this
respect their navigation may not have differed greatly from that of some birds, insects,
fishes, and animals.

One of the earliest. well-recorded voyages is known today through the book of ob-
servations written by Pvtheas of 'Massalia, a Greek astronomer and navigator. Some-
time between the years 350 BC and 300 BC he sailed from a 'Mediterranean port and
followed an established trade route to England. From there he ventured north to Scot-
land and Thule, the legendary land of the midnight sun. lie went on to explore Nor-
wegian fiords, and rivers in northwest Germany. He may have made his way into the
Baltic.

Pytheas' voyage, and others of his time, were significant in that they were the
work of men who had no compasses, no sextants, no chronometers, no electronic devices
such as are commonplace today. The explanation of low they (lid it is not what some
historians have said, that before seafaring men had adequate equipment, the compass
especially, they hugged the shore an( sailed only by daylight in fair weather. Many

Iundoubtedly (lid use this practice. But the more intrel)id did not ceel) along the coast, I

venturing nothing more daring than sailing from headland to headland. They were often
out of sight of land, and yet knew sufficiently well where they were and how to get. home
again. They were able to use the sun, the stars, and the winds without. the aid of amechani- I
cal devices.

Pytheas had none of the equipment considered essential by the modern navigator-
none, at least, as it is thought of today. It. would be incorrect, however, to say that lie
had no navigational aids whatever. Ie was not the first to venture upon the sea, and even
in his time man was the inheritor of his predecessors' knowledge.

Ile must have known what the mariners of his time, Phoenician and Greek, knew
about navigation. There was a fair store of knowledge about the movements of the
stars, for examl)le, which all seafaring men shared. They had a l)ractieal grasp of some
part of what is now called celestial navigation, for the moving celestial bodies were
their compasses. Pytheas may not have been acquainted with the Periplus of Scylax, the
earliest known sailing directions, but it is reasonable to suppose that he had similar

"* information.
If there were sailing directions, there may well have been charts of a sort, even

though no record of them exists.
Even if Pvtheas and his contemporaries had sailing directions and charts, these

tmust have been far from comprehensive, and they mdoulbtedly did not cover the areas
north of Britain. But these early seamen knew direction by day or night if the sky was-
clear, and they could judge it reasonably well when thesky was overcast, using the wind 1_
and the sea. They knew the hot Libyan wind from the desert-today called the sirocco- j
and the northern wind, the mistral.

They could estimate distance. Their ships must have carried some means of meas-
uring time-the sand glass was known to the ancients-and they could estimate speed

-Z. . by counting the strokes of the oars, a conmon practice from galley to modern college
racing shell. Mariners who spent their lives traveling the 'Mediterranean knew what.
their ships could do, even if todoly it. is not known what they meant by "a day's sail''- - 2-
whether 35 miles, or 50. or 100. -M

105. Sixteenth century navigation.-Progress in the art of navigation came slo\% ly
during the early centuries of the Christian era. all but. stopped during the Dark Ages,
andl then spurted forwvard when Europe entered a1 goidenl age of (iscovery. Thme
circumnavigation of the globe by the expedition organized by Ferdinand Magellan, a.

- r
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disgraced PortuguIese nolemalln who satiledl 1un1lr thle flag- Of S;painl, was at voyage which
illustrates thle m',vances made during the 1,800 yecars following- Pvtheas.

'Magellan vN as able to find justification for his belief that at navigable pa s s to the
Pacific Oceanl existed in high souithlern latitudes, in 'Martin Behaini's glnobe or chart of
thle worldl, in thle globe conistrulcted by Johann Selioner of 'Nurenmberg in 1515, and in
Leonardo (lit Vinci's miap) of the world dIrawn in the samne year. Ilf obtained further
iniformation for his vaefro Ru Feiro, an astronomer and cartographer whose
charts, sailing direct ions, nauntical tables. andl instructions for uise of the astrolabe and
cross-staff were considered to be amiong_ thle best. available. 1Faleiro was also an advocate
of the fallacious method,; of deteriningn longitude by7 variation.

When Nhi gellan -,ailed in 1519, his equtipmfenlt inluded -sea charts, lparcbilt skins
to be made into charts en route, it terrestrial globe, wooden and mnetal theodolites,

= -wooden and wood-and-bronze, quadrants, compas4ses, magnetic needles, hour glasses
-- and "timiepieces,"' and at logy to be towedl astern.

So thle 160 cent urv- n1viga tor ha.d crud~e charts of thle knlo'vn world, a colpilis to -
steer by, instrument., with which hie could dletermine his latitude, a log to estimlate Speed, I-I;certain sailimig directions, an of n traverse tables. The hutge obstacle yet to be

106. Eighteenth century navigation. -Little is known today of the "timepieces"
carried by Magellan, but, smnely they were not used to dletermine longitude. Two hulil-
lredl vear's later, however, the chronometer began to emnerge. With ithe navigator,fo

the first time, was able to (determnine his longitude accurately and fix his position at sea.
The three voyag-es of (liscoverv made by Jamnes Cook of thle Royal Navy in the

Pacific Ocean between 1768 and[ 1779 may be sid to miark the dawn of modern nav-
igation. Cook's expedition had thle full backing of England's scientific organizations, Jo
aind hie was thle first captainl to undertake extended exploraltions at sea with navigational
equip~ment, techniques, and knowledge that miit, be considered modern.

Onl his first voyage Cook was provided with anl astronomical clock, at "journeyman''
clock, and at watch lent by the Astronomer Royal. With these lie coul~d dleternmine
longitude, 11ming lie long an'l tedious lunar distane miethod. Onl his -seconld voyage
four chronometers were lprovided. These in-,triments, added to those already posses4sed
by the mariner, enabled Cook to navigate his vessels with at precisioni ndreamed of 'l

= by Pytheas and Magellan.
By fihe ltme Cook began his explorations, astronomers had madle great contribu-

tions t( G niv;gAtional advancement, and the ltccelptanen of the hieliocentric the(-ory,.
of the 1-niverse had led to the publication of thle first official nauttical zilmanac. Charts
had p)rogressedl steadily, and adequate projections were available. With increased
un11lerstandling of variation, thle compass had become reliable. Good schook of naviga-
tion existedl, and textbook-s which redtuced thle malt themlatics of navigation to thle sn
tials had been published. Speed through the water cotuld he dleterminedl with reasoniable4
acciracl by thle logs then in uise. Mlost. imiportant, thle first chronometers were being
prodluced.

107. Twentieth century navigation.-Thc miden voyage of thle SS U nited S3ftes
inl Julh* 1952 served to illustrate thle progress manle in navigation during the 173 Years
sinice Cook's voyages. Outstanding because of its recordl trans-Az jantic passagep, the
Vessel is of interest navigationally in that, it. carried the nlost modlern equip)menlt then
available aid exemplified thle fact, that. navigation had become nearly a science.

Each of thei(ldek officers owned at ;extant, with which hie could iake, observations
more1T accurately than did Cook. Reliable chronoiieters, the prodtict of hutndreds of
years of ex perimental wvork, wvere, available to deterinle thle time of each observation.
The gyrocompa,_s indicated true north regardless of variation and deviation.

'- -4-- == .' ,=
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4 HISTORY OF NAVIGATION

Modern, convenient almanacs were used to obtain the coordinates of various
celestial bodies, to an accuracy greater than needed. Easily used altitude and azimuth
tables gave the navigator data for determining his Sumner (celestial) line of position
by the method of Marcq St.-Hilaire. Accurate charts were available for the waters
plied, sailing directions for coasts and ports visited, light lists giving the characteristics
of the various aids to navigation along these coasts, and pilot charts and navigationdl
texts for reference purposes.

Electronics served the navigator in a number of ways. Radio time signals and
weather reports enabled him to check his chronometer and avoid foul weather. A
radio direction finder was available to obtain bearings, and a radio telephone was used
to communicate with persons on land and sea. The electrically operated echo sounder
indicated the depth of water under the keel, radar the distances and bearings of objects
within range, even in the densest fog. Using Loran, the navigator could fix the position
of his ship a thousand miles and more from transmitting stations.

Piloting and Dead Reckoning

108. Background.-The history of piloting and dead reckoning extends from man's A
earliest use of landmarks to the latest model of the gyrocompass. In the thousands
of years between, navigation by these methods has progressed from short passages
along known coastlines to transoceanic voyages during which celestial observations
cannot be, or are not, made.

109. Charts.-A form of sailing directions was written several hundred years Z
before Christ. Although charts cannot be traced back that far, they may have existed I
during the same time. From earliest times men have undoubtedly known that it is jI_ more difficult to explain how to get to a place than it is to draw a diagram, and since the
first charts known are comparatively accurate and cover large areas, it seems logical
that earlier charts served as guides for the cartographers.

Undoubtedly, the first charts were not made on any "projection" (ch. III) but
were simple diagrams which took no notice of the shape of the earth. In fact, these
"plane" charts were used for many centuries after chart projections 'were avilable.

The gnomonic projection (art. 317) is believed to have been developed by Thales
of Miletus (640-546 BC), who was chief of the Seven Wise Men of ancient Greece;
founder of Greek geometry, astronomy, and philosophy; and a navigator and cartog-
rapher.

The size of the earth was measured at least as early as the third century BC, by
Eratosthenes. He observed that at noon on the day of the summer solstice, a certain
well at Syene (Assuan) on the tropic of Cancer was lighted throughout its depth by the
light of the sun as it crossed the meridian; but that at Alexandria, about 500 miles to
the north, shadows were cast by the sun at high noon. He reasoned that this was due I . -_

to curvature of the earth, which must be spherical. By double measurement of the arc
of the meridian between the two places in degrees and stadia, Eratosthenes determined
the circumference of the earth to be 252,000 stades (art. 113).

Eratosthenes is believed to have been the first person lo measure latitude, using
the degree for this purpose. He constructed a IC-point wind rose, prepared a table of
winds, and recognized local and prevailing winds. From his owvn discoveries and from
information gleaned from the manuscripts of mariners, explorers, land travelers, - :A-
historians, and philosophers, he wrote an outstanding description of the known world,
which helped elevate geography to the status of a science.

Stereographic (art. 318) and orthographic (art. 319) projections were originated
by Hipparchus in the second century BC.
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Ptolemy's World Ma p. The Egyptian Claudius Ptolemy was a second century
AD astronomer, writer, geographer, and mathematician who had no equal in astron-
omy until the arrival of Copernicus in the 16th century. An outstanding ,*irtographer, 24
for his time, Ptolemy constructed many charts and listed the latitudes and i,:-itudes,
as determined by celestial observations, of the places shown. As a geographer, how-
ever, he made his most serious mistake. fhough Eratosthenes' calculations on the
circumference of the earth were available to him, he took the estimate of the Stoic
philosopher, Posidonius (circa 130-51 BC), who calculated the earth to be 180,000
stadia in circumference. The result was that tiose who accepted hiis work-and for
many hundreds of years few thought to question it-had to deal with a concept that
was far too small. In 1409 the Greek original of Ptolemy's Cosmographia, a book in
which he declared this doctrine, was discovered and translated into Latin. It served
as the basis for future cartographic work, and so it was that Columbus (lied convinced
that he had found a shorter route to the East Indies. Not until 1669, when Jean
Picard computed the circumference of the earth to be 24,500 miles, vas s more accurate
figure generally used.

Ptolemy's map of the world (fig. 109a) was a great achievement, however. It was
the original conic projection, and oln it he located some 8,000 places by latitude and
longitude. It was he who fixed the convention that the top of the map is north.

Asian Charts. Through the Dark Ages some progress was made. Moslem cartog-
raphers as well as astronomers took inspiration from Ptolemy. However, they knew
that Ptolemy had overestimated the length of the Mediterranean by some 20'. Charts
of the Indian Ocean, bearing horizontal lines indica'ing parallels of latitude, and
vertical lines dividing the seas according to the direction of the wind, were drawn I
by Persian and Arabian navigators. The priie meridian separated a windward from

IN-

Courtesy of the Map Division of the Libra.y of Congress.

FIGURE 109a.-The world, as envisioned by Ptolemy about AD 150. This chart was prepared in 1482
by Nicolaus Germanus for a translation of Cosnographia.

!\-- .--- -



6 HISTORY OF N-AVIGATIO X

a leeward iregion and other meridians were drawn at intervals indicating "three hours
sail." This information, though far from exact, was helpful to the iailing ship masters.

Portolan Charts. The mariners of Venezia (Venice), Livorno (Leghorn), and Genova
(Genoa) must have had charts when they competed for Mediterranean trade before,
during, and after tle Crusades. Venice at one ie had 300 ships, a navy of 45 galleys,

and 11,000 men engaged in her maritime industry. But perhaps the rivalry was too

keen for masters carelessly to leave charts lying about. At any rate, the earliest useful
charts of the Middle Ages that are known today were drawn by seamen of Catalonia
(now part of Spain).

The Portolan charts were constructed from the knowledge acquired by seamen
during their voyages about the Mediterranean. The actual courses and dead reckoning
distances between land points were used as a skeleton for the charts, and the coasts
between were usually filled in from data obtained in land surveys. After the compass ,
came into use, these charts became quite accurate. Some, for example, indicated the
distance between Gibraltar and Bayrat (Beirut) to be 3,000 Portolan miles, or 40?5
of longitude. The actual difference of longitude is 40.8.

These charts were distinguished by a group of long rhumb lines intersecting at a
common point, surrounded by eight or 16 similar groups of shorter lines. Later Porto-
lanis had a rose dei venti (rose of the winds), the forerunner of the compass rose, super-
imposed over the center (fig. 109b). They carried a scale of miles, located nearly all
the known hazards to navigation, and had numerous notes of interest to the pilot.
They were not marked with parallels of latitude or meridians of longitude, but present-
day harbor and coastal charts trace their ancestry directly to them.

' , -. °.- _ 
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Courttu of he tap Diriuion of te LiOaY of Conai.

FlUPE 109b.-A 14th-century Portolan chart.

Padr6n Real. The growing habit of assembling information for charts took concrete I
form in the Padrdn Real. This was the )attem, or master, map kept after 1508 by the
Casa de ('ontratacidn at Seville. It was intended to contain everything known about Mot
the world, and it was constructed from facts brought back by mariners from voyages
to newly discovered lands. From it were drawn the charts upon which the explorers
of the Age of Discovery most del)ended.

World maps of the .1fiddle Ages. In 1515 Leonardo da Vinci drew his famous map
of the world. On it, America is representedI as extend:ng more to the east and West (
than to the north and south, with only a chain of islands, the largest named Florida,
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HISTORY OF NAVIGATION7

between it and South America. A wide stretch of ocean is shown between South

America and Terra Atistralis Noncdum Cognita, the mythical south-seas continent
whose existence in the position shown wvas not disproved until 250 years later.

Ortelius' atlas Titeatrum Orbis Terra was published at Antwerp in 1570. One of
the miost mnagnificent, ever produced, it illustrates Europe, Africa, and Asia with com-
parative accuracy. North and South America are poorly depicted, but Mfagellan's
Strait is shown. All land to the south of it, as well as Australia, is considered part of
Terra Australis N~onduin Coguita (fig. 109c).
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Courtay of ha ew ork PublitLibary.

Ficrwit 109c.-Ortelius' world map, from his atlas Theatrumn Orbis Terra, published at Antwerp in
1570.

The Mercator projection (art. 305). For hundreds, perhaps thousands, of yearsV 3
cartographers drew their charts as "plane" projections, making no use of the discoveries
of Ptolemy and Ilipparchus. As the area of the known world increased. however, theH
attempt to depict that, larger area on the flat surface of the plane chart brought map
makers to the realization that allowance would have to be made for the curvature of- -

the earth.
Gerardus .\lercator (Latinized form of Gerhard Kremer) was a brilliant -eniish

~cgographer who recognized the need for a better method of chart projection. -- 1569 N
hie published a world chart. which lie had - onstructed on the principle since known by 5
his name. The theory of his work was correct, but Mlercator made errors in his conm-
lputation, andl because lie never published a comp~lete description of the miathiematics

J. involved, mariners were deprived of the full advantages of the projection for another
30 years.

Then Edward Wright published the results of his own independent, Studly in the
matter, explaining the Mlercator projection fully and p~roviding the table of mecridienal
parts which enabled all cartographers to make use of the principle.
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Wright was a mathematician at Caius College who developed the method and
table and gave them to certain navigators for testing. After these proved their usefulness, I
Wright decided upon publication, and in 1599 Certaine Errors in Navigation Detected
and Corrected was printed.

The Lambert projections. Johann Heinrich Lambert, 1728-1777, self-educated
son of an Alsace tailor, designed a number of map projections. Some of these are still
widely used, the most renowned being the Lambert conformal (art. 314).110. Sailing directions.--From earliest times there has been a demand for knowl-

edge of what lay ahead, and this gave rise to the early development of sailing directions
(art. 1301).

The Periplus of Scylax, written sometime between the sixth and fourth centuries
BC, is the earliest known book of this type. Surprisingly similar to modem sailing

directions, it provided the mariner with information on distances between ports, aids and
dangers, port facilities, and other pertinent matters. The following excerpt is typical:

"Libya begins beyond the Canopic mouth of the Nile. The first people in
Libya are the Adrymachidae. From Thonis the voyage to Pharos, a desert island
(good harbourage but no drinking water), is 150 stadia. In Pharos are many harbors.
But ships water at the Marian Mere, for it is drinkable. . . .The mouth of the bay
of Plinthine to Leuce Acte (the white beach) is a day and night's sail; but sailing
round by the head of the bay of Plinthine is twice as long ... "

Parts Around the World, Pytheas' book of observations made during his epic voy-
age in the fourth century BC, was another early volume of sailing directions. HisI rough estimates of distances and descriptions of coastlines would be considered crude
today, but they served as an invaluable aid to navigators who followed him into these
otherwise unknown waters.

Sailing directions during the Renaissance. No particularly noteworthy improve-
ments were made in sailing directions during the Middle Ages, but in 1490 the Portolano
Rizo was published, the first of a series of improved design. Other early volumes of
this kind appeared in France and were called "routiers"-the rutters of the English
sailor. In 1557 the Italian pilot Battista Testa Rossa published Brieve Compendio del I
Arte del Navigar, which was designed to serve the mariner on soundings and off. It - M
forecast the single, all-inclusive volume that was soon to come, the Waggoner.

About 1584 the Dutch pilot Lucas Janszoon Waghenaer published a volume of
navigational principles, tables, charts, and sailing directions which served as a guide
for such books for the next 200 years. In Spieghel der Zeevaerdt (The Mariner's Mirror), I
Waghenaer gave directions and charts for sailing the waters of the Low Countries and
later a second volume was published covering waters of the North and Baltic seas.

These "Waggoners" met with great success and in 1588 an English translation of
the original book was made by Anthony Ashley. During the next 30 years, 24 editions of
the book were published in Dutch, German, Latin, and English. Other authors followed
the profitable example set by Wagbenaer, and American, British, and French navigators
soon had "Waggoners" for most of the waters they sailed.

The success of these books and the resulting competition among authors were
responsible for their eventual discontinuance. Each writer attempted to make his 20
work more inclusive than any other (the 1780 Atlantiz Neptune contained 257 charts
of North America alone) and the resu%. was a tremendous book difficult to handle. A
They were too bulky, the sailing directions were unnecessarily detailed, and the charts - ; --
too large. In 1795 the British Hydrographic Department was established, and charts
and sailing directions were issued separately. The latter, issued for specific waters,
were returned to the form of the original Periplus.

!23

4i



HISTORY OF NAVIGATION 9

Modern sailing directions. The publication of modern sailing directions by the
Defense Mapping Agency Hydrographic Center is one of the 'achievements properly
attributed to Matthew Fontaine Maury. During the two decades he headed the Depot
of Charts and Instruments (renamed U. S. Naval Observatory and Hydrographical
Office in 1854), Maury gathered data that led to the publicLtion of eight volumes

II of sailing directions.
111. The compass.-Early in the history of navigation man noted that the pole

star (it may have been a Draconis then) remained close to one point in the northern

sky. This served as his compass. When it was not visible, he used other stars, the
sun and moon, winds, clouds, and waves. The development of the magnetic compass,
perhaps a thousand years ago, and the 20th century development of the gyrocompass,
offer today's navigator a method of steering his course with an accuracy as great as
he is capable of using.

The magnetic compass (art. 623) is one of the oldest of the navigator's instruments.
Its origin is not known. In 203 BC, when Hannibal set sail from Italy, his pilot was
said to be one Pelorus. Perhaps the compass was in use then; no one can say for
certain that it was not. There is little to substantiate the story that the Chinese
invented it, and the legend that -Marco Polo introO.aced it into Italy in the 13th century
is almost certainly false. It is sometimes stated that the Arabs brought it to Europe,
but this, too, is unlikely. Probably it was known first in the west. The Norsemen
of the 1lth century were familiar with it, and about 1200 a compass used by mariners
when the pole star was hidden was described by a French poet, Guyot de Provins.

A needle thrust through a straw and floated in water in a container comprised the
earliest compass known. A 1248 writer, Hugo de Bercy, spoke of a new compass con-
struction, the needle "now" being supported on two floats. Petrus Peregrinus de
Maricourt, in his Epistola de Mlagnete of 1269, wrote of a pivoted floating compass
with a lubber's line, and said that it was equipped with sights for taking bearings.

The reliability of the magnetic compass of today is a comparatively recent achieve-
ment. It was not until the 1870's that Sir William Thomson (Lord Kelvin) was able to
successfully combine all of the requirements for a good dry-card compass, and mount it
in a well-designed binnacle. The dry-card compass was the standard compass in the
Eoyal Navy until 1906 when the Board of Admiralty adopted the liquid compass as
the standard compass.

The compass card, according to tradition, originated about the beginning of the
I "14th century, when Flavio Gioja of Amalfi attached a sliver of lodestone or a mag-

netized needle to a card. But the rose on the compass card is probably older than the
needle. It is the wind rose of the ancients. Primitive man naturally named directions
by the winds. The prophet Jeremiah speaks of the winds from the four quarters of
heaven (Jer. 49:36) and Homer named four winds-Boreas, Eurus, Notus, and Lephy-
rus. Aristotle is said to have suggested a circle of 12 winds, and Eratosthenes, who
measured the world correctly, reduced the number to eight about 200 BC. The "Tower
of Winds" at Athens, built about 100 BC, had eight sides. The Latin rose of 12 points

- - -was common on most compasses used in the Middle Ages.
Variation (art. 706) was well understood 200 years ago, and navigators made

allowance for it, but earliest recognition of its existence is not known. Columbus and
even the 11th century Chinese have been given credit for its discovery, but little proof
can be offered for either claim.

The secular change in variation was determined by a series of magnetic observa-
tions made at Limehouse, England. In 1580 William Borough fixed the variation in
that area at approximately 11°25 , east. Thirty-two years later Edmund Gunter,
professor of astronomy at Gresham College, determined it to be 6013 ' east. At first
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it was believed that Borough had made an error in his work, t,,t in - a fi;r:aer de-
crease was found, and the earth's changing magnetic field was establi.' ed.

A South Atlantic expedition was led by Edmond Halley ail tue close of tb 17th
century to gather data and to map, for the first time, lines of varia on. x w'eorge
Graham published his observations in proof of the diurnal change in N'i..ion. Canton
determined that the change was considerably less in winter than in summer, and about
1785 the strength of the magnetic force was shown by Paul de Lananon to vary in
different places.

The existence of deviation (art. 709) was known to John Smith in 1627 when he
wrote of the "bittacle" as being a "square box nailed together with wooden pinnes,
because iron nails would attract the Compasse." But no one knew how to correct a
compass for deviation until Captain Matthew Flinders, while on a voyage to Australia
in HMS Investigator in 1801-02, discovered a method of doing so. Flinders did not
understand deviation completely, but the vertical bar he erected to correct for it was
part of the solution, and the Flinders bar (art. 720) used today is a memorial to its
discover-r. Between 183. and 1855 Sir George Airy, then Astronomer Royal, studiedthe matter further and developed combinations of permanent magnets and soft iron
masses for adjusting the compass. The introduction, by Lord Kelvin, of short needles
as compass magnets made adjustment more precise.

The gyrocompass (art. 631). The age of iron ships demanded a compass which
could be relied upon to indicate true north at all times, free from disturbing forces of
variation and deviation.

In 1851, at the Pantheoa in Paris, Leon Foucault performed his famous pendulum
experimcnt to demonstrate the rotation of the earth. Foucault's realization that the
swinging pendulum would maintain the plane of its motion led him, the followingyear,
to develop and name the first gyroscope, using the principle of a common toy called a j
"rotascope." Handicapped by the lack of a source of power to maintain the spin of f
his gyroscope, Foucault used a microscope to observe the indication of the earth's
rotation during the short period in which his manually operated gyroscope remained
in rotation. A gyrocompass was not practical until electric power became available,
more than 50 years later, to maintain the spin of the gyroscope.

Elmer A. Sperry, an American, and Anschutz-Kampfe, a German, independently
invented gyrocompasses during the first decade of the 20th century. Tested first in
1911 on a freighter operating off the East Coast of the United States and then on
American warships, Sperry'e compass was found adequate, and in the years following -
World War I gyrocompasses became standard equipment on all large naval and
merchant ships.

Gyrocompass auxiliaries commonly used today were added later. These includegyro repeaters, to indicate the vessel's heading at various locations; gyro pilots, to steer
vessels automatically; course recorders, to provide a graphic record of courses steered;
gyro-magnetic compasses, to repeat headings of magnetic compasses so located as to
be least affected by deviation; and others in the fields of fire control, aviation, and
guided missiles.

- 112. The log.-Since virtually the beginning of navigation, the mariner has at-
tempted to determine his speed in traveling from one point to another. The earliest
method was probably by estimate.

The oldest speed measuring device known is the Dutchman's log. Originally, any
object which would float was thrown overboard on the iee side, from a point well forward, -
and the time required for it to pass between two points on the deck was noted. The
time, as determined by sand glass, was compared with the known distance along the
deck between the two points to determine the speed. A
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Near the end of the 16th century a line was attached to the log. and as the line was
paid out i. sailor recited certain sentences. The length of line which was paid out during
the recitation was used to determine the speed. There is record of this method having
been used as recently as the early 17th century. In its final form this chip log, ship log,
or common log consisted of the log chip (or log ship), log line, log red, and log glass.
The chip was a quadrant-shaped piece of wood weighted along its circumferenceto keep
it upright in the water (fig. 112). The log linewas made fast to the log chip by means

N7
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FirVRs 112.-The common or chip log, showing the log
reel, the log line. the log chip, and the log glass.

of a bridle, in such manner that a sharp pull on the log line dislodged a wooden peg and
permitted the log chip to be towed horizontally through the water, and hauled aboard.
Sometimes a stray line was attached to the log to veer it clear of the ship's wake. In
determining speed, the observer counted the knots in the log line which was paid out
during a certain time. The length of line between knots and the number of seconds
required for the sand to run out were changed from time to time as the accepted length 2
of the mile was altered.| A

The chip log has been superseded by patent logs that register on dials. However,
the common log has left its mark on modern navigation, as the use of the term knot j
to indicate a speed of one nautical mile per hour dates from this device. There is evidence
to support the opinion that the expression "dead reckoning" had its origin in this same
device, or perhaps in the earlier Dutchman's log. There is logic in attributing "dead"
reckoning to a reckoning relative to an object "dead" in the water.

Mechanical logs first appeared about the middle of the 17th century. By the begin-
ning of the 19th century, the forerunners of modern mechanical logs were used by some
navigators, although many years were to pass before they became generally accepted.

In 1773 logs on which the distance run was recorded on dials secured to the
taffrail were tested on board a British warship and found reasonably adequate, although
the comparative delicateness of the mechanism led to speculation about their long-
term worth. Another type in existence at the time consisted of a wheel arrangement
made fast on the underside of the keel, which transmitted readings to a dial inside the
vessel as the wheel rotated.

Ar improved log was introduced by Edwar- Massey in 1802. This log gave -

considerably greater accuracy by means of a mo-e sensitive rotator attached by a
short length of line to a geared recording instrument. The difficulty with this log -

was that it had to be hauled aboard to take each reading. Various improvements
were made, notably by Alexander Bain in 1S46 and Thomas Walker in 1861, but it

V. . was not until 1878 that a log was developed in which the rotator could be used in
conjunction with a dial secured to the after rail of the ship, and although refinements
and improvements have been made, the patent log used today ia essentially the same
as that developed in 1878.

,-h. -.



12 HISTORY 0P INA'.iGATION

Engine revolution counters (art. 616) had their origin with the -observations of
the captains of the first paddle steamers, who discovered that by counting the paddle
revolutions, they could, with practice, estimate their runs in thick weather as accurately
as they could by streaming the log. Later developments led to the modem revolution
counter on screw-type vessels, which can be used -ith reasonable accuracy if the
propeller is submerged and an accurate estimate of slip is made.

Pihot-static and- impeller logs (arts. 613, 614) are mechanical developments
in th, Seld of speed measurement. Each utilizes a retractable '"rodmeter" which
projects through the hull of the ship into the water. In the Pitot-static log, static and
dynamic pressures on the rodmeter transmit readings to the master speed indicator. -

In the impeller log an electrical means of transmitting speed indications is used.
113. Units of distance and depth.-The modem navigator is concerned principally

with four units of linear measure: the nautical mile, the fathom, the foot and the meter.
Primitive man, however, used such natural units as the width of a finger, the span
of his hand, the length of his foot, the distance from his elbow to the tip of the middle
finger (the cubit of biblical renown), or the pace (sometimes one but usually a double
step) to measure short distances.

Although the Roman mile had a value of about 1,488 meters or about 0.9248 of
our statute mile of 5,280 feet, several standards were in use among the cities of ancient
Greece at the same time. The Greek stadia being variable, there is uncertainty as to
the accuracy of the measurement of the earth by Eratosthenes.

The nautical mile bears little relation to these land measures, which were not a
associated with the size of the earth. With the emergence of the nautical chart, it
became customary to show a scale nf miles on the chart, and the accepted value of this .

unit varied over the centuries with the changing estimates of the size of the earth.
These estimates varied widely, ranging from shout 44.5 to 87.5 modem nautical miles
per degree of latitude, although generally they were 'too small. Columbus and Magellan I--
used the value 45.3. Actually, the earth is about 32 percent larger. The Almagst of j
Ptolemy considered 62 Roman miles equivalent to one degree, but a 1466 edition of
this book contined a chart of southern Asia drawn by Nicolau3 Germanus on which 60
miles were shown to a degree. Whether the change was considered a correction or
an adaptation to provide a more convenient relationship between the mile and the I
degree is not clear, but tbis is the earliest known use of this ratio.

Later, when the size of the earth was determined by measurement, the relation-
ship of 60 Roman miles of 4,858.60 U. S. feet to a degree of latitude was seen to be
in error. Both possible solutions to the problem-changing the ratio of miles to a 4-
degree, or changing the length of the mile-had their supporters, and neither group I
was able to convince the other. As a result, the shorter mile remained as the land or
statute mile (now established as 5,280 feet in the United States), and the longer nautical
mile gradually beceme established at sea. The earliest known reference to it by this A

name occurred in 1730.inmer instruments and new methods make increasingly more accutrate determina- _

tions of the size of the earth an ever-present possibility. Hence, a unit of length de-
fined in terms of the size of the earth is undesirable. Recognition of this led, in 1875,
to a change in the definition of the meter from one ten-millionth of the distance from I
the pole to the equator of the earth to the distance between two marks (appro.. mately
39.37 U. S. inches) on a standard platinum-iridium bar kept at the Pavilion de Breteuill
at Sevres, near Paris, France, by the International Commission of Weights and Mess- [
ures. In further recognition of this principle, the International Hydrographic Bureau
in 1929 recommended adoption of a standard value for the nautical mile, and proposed
1,852 international meters. This International Nautical Mile of 1,852 meters exactly

'S|
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HISTORY OF NAVIGATION 13

has been adopted by nearly all maritime nations. The U. S. Departments of Defense
and Commerce adopted this value in July 1954. With the yard-meter relationship
then in use, the International Nautical Mile was equivalent to 6,076.10333 feet, approxi-
mately. Using the yard-meter exact relationship of one yard equal to 0.9144 meter
adopted by the United States on July 1, 1959, the Internatioi.-, Nautical Mile is
equivalent to 6,076.11549 feet, approximately. In October 1960, the Eleventh General
(International) Conference ,,n Weights and Measures redefined the meter as equal to
1,650,763.73 wavelengths of the orange-red radiation in vacuum of krypton 86.

The meter as a unit of depth and height on U. S. nautical charts is of recent origin.
The current policy of the Defense Mapping Agency Hydrographic Center of convert-
ing new compilations of nautical and special purpose charts to the metric system was
implemented on January 2, 1970.

The fathom as a unit of length or depth is of obscure origin, but p? 'mitive man
considered it a measure of the outstretched arms, and the modem seaman still es-
timates the length of a line in this manner. That the unit was used in early times
is indicated by reference to it in the detailed account given of the Apostle Paul's
voyage to Rome, as recorded in the 27th chapter of the Acts of the Apostles. Posidonius
reported a sounding of more than 1,000 fathoms in the second century BC. How old

K the unit was at that time is unknown.
114. Soundings.-Probably the most dangerous phase of navigation occurs when

the vessel is "on soundings." Since man first began navigating the waters, the possi-
bility of grounding his vessel has been a major concern, and frequent soundings have
been the most Iiighly valued safeguard against that experience. Undoubtedly used long
before the Christian era, the lead line is perhaps the oldest instrument of navigation.

The lead line. The hand lead (art. 618), consisting of a lead weight attached to a
line usually marked in fathoms, has been known since antiquity and, with the exception
of the markings, is probably the same today as it was 2,000 or more years ago. The deep "

sea lead, a heavier weight with a longer line, was a natural outgrowth of the hand lead.
A 1585 navigator speaks of soundings of 330 fathoms, and in 1773, in the Norwegian
Sea, Captain Phipps hid all the sounding lines on board spliced together to obtain a
sounding of 683 fathoms. Matthew Fontaine Maury made his deep sea soundings by
securing a cannon shot to a ball of strong twine. The heavy weight caused the twine -
to run out rapidly, and when bottom was reached, the twine was cut and the depth
deduced from the amount remaining on the ball.

The sounding machine. The biggest disadvantage of the deep sea lead is that the
vessel must be stopped if depths are to be measured accurately. This led to the develop-
ment of the sounding machine.

Early in the 19th century a sounding machine similar to one of the earlier patent
logs was invented. A wheel was secured just above the lead and the cast made in such
a way that all the line required ran out freely and the lead sank directly to the bot-
tom. The motion through the water during the descent set the wheel revolving,
and this in turn caused the depth to be indicaced on a dial. Ships sailing at perhaps
12 knots required 20 or 30 men to heave aboard the heavy line with its weight of 50 or
more pounds after each cast. A somewhat similar device was the buoy sounder. The
lead was passed through a buoy in which a spring catch was fitted and both were cast i -
over the side. The lead ran freely until bottom was reached, when the catch locked,

j preventing further running out of the line. The whole assembly was then brought on
board, the depth from the buoy to the lead being read.

The first use of the pressure principle to determine the depth of water occurred
early in the 19th century when the "Self-acting Sounder" was introduced. A hollow
glass tube open at its lower end contained an index which moved up in the tube as
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greater water pressure compressed the air inside. The index retained its highest position
when hauled aboard the vessel, and its height was l)roportional to the depth of the
water.

The British scientil:t, Sir William Thomson (Lord Kelvin) in 1878 perfected tle.
sounding machine after repeated tests at sea. Prior to his invention, fibre line was used
exclusively in soundings. His introduction of piano wire solved the problem of rapid
descent of the lead and also that of hauling it back aboard quickly. The chemically
coated glass tube which he used to determine depth was an improvement of earlier meth-
ods, and the worth of the entire machine is evidenced by the fact that it is still used
in essentially the same form. a

Echo sounding. Based upon the l)rinciple that sound travels through sea water at
a nearly uniform rate, automatic delth-regiktering devices (art. 619) have been invented
to indicate the depth of water under a vessel, regardless of its speed. In 1911 an ae-
count was published of an experiment l)erformed by Alexander Behm of Kiel, who timed
the echo of an underwater explosion, testing this theory. High frequency sounds in water
were produced by Pierre Langevin, and in 1918 he used the principle for echo depth
finding. The first practical echo sounder was developed by the United States Navy in
1922.

The actual time between emuission of a ,onic or ultrasonic signal an(l return of its
echo fron the bottom, the angle tit which the signal is beamed (1wILWard in order that.
its echo will be received at, another part of the vessel, and the phase difference between T
signal and echo have all been used in the development of tie modern echo sounder.

115. Aids to navigation.-The Cushites and Libyans constructed towers along the
Mediterranean coast of Egypt, and priests maintained beacon fires in them. These
were the earliest known lighthouses. At Sigeum in the Troad (part of Troy) a lighthouse
was built before 660 BC. One of the seven wonders of the ancient world was the light- -
house called the Pharos of Alexandria, which may have been more than 200 feet tall. -

it, was built by Sostratus of Cnidus (Asia Minor) in the third century BC, (ring the
reign of Ptolemy Philadelphus. The word "plharos" has since been a general term for
lighthouses. Some time between 1584 and 1611 the light of Cordouan, the earliest wave- -4
-swept lighthouse, was erected at the entrance to the Gironde river in western France.
An oak log fire illuninated this structure until the 18th century.

Wood or coal fires were used in the many lighthouses built along the European A
and British coasts in the 17th and 18th centuries. One of these, the oak pile structure t W
erected by Henry Whitezide in 1776 to warn ,hipmasters of Small's Rocks, subsequently
played a major role in navigational history, as it was this light which figured in the dis-
covery of the celestial line of position by Captain Thomas Sumner some 60 years laterZ
(art.. 131).

In England such structures were privately maintained by interested organizations. [
One of the most famous of these groups, popularly known as "Trinity House," was
organized in the 16th century, perhaps earlier, when a "beaconage and buoyage" fee
wias levied on English vessels. This prompted the establislment of Trinity House "to
make, erect, and set up beacons, marks, and signs for the sea" and to provide vessels
with pilots. The organization is now in it, fifth century of operation, mit its chief
duties are to serve as a general liglhthouse and pilotage authority, and to supl)ly pilots.

Tle first lightship was a small vessel with hnterns hung from its yardarns. It
was stationed at the Nore in the Thames estuary, in 1732.

J. The pilot's profession is not much younger than that of the mariner. The Bible
relates (I Kings 9:27) that Hiram of Tyre provided pilots for King Solomon. The
duties of these pilots are not rpecified. In the first century AD, fishernen of the
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Gulf of Cambay, India, met seagoing vessels and guided them into port. It is probable
that pilots were established in Delaware Bay earlier than 1756.

Seafaring people of the United States had erected lighthouses and buoys before
the Revolutionary War, and in 1789 Congress l)asbed legislation providing for federal
expansion of the work. About 1767 the first buoys were placed in the Delaware River.
These were logs or barrels, but about 1820 they were replaced with spar buoys. In 4
that same year, the first lightshil) was established in Chesapeake Bay.

As the maritime interests of various countries grew, more and better aids to
navigation were lnade i.vailable. In 1850 Congress prescribed the present system of
coloring and numbering United States buoys (app. Y). Conformity as to shape resulted
from the recomnnendations of the International Marine Conference of 1889. The second
lndf of the 19th century saw the development of bell, whistle, and lighted buoys, and
in t910 the first lighted buoy in the United States utilizing high pressure acetyleneA
al)paratus was placed in service. Stationed at the entrance to Ambrose Channel in
New York, it provided the basis for the high degree of perfection which has been
achieved in the lighted buoy since that time. The complete buoyage system 
maintained by the U. S. Coast Guard today is chiefly a product of the 20th century. In
1900 there were approxim'ately 5,000 buoys of all types in use in the United States, -1
while today there are more than 20,000.

116. The sailings.--The various methods of mathematically determining course,
distance, an(d position a'rived at have a history almost as old as mathematics itself. -

.- . Thales, Hipparchus, Napier, Wright, and others contributed tle formulas that led to
the tables permitting computation of course and distance by plane, traverse, parallel,
middle-latitude, Mercator, and great-circle sailings.

Plane sailing (art. 810). Based upon the assumption that tile surface of the earth
is l)lane, or fiat, this method "-as used by navigator-, for many centuries. The navigator
solved iproblems by laving down his course relative to hib meridian, and stepping off
the distance run to the ne%% l)osition. This systen is used with accuracy today in icas-
tring short runs on a Mercator chart, w hich compemates for the convergence of the I
Meridians, but. on the planc chart, ,erious errors resulted. Early navigators might have
obtained mathematical solutions to this problen, w ith no greater accuracy, but tile
graphical method was commonly used.

Traverse sailing (art. 810). Because sailing vessels were subject to the winds,
navigators of old \ere seldom able to sail one course for great distances, and conse-
lquently a series of ,mall triangles had to be solved. Equipment was designed to help
scareen in Maintaining their dead reckoning poitions. The modern rough log evolved
fron the log board, hinged \ooden boards that folded like a book and on which courses
and distanczes were marked in chalk. Each (lay thle position was determined fromt this
data anl entered in tile ship's journal, today's smooth log.(

The log board x% as succeeded by the travas, a board with lines radiating from tile
center in 32 coml)ass directions. legularly spaced along tile lines were small holes
into which pegs were fitted to indicate time run on the particular course. In 1627
John Smith described tie tra-as as a "little round board full of holes upon lines lEke ___

the conipasse, upon which by the removing of a little sticke they (seamen) keepe an
account, ho%\ niy glasses (w iich are but halfe houres) they steare upon every point-
of tile compasse."

These devices were of great, value to the navigator in keeping a record of the
courses and distances sailed, but still left, him tihe long mathematical solutions necessary
to determine tile new position. In 1436 what appears to have been tie first traverse
table was prepared by Mdrea Biancho. Using this table of solutions of right-angled
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16 HISTORY OF NAVIGATION

plane triangles, the navigator was able to determine his course and distance made good
after sailing a number of distances in different directions. A

Parallel sailing (art. 810) was an outgrowth of the navigator's inability to deter- I
mine his longitude. Not a mathematical solution in the sense that the other sailings
are, it involved converting the distance sailed along a parallel (departure), as deter-
mined by dead reckoning, into longitude.

Middle-latitude sailing (art. 810). The inaccuracies involved in plane sailing led
to the impioved method of middle-latitude sailing early in the 17th century. A mathe-
matician named Ralph Handson is believed to have been its inventor.

Middle-latitude sailing is based upon the as-umption that the use of a parallel
midway between those of departure and arrival will eliminate the errors inherent in
plane sailing due to the convergence of the meridians. The assumption is reasonably
accurate and although the use of Mercator sailing usually results in greater accuracy,
middle-latitude sailing still serves a useful purpose.

* Mercator sailing (art. 810). Included in Edward Wright's Certaine Errors in
Navigation Detected and Corrected, of 1599, was the first published table of meridional
parts which provided the basis for the most accurate of rhumb line sailings-Mercator
sailing.

Great-circle sailing (art. 812). For many hundreds of years mathematicians have
known that a great circle is the shortest distance between two points on the surface
of a sphere, but it was not until the 19th century that navigators began to regularly
make use of this information.

The first printed description of great-circle sailing appeared in Pedro Nunes' 31
1537 Tratado da Sphera. The method had previously been proposed by Sebastian
Cabot in 1498, and in 1524 Verrazano sailed a great-circle course to America. But the A
sailing ships could not regularly expect the steady winds necessary to sail such a course,
and their lack of knowledge concerning longitude, plus the necessity of stopping at
islands along their routes to take supplies, made it impractical for most voyages at that
time.

The gradual accumulation of knowledge concerning seasonal and prevailing winds, I
weather conditions, and ocean currents eventually made it possible for the navigator
to plan his voyage with more assurance. Nineteenth century writers of navigational
texts recommended the use of great-circle sailing, and toward the close of that century
such sailing became increasingly popular, particularly in the Pacific.

117. Hydrographic offices.-The practice of recording hydrographic data was
centuries old before the establishment of the first official hydrographic office, in 1720. ME
In that year the Depot des Cartes, Plans, .Tournaux et Memoirs Relatifs a la Navi-
gation was formed in France with the Chevalier de Luynes in charge. The Hydro-
graphic Department of the British Admiralty, though not established until 1795, has
played a major part in European hydrographic work.

The National Ocean Survey was originally founded when Congress, in 1807, -

passed a resolution authorizing a survey of the coast, harbors, outlying islands, andfishing banks of the United States. On the recommendation of the American Philo-

sophical Society, President Jefferson appointed Ferdinand Hassler, a Swiss immigrant ATA
who had founded the Geodetic Survey of his native land, the firs' Director of the
"Survey of the Coast." The survey wa.: renamed "Coast Survey" in 1836.ofm

The approaches to New York were the first sections of the coast charted, and from
there the work spread northward and southward along the eastern seaboard. In 1844
the work was expanded ane arrangements made to chart simultaneously the gulf and
east coasts. Investigation of tidal conditions began, and in 1855 the first tables of
tide predictions were published. The California gold rush gave impetus to the survey i
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of the west coast, which began in 1850, the year California became a State. The
survey ship Washington undertook investigations of the Gulf Stream. Coast pilots,
or sailing directions, for the Atlantic coast of the United States were privately published
in the first half of the 19th century, but about 1850 the Survey began accumulating
data that led to federally produced coast pilots. The 1889 Pa.fic Coast Pilot was an
outstanding contribution to the safety of vest coast shipping.

In 1878 the survey was renamed "Coast and Geodetic Survey"; in 1970 the survey
became the "National Ocean Survey."Today the National Ocean Survey provides the mariner with the charts and coast

pilots of all waters of the United States and its possessions, and tide and tidal current
tables for much of the world.

Defense Mapping Agency Hydrographic Center. In 1830 the U. S. Navy estab-
lished a "Depot of Charts and Instruments" in Washington, D.C. Primarily, it was to
serve as a storehouse where such charts and sailing directions as were available, to-
gether with navigational instruments, could be assembled for issue to Navy ships which
required them. Lieutenant L. M. Goldsborough and one assistant, Passed Midshipman
R. B. Hitchcock, constituted the entire staff.

The first chart published by the Depot was produced from data obtained in a
survey made by Lieutenant Charles Wilkes, who had succeeded Goldsborough in 1834,
and who later earned fame as the leader of a United States exploring expedition to
Antarctica.

Z From 1842 until 1861 Lieutenant Matthew Fontaine Maury served as Officer-
in-Charge. Under his command the Depot rose to international prominence. Maury
decided upon an ambitious plan to increase the mariner's knowledge of existing winds,
weather, and currents. He began by making a detailed record of pertinent matter
included in old log books stored at the Depot. He then inaugurated a hydrographic
reporting program among shipmasters, and the thousands of answers received, along
with the log book data, were first utilized to publish the Wind and Current Chart of the
North Atlantic of 1847. The United States instigated an international conference in 1853
to interest other nations in a system of exchanging nautical information. The plan,
which was Maury's, was enthusiastically adopted by other maritime nations, and is the
basis upon which hydrographic offices operate today.

In 1854 the Depot was redesignated the "U. S. Naval Observatory and Hydro-
graphical Office," and in 1866 Congress separated the two, broadly increasing the
functions of the latter. The Office was authorized to carry out surveys, collect informa-
tion, and print every kind of nautical chart and publication, all "for the benefit anduse of navigators generally."

One of the first acts of the new Office was to purchase ihe copyright of The New
American Practical Navigator. Several volumes of sailing directions had already been
published. The first Notice to Mariners eppeared in 1869. Daily broadcast of naviga- 4 .
tional warnings was inaugurated in 1907, and in 1912, following the sinking of the
SS Titanic, Hydrographic Office action led to the establishment of the International
Ice Patrol.

The development by the U. S. Navy of an improved depth finder in 1922 made
possible the acquisition of additional information concerning bottom topography.
During the same year aerial photography was first employed as an aid in chart making.
The Bydrographic Office published the first chart for lighter-than-air craft in 1923.

In 1962 the U. S. Navy Hydrographic Office was redesignated the U. S. Naval
Oceanographic Office. In 1972 certain hydrographic functions of the latter office were
transferred to the Defense Mapping Agency Hydrographic Center. '."%
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The International Hydrographic Organization (IHO) was originally established in
1921 as the International Hydrographic Bureau (IHB). The present name was adopted in I
1970 as a result of a revised international agreement among member nations. However,
the former name, International Hydrographic Bureau, was retained for the IHO'sadministrative body of three Directors and a small Staff at the Organization's head-

quarters in Monaco.
The IHO (as did the former IHB) sets forth hydrographic standards as they are

agreed upon by the member nations. All member States are urged and encouraged to
follow these standards in their surveys, nautical charts, and publications. As these
standards are uniformly adopted, the products of the world's hydrographic and ocean-
ographic offices become more uniform. Much has been done in the field of standardiza-
tion since the Bureau was founded.

The principal work undertaken by the IHO is:
1. to bring about a close and permanent association between national hydrographic

offices;
2. to study matters relating to hydrography and allied sciences and techniques;
3. to further the exchange of nautical charts and documents between hydrographic

offices of Member Governments;
4. to circulate the appropriate documents;
5. to tender guidance and advice upon request, in particular to countries engaged

in setting up or expanding their hydrographic service;
6. to encourage coordination of hydrographic surveys with relevant oceanographic

- activities; A-
7. to extend and facilitate the application of oceanographic knowledge for the

benefit of navigators; I

8. to cooperate with international organizations and scientific institutions which
have related objectives.

During the 19th century, many maritime nations established hydrographic offices
to provide means for improving the navigation of naval and merchant vessels by pro-
viding nat tical publications, nautical charts, and other navigational services. Non-
uniformity )f hydrographic procedures, charts, and publications was much in evidence.
In 1889, an Liternational Marine Conference was held at Washington, D.C., and it was 4N

proposed to establish a "permanent international commission." Similar proposals were
made at the sessions of the International Congress of Navigation held at St. Petersburg
in 1908 and again in 1912.

In 1919 the hydrographers of Great Britain and France cooperated in taking the
necessary steps to convene an international conference of hydrographers. London was
selected as the most suitable place for this conference, and on July 24, 1919, the First I
International Conference opened, attended by the hydrographers of 24 nations. The "
object of the conference was clearly stated in the invitation to attend. It read, "To I
consider the advisability of all maritime nations adopting similar methods in the prepara-
tion, construction, and production of their charts and all hydrographic publications;
of rendering the results in the most convenient form to enable them to be readily used; 3M
of instituting a prompt system of mutual exchange of hydrographic information between
all countries; and of providing an ol)portunity to consultations and discussions to be
carried out on hydrographic subjects generally by the hydrographic experts of the
world." In general, this is still the purpose of the International Hydrographic Organiza- A

tion. As a result of the conference, a permanent organization was formed and statutes
for its operations were prepared. The International Hydrographic Bureau, now the I
International Hydrographic Organization, began its activities in 1921 with 18 nations K
as members. The Principality of Monaco was selected because of its easy communi-
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cation with the rest of the world and also because of the generous offer of Prince Albert I
of Monaco to provide suitable accommodations for the Bureau in the Principality.
The IHO, including the three Directors and their staff, is housed in its own headquar-
ters which were built and are maintained by the Government of Monaco.

The works of the IHO a:e published in both French and English and are distributed
through various media. Many of the publications are available to the general public,
and a discount of 30 percent is offered to naval and merchant marine officers of any
of the member nations. Inquiries as to the availability of the publications should be
made directly to the "International Hydrographic Bureau, Avenue President J. F.
Kennedy, Monte-Carlo, Monaco."

118. Navigation manuals.-Although navigation is as old as man himself, naviga-
tion textbooks, as they are thought of to;day, are a product of the last several centuries.
Until the end of the Dark Ages such books, or manuscripts, as were available were
written by astronomers for other astronomers. The navigator was forced to make use
of these, gleaning what little was directly applicable to his profession. After 1500,
however, the need for books on navigation resulted in the publication of a series of
manuals of increasing value to the mariner.

Sixteenth century manuals. Frequently a command of Latin was required to study
navigation during the i6th century. Regimento do estrolabio e do quadrante (fig. 130a),
which was published at Lisbon in 1509, or earlier, explained the method of finding
latitude by meridian observations of the sun and the pole star, contaihed a traverse table

* - for finding the longitude by dead reckoning, and listed the longitudes of a number of
places. Unfortunately, the author made several errors in transt-ibing the declination
tables published by Abraham Zacuto in 1474, and this resulted in erors being made for -o

many years in determining latitude. Nevertheless, the nameless writor of the Regimenoto
performed a great service for all mariners. His "Handbook for the Astrolabe and
Quadrant"-to translate the title-had many editions and many emulators.

In 1519 Fernandez de Encisco published his Suma de Geographia, the first Spanish
manual. The book was lirgely a translation of the Regimento, but new information I
was included, and revisions were printed in 1530 and 1546.

The Flemish mathematician and astronomer R. Gemma Frisius published a book
on navigation in 1530. This manual, entitled De Principiis Astronomiae, gave an
excellent description of the sphere, although the astronomy was that of Ptolemy, and
discussed at length the use of he globe in navigation. Gemma gave courses in terms
of the principal winds, propos d that longitude be reckoned from the Fortunate Islands j
(Canary Islands), and gave 'u!es for finding the de:d reckoning position by courses
and distances sailed.

Tratado da Sphera, Pedro Nunes' great work, appeared in 1537. In addition to
the first printed description of great-circle sailing, Nunes' book included a section on J
determining the latitude by two altitudes of the sun (taken when the azimuths differed
by not less than 400) and solving the problem on a globe. The method was first
proposed by Gemma. Tratado da Sphera contained the conclusion of a study of the
"plane chart" which Nunes had made. He exposed its errors, but was unable to develop
a satisfactory substitute.

During the years that followed, an extensive navigational literature became avail-
able. The Spaniards Pedro de Medina and Martin Cortes published successful manuals
in 1545 and 1551, respectively. Medina's Arte de Navegar passed through 13 editions in
several languages and Breve de la Spera y de la Arte de Navegar, Cortes' book, was
eventually translated into English and became the favorite of the British navigator. Cortes
discussed the principle which Mercator used 18 years later in constructing his famous
chart, and he also listed accurately the distance between mneridians at all latitudes.
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The first western hemisphere navigation manual was published by Diego Garcia de

Palacio at Mexico City in 1587. His Instrucion Nauthica included a partial glossary of
nautical terms and certain data on ship construction.

John Davis' The Seaman's Secrets of 1594 was the first of the "practical" books.
Davis was a celebrated navigator who asserted that it was the purpose of his book to
give "all that is necessary for sailors, not for scholars on shore." Davis' book discussed
at length the navigator's instruments, and went into detail en the "sailings." He ex-
plained the method of dividing a great circle into a number of rhumb lines, and the
work he had done with Edward Wright qualified him to report on the method and
advantages of Mercator sailing. He endorsed the system of determining latitude by
two observations of the sun and the intermediate bearing.

Although best known for the presentation of the theory of Mercator sailing,
Edward Wright's Certaine Errors in Navigation Detected and Corrected (1599) was a
sound navigation manual in its own right. Particularly, he advocated correcting
sights for dip, refraction, and parallax (ch. XVI).

Later manuals. The next 200 years saw a succession of navigation manuals made i

7 available to the navigator; so many that only a few can be mentioned. Among those
which enjoyed the greatest success were Blundeville's Exercises, John Napier's
Mirifici Logarithmorum Canonis Descriptio (which introduced the use of logarithms
at sea), the tables and rules of Edmund Gunter, Arithmetical Navigation by Thomas
Addison, and Richard Norwood's The Sea-mans Practice (which gave the length of the
nautical mile as 6,120 fret). Robert Dudley filled four volumes in writing the Areano
del Mlare (1646-47) as ,:d John Robertson with Elements of Navigation. Jonas and
John Moore, William Jones. and several Samuel Dunns were others who contributed
navigation books before Nathaniel Bowditch in America and J. W. Norie in England
wrote the manuals which navigators found best suited to their needs.

Bowditch's The New American Practical Navigator was first published in 1802 (fig.
118), and Norie's Epitome of Navigation appeared the following year. Both were out-
standing b,oks which enabled the mariner of little formal education to grasp the
essentials of his profession. The Englishman's book passed through 22 editions in 13
that country before losing its popularity to Captain Lecky's famous "Wrinkles" in -1
Practical Navigation of 1881. The American Practical Navigator is still read widely,

more than a century-and-a-half after its original printing.
A number of worthy navigation manuals have appeared in recent years.

Celestial Navigation

119. Astronomy is sometimes called the oldest of sciences. The movements of
the sun, moon, stars, and planets were used by the earliest men as guides in hunting,
fishing, and farming. The first maps were probably of the heavens. •

Babylonian priests studied celestial mechanics at a very early date, possibly as
early as 3800 BC, more probably about 1500 years later. These ancient astronomers
predicted lunar and solar eclipses, constructed tables of the moon's hour angle, and
are believed to have invented the zodiac. The week and month as known today
originated with thei. calendar. They grouped the stars by constellations. It is probable
that they were arranged in essentially their present order as early as 2000 BC. The
five planets easily identified by the unaided eye were known to the Babylonians, who
were apparently the first to divide the sun's apparent motion about the earth into 24
equal parts. They published this and other astronomical data in ephemerides. There
is evidence that the prophet Abraham had an excellent knowledge of astronomy.

~h 1 .
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The Chinese, too, made outstanding contributions to the science of the heavens.
They may have fixed the solstices and equinoxes before 2000-11C. They had quadrants
and armillary spheres, used water clocks, and observed meridian transits. These ancient
Chinese determined that the sun made its annual apparent revolution about the earth
in 365% days, and divided-circles into that many parts, rather than 360. About 1100 BCthe astronomer Chou Kung determined the sun's maximum declination within about 15'

Astronomy W as used by the Egyptians in fixing the dates of their religious festivals
almost as early as the Babylonian studies. By 2000 BC or earlier the new year began
with the heliacal rising of Sirius; that is, the first reappearance of this star in the
eastern sky during morning twilight after having last been seen just after sunset in
the wester-t sky. The heliacal rising of Sirius coincided approximately with the annual
Nile flood. ;he famous Pyramid of Cheops, which was probably built in the 17th
century BC, was so constructed that the light of Sirius shone down a southerly shaft
when at upper transit, and the light of the Pole Star shone down a northerly shaft at
lower transit, the axes of the two shafts intersecting in the royal burial chamber.M
When the pyramid was constructed, a Draconis, not Polaris, was the Pole Star.

The Greeks learned of navigational astronomy from the Phoenicians. The earliest
Greek astronomer, Thales, was of Phoenician ancestry. He is given credit for dividing :
the year of the western world into 365 days, and lie discovered that the sun does not
move uniformly between solstices. Thales is most popularly known, however, for
predicting the solar eclipse of 585 BC, which ended a battle between the Medes and I
the Lydians. He was the first of the great men whose work during the next 700 years was
the controlling force in navigation, astronomy, and cartography until the Renaissance.

120. Shape of the earth.-Advanced as the Babylonians were, they apparently 1
considered the earth to be fiat. Land surveys of about 2300 BC show a "salt water
river" encircling the country (fig. 120).

But seafarers knew that the last to be seen of aship as it disappeared over the horizon
was the masthead. They recognized the longer summer days in England when they -
sailed to the tin mines of Cornwall, as early as 900 BC. In that "northland" the Medi-
terranean sailors noticed that the Pole Star was higher in the sky and the lower southern
constellations were no longer visible. When Thales invented the gnomonic projection

" /1.
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FIGURE 120.-The original and reconstruction of a Babylonian miap of about 500 BC. The Babylonians -
believed the earth to be a flat disk encircled by a salt water river.
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about 600 BC, he must have believed the earth to be a sphere. Two centuries later Aris-
totle wrote that the earth's shadow on the moon during an eclipse was always circular.
Archimedes (287-212 BC) used a glass celestial globe with a smaller terrestrial globe
inside it. Although the average man has understood the spherical nature of the earth
for only a comparatively short period, leai 2d astronomers have accepted the fact for
more than 25 centuries.

121. Celestiad mechanics.--Among astronomers the principal question for 2,000
years was not the shape of the earth, but whether it or the sun was the center of the
universe. A stationary earth seemed logical to the early Greeks, who calculated that daily
rotation would produce a wind of several hundred miles per hour at the equator. Fail-
ing to realize that the earth's atmosphere turns with it, they considered the absence
of such a wind proof that the earth was stationary.

The belief among the ancients was that all celestial bodies moved in circles about
the earth. However, the planets-the "wanderers," as they were called-contradicted
this theory by their irregular motion. In the fourth century BC Eudoxus of Cnidus
attempted to account for this by suggesting that planets were attached to concentric
spheres which rotated about the earth at varying speeds. The plan of epicycles, the
theory of the universe which was commonly accepted for 2,000 years, was first proposed
by Appolonius of Perga in the third century BC. Ptolemy accepted and amplified the
plan, explaining it in his famous books, the Almagest and Cosmographia. According to
Ptolemy, the planets moved at uniform speeds in small circles, the centers of which
moved at uniform speeds in circles about the earth (fig. 121).I

€1,
, -

FIGua 121.-The plan of epicycies, by which the ancients explained the
retrograde motion of the planets. The planets wvere believed to rotate in
small circles whose centers moved about the earth in a large circle.
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At first the Ptolemaic theory was accepted without question, but as the years I
passed, forecasts based upon it proved to be inaccurate. By the time the Al/onsine I
Tables were published in the 13th century AD, a growing number of astronomers
considered the Ptolemaic doctrine unacceptable. However, Purbach, Regiomontanus,
Bernhard Walther of Nuremberg, and even Tycho Brahe in the latter part of the 16th J
century, were among those who tried to reconcile the earth-centered epicyclic plan to
the observed phenomena of the heavens. -9

As early as the sixth century BC, a brotherhood founded by Pythagoras, a Greek I
philosopher, proposed that the earth was round and self-supported in space, and that i
it, the other planets, the sun, and the moon revolved about a central fire which they 1
called Hestia, the hearth of the universe. The sun and the moon, they said, shone by
reflected light from Hestia.

The central fire was never located, however, and a few hundred years later Aris-
tarchus of Samos advanced a genuine heliocentric theory. He denied the existence of
Hestia and placed the sun at the center of the universe, correctly considering it to be
a star which shone by itself. The Hebrews apparently understood the correct relation-
ship at least as early as Abraham (about 2000 BC), and the early inhabitants of the A-
Western Hemisphere probably knew of it before the Europeans did.

The Ptolemaic theory was generally accepted until its inability to predict future
positions of the planets could no longer be reconciled. Its replacement by the hello-
centric theory is credited principally to Nicolaus Copernicus (or Koppernigk). After I
studying mathematics at the University of Cracow, Copernicus went to Bologna, where
he attended the astronomical lectures of Domenicao Maria Novara, an advocate
of the Pythagorean theory. Further study in Martianus Copella's Satyricon, which I
includes a discussion of the heliocentric doctrine, convinced him that the sun was truly !
the center of the universe.

Until the year of his death Copernicus tested his belief by continual observations,
and in that year, 1543, he published De Retolutionibus Orbium Coelestium. In it he
said that the earth rotated on its axis daily and revolved in a circle about the sun once
each year. He placed the other planets in circular orbits about the sun also, recog- n
nizing that Mercury and Venus were closer than the earth. and the others farther out.He concluded that the stars were motionless in space and that the moon moved circu-
larly about the earth. His conclusions did not become widely known until nearly a
century later, when Galileo publicized them. Today, "heliocentric" and "Copernican"
are synonymous terms used in describing the character of the solar system.122. Other early discoveries. A knowledge of the principal motions of Ithe planiets [°

permitted reasonably accurate predictions of future positions. Other, less spectacular
data, however, were being established to help round out the knowledge astronomers
needed before they could produce the highly accu.rate almanacs known today.

.More than a centur- before the birth of Christ, Hipparchus discovered the pre-
cession of the equinoxes (art. 1419) by comparing his own observations of the stars

wihthose recorded by Tiiocharis and Aristyllus about 300 BC. Hipparchus cata-
loged more than a thousand stars, and compiled an additional list of time-keeping stars
which differed in sidereal hour angle by 150 (one hour), accurate to 15'. A spherical
star map, or planisphere, and a celestial globe were among the equipment he designed.
However, his instruments did not permit measurements of such precision that stellar
parallax could be detected, and, consequently, he advocated the geocentric theory of: | , the universe. -_

Three centuries later Ptolemy examined and confirmed Hipparchus' discovery of - :

precession. He published a catalog in which he arranged the stars by constellations
and gave the magnitude, declination, and right a-cension (art. 1426) of each. Follow-

Na
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ing Hipparchus, Ptolemy determined longitudes by eclipses. In the Almagest he in-
cluded the plane and spherical trigonome'ry tables which Hipparchus had developed,
mathematical tables, and an explanation of the circumstances upon which the equation
of time (art. 1809) depends.

The next thousand years saw little progress in the science of astronomy. Alex- 
andria continued as a center of learning for several hundr!d years after Ptolemy, but
succeeding astronomers at the observatory confined their work to comments on his
great books. The long twilight of the Dark Ages had begun.

Alexandria was captured and destroyed by the Arabs in AD 640, and for the
next 500 years Moslems exerted the primary influence in astronomy. Observatories
were erected at Baghdad and Damascus during the ninth century. Ibn Yunis' observa-
tory near Cairo gathered the data for the Hakimite tables in the 1 th century Earlier,
the Spanish, under Moorish tutelage, set up schools of astronomy at Cordova and
Toledo.

123. Modern astronomy may be said to date from Copernicus, although it was
not until the invention of the telescope, about 1608, that precise measurement of the
positions and motions of celestial bodies was possible.

Galileo Galilei, an Italian, made outstanding contributions to the cause of astron-
omy, and these served as a basis for the work of later men, particularly Isaac Newton.
He discovered Jupiter's satellites, providing additional opportunities for determining
longitude on land. He maintained that it is natural for motion to be uniform and in a

. , straight line and that a force is required only when direction or speed is changing.

Galileo's support of the heliocentric theory, his use and improvement of the telescope,
and particularly the clarity and completeness of his records provided firm footing for
succeeding astronomers.

Early in the 17th century, before the invention of the telescope, Tycho Brahe
found that planet Mars to be in a position differing by as much as S' from that required
by the geocentric theory. When the telescope became available. astronomers learned
that the apparent diameter of the sun varied during the year, indicating that the earth's
distance from the sun varies, and that its orbit is not circular.

Johannes Kepler, a German who had succeeded Brahe and who was attemptingF to account for his 8' discrepancy, published in 1609 two of astronomy's most important
doctrines, the law of equal areas, and the law of elliptical orbits. Nine years l.ter he
announced his third law, relating the periods of revolution of any two plan.ts to their
respe. "ive distances from the sun (art. 1407).

11.epler's discoveries provided a mathematical basis by which more accurate
tables of astronomieal data were computed for the maritime explorers of the age. His
realization that the sun is the controlling power of the syste.a and that the orbital
planes of the planets pass through its center almost led him to the discovery of the law
of gravitation. $

Sir Isaac Newton re. .,ed Kepler's conclusions to the universal law of gravitation
* (art. 1407) when he published his three laws of motions in 16S7. Becauw th planets A

exert forces one upon the other, their orbits do not agree exactly with Kepler's laws.
Newton's work compensated for this and, as a result., the astronomer was able to fore-
cast with greater accuracy the positions of the celestial bodies. The navigator benefited
through more exact tables of astronomical data.

Between the years 1764 and 1784, the Frenchmen Lagrange and Laplace con-
elusively proved the solar system's mechanical stability. Early in the 19th century,
Nathaniel Bowditch translated and commented upon Laplace's MA&anique Odeste,
bringing it up-to-date. Prior to their work this stability had been questioned due to
apparent inconsistencies in the motions of sonmc of the planets. After their demon-
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strations, men were convinced and could turn to other important work necessary to
refine and improve the navigator's almanac.

But there were real, as well as apparent, irregularities of motion which could not
be explained by the law of gravitation alone. By this law the planets describe ellipses
about the sun, and these orbits are repeated indefinitely, except as the other planets M
influence the orbits of each by their own gravitational pull. Urbain Leverrier, one-
time Director of the Paris Observatory, found that the line of apsides of Mercury was 2

advancing 43' per century faster than it should, according to the law of gravitation
and the positions of other known planets. In an attempt to compensate for the resulting
errors in the predicted positions of the planet, he suggested that there must be a mass of
circulating matter between the sun and Mercury. No such circulating matter has been
found, however, and Leverrier's discovery is attributed to a shortcoming of Newton's
law, as explained by Albert Einstein.

In Einstein's hands, Leverrier's 43' became a fact as powerful as Brahe's 8' had
been in the hands of Kepler. Early in the 20th centur-, Einstein announced the general
theory of relativity. He stated that for the planets to revolve about the sun is natural,
and gravitzitional force is unnecessary for this, and he asserted that there need be no
circulating matter to account for the motion of the perihelion of Mercur " as this, too,
is in the natural order of things. Calculated from his theory, the correction to the
previously computed motion of the perihelion in 100 years is 429.

Prior to Einstein's work, other discoveries had helped round out man's knowledge
of the universe.

Aberration (art. 1417). discovered by James Bradley about 1726, accounted for
the apparent shifting of the stars throughout the year, due to the combined orbital I -_

speed of the earth and the speed of light. Twenty years later Bradley described the
periodic wobbling of the earth's axis, called nutation (art. 1417), and its effect upon
precession of the equinoxes.

the in 1718 Edmond Halley, England's second Astronomer Royal, de- f
tected - motion of the stars, other than that caused by precession, that led him to
coxclude ihat they, too, were moving. By studying the works of the Alexandrian
asr.nomers, he found that some of the most prominent stars had changed their posi-
tions by as much as 32'. Jacques Cassini gave Haley's discovery further support when -

he found, a few years later, that the declination of Arcturus had changed 5' in the 100
years since Brahe made his observations. This proper motion (art. 1414) is motion in
addition to that caused by preceszion, nutation, and aberration.

Sir William Her chel., the meat. astron,,-::nr who discovered the planet Uranus in
1781, proved that the solar system is moing toward the constellation Hercules. As
early as 1828 Herschel advocated the establishment of a standard i-e system. Nep-
tune was discovered in 1846 after its position had been predicted by the Frenchaun
Urbain Leverrier. Based upon the work of Percival Lowell, an American, Pluto was
identified in 1930. Uranus, Neptune, mud Pluto are of litt!e concern to the navigator. i 1-

A more recent discovery may well have greater navigational significance. This
- -is the existence of sources of electromagnetic eneFg- in the sky in the form of radio

stars (art. 1414). The sun has been found to transmit enery of radio frequency. and j

instruments have been built which are capable of tracking it. across the sky regardless M1
of weather conditions.

L 124. Sextant.-Prior to the development of the magnetic compass, the navigator
used the heavenly bodies chiefly as guides by which to steer. The compass, hr wever,
led to more frequent lovg voyages on the open sea, and the need for a vertical-angle L:-
measuring device which could be used for determining altitude, so that latitude could
be found.

A_2

- . - ---



..... .....

HISTORY OF NAVIGATION 271

Probably the first suich device used at sea was the common quadrant, the simplest
form of aill suich instruiments. Maide of wood, it was a fourth part of a circle, hield vertical
by means of a plumb bob. An observation made wvith this instrument ait sea was a
two- or three-man job. This device was probably used ashore for centuries before it
went to sea, although its earliest uise by the mariner is unkniown.I

Invented lperhap~s by Apollonius of Perga in the third century BC, the astrolabeI
(fig. 124a)-from the Greek for star andl to take-hand been made p~ortable by th~e ArabsI
1) 3sibly as early as AD 700. It was in the hands of Christian pilots by the end of the
13th century, often as an elaborate and beautiful creation wrought of precious metals.
Some astrolabes could be used ats star finders (art. 2210) by fitting an engraved p~late

*to one sidle. Large astrolabes were amnong the chief instruiments of 15th and 16th century
observatories, but the value of this instrument ait sea was limited.

The p~rincip~le of the astrolabe was similar to that of the common quadrant, but
the astrolabe consisted of a mectal disk, graduated in degrees, to wvhich at movable sight
vane wvas attached. In using the astrohibe, which may be likened to at jelorus held on
its side, the navigator adljustedh the sight vane until it wats in line with the star, and

Co'irfey of/the John Cariet Bow ibay B0 t~ U riiLnfny

FIGURE 124a.-An ancient astrolabe, one of the eairliest kmnds of altitude-
ifleflstring 'iy,truient~s
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then read the zenith distance from the scale. As with tlie common quadrant, the vertical
was established by plumb bob. , -

Three men were needed to make an observation with the astrolabe (one held the
instrument by a ring at its top, another aligned the sight vane with the body, a third
made the reading) and even then the least rolling or pitching of a vessel caused large
acceleration errors in observations. Therefore, navigators were forced to abandon the
plumb bob and make the horizon their reference.

The cross-s' If (fig. 124b) was the first instrument which utilized the visible
horizon in making celestial observations. The instrument consisted of a long, wooden
shaft upon which one of several cross-pieces was mounted perpendicularly. The cross-
pieces were of various lengths, the one being used dapending upon the angle to be meas-
ured. The navigator fitted the appropriate cross-piece on the shaft and, holding one
end of the shaft beside his eye, adjusted the cross until its lower end was in line with
the horizon and its upper end with the body. The shaft was calibrated to indicate the
altitude of the body observed.

In using the cross-staff, the navigator was forced to look at the horizon and the .
celestial body at the same time. In 1590 John Davis, author of The Seaman's Secrets,
invented the backstaff (fig. 124c) or sea quadrant. He was one of the few practical
seamen (Davis Strait is named for him, in honor of his attempt to find the Northwest
Passage) t invent a navigational device. The baekstaff marked a long advance and j
was particularly popular among American colonial navigators.

In using this instrument, the navigator turned his back to the sun and aligned its
shadow with the horizon. The backstaff had two arcs, and the sum of the values shown
on each was the zenith distance of the sun. Later, this instrument was fitted with a
mirror to permit observations of bodies other than the sun.

Another instrument developed about the same time was the nocturnal (fig. 124d). 2
Its purpose was to provide the mariner with the appropriate correction to be made to

the altitude of Polaris to determine latitude. By sighting on Polaris through the hole
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Courkt,,y of Pecubdy Museum of Solem.

FireRE 124b.-The cross-staff, the first instrument to utilize the visible horizon in making celestial
observations.
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in the center of the instrument andl adjusting the movable arm so that it pointed at
Kochiab, the navigator could readl the correction from the instrument. Mlost nocturnals
1ha( an additional outer dlisk gradluated for the months and days of the year and by
adjusting this tile navigator couldl also dletermnine solar' time.

Tycho Brahe designed sex cr11 instruments withI arcs of 60", having one, fixed
-~ Sight and another movale one. Ile ealled the instruments sextanits and the name is

now commonly app1 lied to all altitude-nica.uring devices used1 by the navigator (chi.

I'IGRE 24c-Th bakstffC'ourtesy of Peabody 5fIgiean; )1 14 lem

FicUE 12c.-he bckstffor sea quadrant, a favorite i-
I striumnt of American coloiinal iuaviwatois.
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XV). In 1700 Sir Isaac Newton sent to Edmond Halley, the Astronomer Royal, a
description of a device having double-reflecting mirrors, the principle of the modem
marine sextant. However, this was not made public until after somewhat similar in-
struments had been made in 1730 by the Englishman John Hadley, and the American
Thomas Godfrey.

Tha original instrument constructed by Hadley was, in fact, an octant, but due to
the double-reflection principle it measured angles up to one-fourth of a circle, or 900.
Godfrey's instrument is reported to have been a quadrant, and so could measure angles
through 180'. The two men received equal awards from England's Royal Society, as
their work was considered to be a case of simultaneous independent invention, although
Hadley probably preceded Godfrey by a few months in the actual ccnstruction of his
sextant.

In the next few years both instruments were successfully tested at sea, but 20 years
or more passed before the navigator gave up his backstaff or sea quadrant for the

-- new device. In 1733 Hadley attached t -pirit level to a quadrant, and with it was
able to measure altitudes without reference to the horizon. Some years later the first
bubble sextant (art. 1513) was developed.

Pierre Vernier, in 1631, had attached to the limb of a quadrant a second, smaller
graduated arc, thereby permitting angles to b( measured more accurately, and this
device was incorporated in all later angle-measuring instruments.

The sextant has remained practically unchanged since its invention more than two
centuries ago. The only notable improvements have been the addition of an endless
tangent screw and a micrometer drum, both having been added during the 20th century.

125. Determining latitude.-The ability to determine longitude at sea is com-
paratively modem, but latitude has been available for thousands of years.

Meridian transit of the sun. Long before the Christian era, astronomers had
determine,1 the sun's declination for each day of the year, and prepared tables listing
the data. This was a comparatively simple matter, for the zenith distance obtained
by use of a shadow cast by the sun on the day of the winter solstice could be sub-
tracted from that obtained on the day of the summer solstice to determine the range
of the sun's declination, about 470 . Half of this is the sun's maximum declination,
which could then be applied to the zenith distance recorded on either day to determine
the latitude of the place. Daily observations thereafter enabled the ancient astronomers
to construct reasonably accurate declination tables.

Such tables were available long before the average navigator was ready to use
them, but certainly by the 15th century experienced seamen were determining their
latitude at sea to within one or two degrees. In his 1594 The Seaman's Secrets, Davis
made use of his experience in high latitudes to explain the method of determining
latitude by lower transit observations of the sun.

Ex-meridian observation of the sun. The possibility of overcast Zkies at the one
ti, 3 each day when the navigator could get a reliable observation for latitude led to
the development of the "ex-meridian" sight. Another method, involving two sights
taken with a considerable time interval between, had previously been known, but the
mathematics were so involved that it is doubtful that many seamen made use of it.

There are two methods by which ex-meridian observations can be solved. The
direct process was the more accurate, although it required a trigonometrical solution.
By the latter part of the 19th century, tables were introduced which made the method
of reduction to the meridian more practical and, when occasion demands such an
observation, this is the method generally used today. However, with the development
of line of position methods and the modern inspection table, ex-meridian observations
have lost much of their popularity.
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Latitude by Polaris. First use of the Pole Star to determine latitude is not known, z
but many centuries ago seamen who used it as a guide by which to steer were known to
comment upon its change of altitude as they sailed north or south.

By Columbus' time some navigators were using Polaris to determine latitude, and

with the invention of the nocturnal late in the 16th century, providing corrections to
the observed altitude, the method came into more general use. The development of the
chronometer in the 18th century permitted exact corrections, and this made determi-
nation of latitude by Polaris a common practice. Even today, more than a century
after discovery of the celestial line of position, the method is still in use. The modern
inspection table has eliminated the need for meridian observations as a special method
for determining latitude. Perhaps when the almanacs and sight reduction tables make
the same provision for solution of Polaris sights as they do for any other navigational
star, this last of the special methods will cease to be used for general navigation. But
customs die slowly, and one as well established as that of position finding in terms of
separate latitude and longitude observations-instead of lines of position-is not likely
to disappear completely for many years to come.

126. The search for a method of "discovering" longitude at sea.-A statement
once quite common was, "The navigator always knows his latitude." A more accurate
statement would have been, "The navigator never knows his longitude." In 1594
Davis wrote: "Now there be some that are very inquisitive to have a way co get the
longitude, but that is too tedious for seamen, since it requireth the deep knowledge of
astronomy, wherefore I would not have any man think that the longitude is to be found
at sea by any instrument, so let no seamen trouble themselves with any such rule, but
let them keep a perfect account and reckoning of the way of their ship." In speaking
of conditions of his day, he was correct, for it was not until the 19th century that the
average navigator was able to determine his longitude with accuracy. A

Parallel sailing. Without knowledge of his longitude, the navigator of old found
it necessary oi an ocean crossing to sail northward or southward to the latitude of his
destination, and then to follow that parallel of latitude until the destination was -2
reached, even though this might take him far out of his way. Because of this practice,
parallel sailing was an important part of the navigator's store of knowledge. The
method was a crude one, however, and the time of landfall was often in error by a
matter of days, and, in extreme cases, even weeks.

Eclipses. Almost as early as the rotation of the earth was established, astronomers
recognized that longitude could be determined by comparing local time with that at
the reference meridian. The problem was the determination of time at the reference
meridian.

One of the first methods proposed was that of observing the disappearance of
Jupiter's satellites as they were eclipsed by their planet. This method, originally
proposed by Galileo for use on land, required the ability to observe and identify the
satellites by using a powerful telescope, knowledge of the times at which the eclipses
would take place, and the skill to keep the instrument directed at the bodies while
aboard a small vessel on the high seas. Although used in isolated cases for many years,
the method was not satisfactory at sea, due largely to the difficulty of observation
(some authorities recommended use of a telescope as long as 18 or 19 feet) and the
lack of sufficiently accurate predictions.

Variation of the compass was seriously considered as a method of determining
longitude for 200 years or more. Faleiro, Magellan's advisor, believed it could be so
utilized, and, until development of the chronometer, work was carried on to perfect
the theory. Although there is no simple relationship between variation and longitude,
those who advocated the method felt certain that research and investigation would

+ ... +
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eventually provide the answer. Many others were convinced that such a solution
did not exist. In 1676, Henry Bond published The Longitude Found, in which he stated
that the latitude of a place and its variation could be referred to the prime meridian to
determine longitude. Two years later Peter Blackborrow rebutted with T7e Longitude
Not Found.

Variation was put to good use in determining the nearness to land by shipmasters
familiar with the waters they plied, but as the solution to the longitude problem it was
a failure, and with the improvement of lunar distance methods and the invention of
the chronometer, interest in the method waned. If it had been possible to provide the 1
mariner with an accurate chart of variation, and to keep it up-to-date, a means of
establishing an approximate line of position in areas where the gradient is iarge would
have resulted; in many cases this would have established longitude if latitude were
known.

Lunar distances. The first method widely used al sea to determine longitude
with some accuracy was that of lunar distances (art. 131), by which the navigator I
determined GMT by noting the position of the relatively fast-moving moon among i
the stars. Both Regiomontanus, in 1472, and John Werner, in 1514, have been credited

J with being the first to propose the use of the lunar distance method. At least one source
states that Amerigo Vespucci, in 1497, determined longitude using the moon's position
relative to that of another body. One of the principal reasons for establishing the Royal •-
Observatory at Greenwich was to conduct the observations necessary to provide more
accurate predictions of the future positions of the moon. Astronomers, including the
Astronomers Royal, favored this method, and half a century after the invention of the'
chronometer it was still being perfected. In 1802 Nathaniel Bowditch simplified the j
method and its explanation, thus eliminating much of the mystery surrounding it andmaking it understandable to the average mariner. By using Bowditch's method, the

navigator was able to head more or less directly toward his destination, rather than
travel the many additional miles often required in "running down the latitude" and then
using parallel sailing. An explanation of the lunar distance method, and tables for
its use, were carried in the American Practical Navigator until 1914.

The Board of Longitude. The lunar distance method, using the data and equipment
available early in the 18th century, was far from satisfactory. Ships, cargoes, and lives
were lost because of inaccurately determined longitudes. During the Age of Discovery, 40
Spain and Holland posted rewards for solution to the problem, but in vain. When
2,000 men were lost as a squadron of British men-of-war ran aground on a foggy night A-
in 1707, officers of the Royal Navy and Merchant Navy petitioned Parliament for
action. As a result, the Board of Longitude was established in 1714, empowered to
reward the person who could solve the problem of "discovering" longitude at sea. A
voyage to the West Indies and back was to be the test of proposed methods which
were deemed worthy. The discoverer of a system which could determine the longitude Z
within 1' by the end of the voyage was to receive £10,000; within 40', £15,000; and
within 30', £20,000. These would be handsome sums today. In the 18th century they
were fortunes. I

127. Evolution of the ehronometer.-Many and varied were the solutions proposed
for finding lengitude, and as the different methods were found unsatisfactory, it became
increasingly apparent that the problem was one of keeping the time of the prime merid-
ian. But the development of a device that would keep accurate time during a long I
voyage seemed to most men to be beyond the realm of possibility. Astronomers were
flatly opposed to the idea and felt that the problem was properly theirs. There is even
some evidence to indicate that the astronomers of the Board of Longitude made unfair
tests of chronometers submitted to them.

- 1..".
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Christian Huygens (1629-95), a Dutch scientist and mathematician, made a

number of contributions of great value in the field of astronomy, but his most memorable
work, to the navigator, was his attempt at constructing a prefect timepiece. It was
probably Galileo who first suggested using a pendulum in keeping time. Huygens
realized that an error would result from the use of a simple pendulum, however, and he
devised one in which the bob hung from a double cord that passed between two plates
in such a way that it traced a cycloidal path.

In 1660 Huygens built his first chronomete: -he instrument utilized his cycloidal
pendulum, actuated by a spring. To compensat for rolling and pitching, Huygens
mounted the clock in gimbals. Two years later the instrument was tested at sea, with
promising results. The loss of tension in the .rpring as it ran down was the major weak-
ness in this clock. Huygens compensated for this by attaching oppositely tapered
cones and a chain to the spring. A 1665 sea test of the new timepiece showed greater
accuracy, but still not enough for determination of longitude. In 1674 he constructed
a chronometer with a special balance and long balance-spring. Although it was the
best marine timepiece then known, Huygens' last clock was also unsuited for use at sea
due to the error caused by temperature changes.

John Harrison was a carpenter's son, born in Yorkshire in 1693. He followed his
father's trade during his youth, but soon became interested in the repair and construe-
tion of clocks. At the age of 20 he completed his first timekeeper, a pendulum-type AE
clock with wooden wheels and pinions. Harrison's gridiron pendului, one which
maintained its length despite temperature changes, was designed about 1720, and con-

tained alternate iron and brass rods to eliminate distortion. Until the time that metal
alloys having small coefficients of temperature expansion were developed, Harrison's
invention was the type pendulum used by almost all clockmakers.

By 1728 Harrison felt ready to take his pendulum, an escapement he had invented,
and plans for his own marine timepiece before the Board of Longitude. In London,
however, George Graham, a fomous clockmaker, advised him to first construct the time-
keeper. Harrison did, and in 1735 he submitted his No. 1 chronometer (fig. 127). The
Board authorized a sea trial aboard HMS Centurion. The following year, that vessel
sailed for Lisbon with Harrison's clock on board, and upon her return, the error was
found to be three minutes of longitude, a performance which astounded members of
the Board. But the chronometer was awkward and heavy, being enclosed in glass
and weirhing some 65 pounds, and the Board voted to give Harrison only £500, to
be used in producing a more practical timepiece.

During the next few years he constructed two other chronometers, which were
stronger and less complicated, although there is no record of their being tested by the ,
Board of Longitude. Harrison continued to devote his life to the construction of an
accurate clock to be used in determining longitude, and finially, as he approached old
age, he developed his No. 4. Again he went before the Board, and again a test
was arranged. In November of 1761, HMS Deptyord sailed for Jamaica with No. 4 I
aboard, in the custody of Harrison's son, William. On arrival, after a passage lasting
two months, the watch was only nine seconds slow (2y4 minutes of longitude). In
January of 1762 it was placed aboard HMS Merlin for the return voyage to England.
When the Merlin anchored in English waters in April of that year, the total error shown
by the chronometer was 1 minute, 54.5 seconds. This is equal to less than a half degree
of longitude, or less than the minimum error prescribed by the Board for the largest
prize. Harrison applied for the full £?0,000, but the Board, led by the Astronomer
Royal, allowed him only a fourth of that, and insisted on another test.

William Harrison sailed again with No. 4 for Barbados in March of 1764, and
. . -. throughout the almost four-months-long voyage the chronometer showed an error of
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i N~~Bitish Crown copyright. From the o"tinall in the Nalotnd Afalrtiime
- T _Museum. London, England. Reproiftwedb? permission oftheAdmiralty.

f FiGURE 127.-Harrison's No. I ceironomneter. The first of four time-~keepers constructed by Harrison.. -his clock weighs 65 pounds.

i only 54 seconds, or 13.5 minutes of longitude. The astronomers of the Board reluc-
tantly joined in a unanimous declaration that Harrison's timepiece had exceeded all

InI

I , expectations, but they still would not pay him the full reward. An additional £5,000
were paid on the condition that plans be submitted for the construction of similar
chronometers. Even when this was done, the Board delayed payment further by

-- having one of its members construct a timepiece from the plans. Not until 1773,
[ Harrison's 80th year, was the rest of the reward paid, and only then because of inter- •
if ~vention by the king himself. -.

Pierre LeRoy, a great French clockmaker, constructed a chronometer in 1766 i
[ which has since been the basis for all such instruments. LeRoy's several inventions I

made his chronometer a timepiece which has been described as a "masterpiece of
. .... simplicity, combined with efficiency." Others to contribute to the art of watchmaking _

included Ferdinand Berthoud of France and Thomas Mudge of England, each of
whom developed new escapements. The balance wheel was improved by John Arnold, "
who invented the escapement acting in one direction only, substantially that used _

| today. Acting independently, Thomas Earnshaw invented a similar escapement. He-
- built the first reliable chronometer at a relatively low price. The chronometer the A%-

Board of Longitude had made from Harrison's plans cost Z450; Earnshaw's cost E45.
Timepieces designed to provide the navigator with information other than time .

~were popular a century or more ago. One showed the times of high and low water,
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the state of the tide at any time, and the phases of the moon; another gave the equation
of time and the apparent motions of the stars and planets; a third offered the position
of the sun and both mean and sidereal times. But the chronometers produced by
LeRoy and Earnshaw were the ones of greatest value to the navigator; they gave him
a simple and reliable method of determining his longitude.

Time signals, which permit the mariner at sea to check the error in his chronom-
eter, are essentially a 20th century development. Telegraphic time signals were inau-
gurated in the United States at the end of the Civil War, and enabled ships to check
their chronometers in port by time ball signals. Previously, the Navy's "standard"
chronometer had been carried from port to port to allow such comparison. In their
most advanced form, time balls were dropped by telegraphic action. In 1904 the first
official "wireless" transmission of time signals began from a naval station at Navesink,
N.J. These were low-power signals which could be heard for a distance of about 50
miles. Five years later the range had been doubled, and, as other nations began sending
time signals, the navigator was soon able to check his chronometer around the world. All

The search for longitude was ended.
128. Establishment of the prime meridian.-Until the beginning of the 19th cen-

tury, there was little uniformity among cartographers as to the meridian from which
longitude was measured. The navigator was not particularly concerned, as he could
not determine his longitude, anyway.

Ptolemy, in the second century AD, had measured longitude eastward from a
reference meridian two degrees west of the Canary Islands. In 1493 Pope Alexander VI
drew a line in the Atlantic west of the Azores to divide the territories of Spain and
Portugal, and for many years this meridian was used by chart makers of the two
countries. In 1570 the Dutch cartographer Ortelius used the easternmost of the Cape
Verde Islands. John Davis, in his 1594 TL- Seaman's Secrets, said the Isle of Fez in the
Canaries was used because there the variation was zero. Mariner- naid little attention, 7
however, and often reckoned their longitude from several diffeient capes and ports
during a voyage, depending upon their last reliable fix.

The meridian of London was used as early as 1676, and over the years its popu-
larity grew as England's maritime interests increased. The system w, measuring long-

tude b,)th east and west through 1800 may have first appeared in the middle of the
18th century. Toward the end of that century, as the Greenwich Observavcry in-
creased in prominence, English map makers began using the meridian of that observ-
atory as a reference. The publication by the Observatory of the first British Nautical
Almanac in 1767 further entrenched Greenwich as the prime meridian. A later and
unsuccessful attempt was made in 1810 to establish Washington as the prime meridian
for American navigators and cartographers. At an international conference held in -
Washington in 1884 the meridian of Greenwich was officially established, by the 25 -a
nations in attendance, as the prime meridian. Today all maritime nations have desig-
nated the Greenwich meridian the prime meridian, except in a few cases where local
references are used for certain harbor charts.

129. Astronomical observatories.-Thousands of years before the birth of Christ,
crude observatories existed, and astronomers constructed primitive tables which were
the forerunners of modern almanacs. The famous observatory at, Alexandria, the first
"true" observatory, was constructed in the third century BC, but the Egyptians, i
as well as the Babylonians and Chinese, had already studied the heavens for many
centuries. The armillary sphere (fig. 129a) was the principal instrument used by the
early astronomers. It consisted of a skeleton sphere with several movable rings which
could be adjusted to indicate the orbits of the various celestial bodies. One source
attributes the invention of the armillary sphere to Eratosthenes in the third century
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BC; another says the Chinese knew it 2,000 years earlier, as well as the water clock
and a form of astrolabe. The Alexandrian observatory was the seat of astronomical .
learning in the western world for several centuries, and there Hipparchus discovered
the precession of the equinoxes, and Ptolemy did the work which led to his Almagest. 5%

Astronomical study did not cease entirely during the Dark Ages. The Arabians
erected observatories at Baghddd and Damascus in the ninth century AD, and observ-
atories in Cairo and northwestern Persia followed. The Moors brought the astronomical
knowledge of the Arabs into Spain, and the Toledan Tables of 1080 resulted from an
awakening of scientific interest that brought about the establishment of schools of
astronomy at Cordova and Toledo in the tenth century.

The great voyages of western discovery began early in the 15th century, and chief
among those who recognized the need for greater precision in navigation was Prince
Henry "The Navigator" of Portugal. About 1420 he had an observatory constructed
at Sagres, on the southern tip of Portugal, so that more accurate information might
be available to his captains. Henry's hydrographic expeditions added to the geographi-
cal knowledge of the mariner, and he was responsible for the simplification of many
navigational instruments.

The Sagres observatory was rudimentary, however, and not until 1472 was the
first complete observatory built in Europe. In that year Bernard Walther, a wealthy
astronomer, constructed the Nuremberg Observatory, and placed Regiomontanus in
charge. Regiomontanus, born Johann M\iller, contributed a wealth of astronomical X
data of the greatest importance to the navigator.

The observatory at Cassel, built in 1561, had a revolving dome and an instrument
capable of measuring altitude and azimuth at the same time. Tycho Brahe's Urani-
burgum Observatory, located on the Danish island Hveen, was opened in 1576, and .
the results of his observations contributed greatly to the navigator's knowledge. Prior
to the discovery of the telescope, the astronomer could increase the accuracy of his
observations only by using larger instruments. Brahe used a quadrant with a radius of
19 feet, with which he could measure altitudes to 0'6, an unprecedented degree of
precision at that time. He also had an instrument with which lie could determine altitude -

and azimuth simultaneously (fig. 129b). After Brahe, Kepler made use of the observatory
and his predecessor's records in determining the laws which bear his name.

The telescope, the modern astronomer's most important tool, was invented by Hans
Lippershey about 1608. Galileo heard of Lippershey's invention, and sool improved A
upon it. In 1610 he discovered the four great ,noons of Jupiter, which led to the "longi-
tude by eclipse" method successfully used ashore for many years and experimented with
at sea. With the 32-power telescope he eventually built, Galileo was able to observe
clearly the motions of sun spots, by which he proved that the sun rotates on its axis.
In Paris, in 1671, the French National Observatory was established.

Greenwich Royal Observatory. England had no early privately supported observa-
tories such as those on the continent.. The need for navigational advancement was
ignored by Henry VIII and Elizabeth I, but in 1675 Charles II, at the urging of John
Flamsteed, Jonas Moore, Le Sieur de Saint-Pierre, and Christopher Wren, established
the Greenwich Royal Observatory. Charles limited construction costs to £500, and ap-
pointed Flamsteed the first Astronomer Royal, at an annual salarv of £100. The equip-
ment available in the early years of the observatory consisted of two clocks, a "sextant" Mm
of seven-foot radius, a quadrant of three-foot radius, two telescopes, and the star -l

| catalog published almost a century before by Tycho Brahe. Thirteen years passed before
Fla,..steed had an instrument with which he could determino his latitude accurately.
In 1690 a transit instrument equipped with a telescope and vernier was invented by
Romer, and he later added a vertical circle to the device. This enabled the astronomer to '-
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Couflu of the .~ap Diriuoz of the Likafy qf Congrin.
Fte.VRE 129a.-An armillary sphere, one of the most important instruments

of the ancient astronomers.

= determine declination and right ascension at the same time. One of these instruments was
added to the equipment at Greenwich in 1721, replacing the huge quadrant previously
used. The development and perfection of the chronometer in the next hundred years
added further to the accuracy of observations.

Other national observatories were constructed in the years that followed; at
Berlin in 1705, St. Petersburg in 1725, Palermo in 1790, Cape of Good Hope in 1820,
Parramatta in New South Wales in 1822, and Sydney in 1855.

U. S. Naval Observatory. The first observatory in the United States is said to
have been built in 1831-1832 at Chapel Hill, N.C. The Depot of Charts and Instru-
ments, est~b!i5hed in 1830, was the agency from which the U. S. Navy Hydrographic
Office and the Naval Observatory evolved 36 years later. Under Lieutenant Charles

- Wilkes, the second Officer-in-Chiarge, the Depot about 18.35 installed a small transit
-instrument for rating chronometers. The MI'allory Act of 1842 provided for the estab-
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Courtles of the Map )irition of the Li~Tary of Congress.

FGUaLs 129b.-A rt-production of Bralie's pelorus. This in-
strument was used to dtermine altitude and azimuth
simultaneously.

ishment of a permanent observatory, and the director was authorized to purchase
all such supplies as were necessary to continue astronomical study. The observatory
was completed in 1844 and the results of its first observations were published two
years later. Congress established the Naval Observatory as a separate agency in 1866.
In 1873 a refracting telescope with a 26-inch aperture, then the world's largest, was
installed. The observatory, located at Washington, D.C., has occupied its present
site since 1893.

The Mount Wilson Observatory of the Carnegie Institution of Washington was , -
built in 1904-05. The observatory's 100-inch reflector telescope opened wider the
view of the heavens, and enabled astronomers to study the movements of celestial
bodies with greater accuracy than ever before. But a still finer tool was needed, and
in 1934 the 200-inch reflector for the Palomar Mountain Observatory was cast. The
six-million-dollar observatory was built by the Rockefeller General Education Board

- for the California Institute of Technology, which t.so operates the Mount Wilson Ob-
servatory. The 200-inch telescope makes it possible to see individual stars 20,000,000
light-years away and galaxies at least 1,600,000.000 light-years away.

' ,As with earlier instruments, the telescope has about reached the limit of practical
size. Present efforts are being directed toward application of the electron microscope
to the telescape, to increase the range of present ipstruments.

_a
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130. Almanacs.-From the beginning, astronomers have undoubtedly recorded
the results of their observations Tables computed from such results have been known
for centuries. The work of Hipparchus, in the second century BC, and Ptolemy, in
his famous Almagest, are examples. Then the Toiedan Tables appeared in AD 1080,
and the Alfonsine Tables in 1252. Even with these later tables, however, few copies
were made, for printing had not yet been invented, and those that were available
were kept in the hands of astronomers. Not until the 15th century were the first ai-
manacs printed and made available to the navigator. In Vienna, in 1457, George
Purbach issued the first almanac. Fifteen years later the Nuremberg Observatory,
under Regiomontanus, issued the first of the ephemerides it published until 1506.
These tables gave the great maritime explorers of the age the most accurate information
available. In 1474 Abraham Zacuto introduced his Almanach Perpctuum (fig. 130a)
which contained tables of the sun's declination in the most useful form yet available
to the mariner. Tabulae Prutepicae, the first tables to be calculated on Copernican
principles, were published by Erasmus Reinhold in 1551 and gave the mariner a clearer
picture of celestial movements than anything previously available. The work of Brahe
and Kepler at the Uraniburguni Observatory provided the basis for the publication
of the Rudolphine Tables in 1627.

Still, the information contained in these books was intended primarily for the use
of the astronomer, and the navigator carried the various tables only that he might
make use of the portions applicable to his work. The first official almanac, Con-
,i .sance des Temps, was issued by the French National Observatory in 1696. The

French Observatory rose to it greatest prominence during the 20 years that Urbain

Leverrier held the position of director.
In 1767 the British Nautical Almanac was first published. Nevil Maskelyne

was then Astr,,nomer Royal, and he provided the navigator with the best information
available. The book contained tables of the sun's declination, and corrections to the
observed altitude of Polaris. The moon's position relative to other celestial bodies
was included at 12-hour intervals, and lunar distance tables gave the angular distance
between the moon and certain other bodies at three-hour intervals. [

For almost a hundred years the British Nautical Almanac was the one used by
American ravigators, but in 1852 the Depot of Charts and Instruments published the
first American Ephemeris and Nautical Almanac, for the year 1855.

Early American almanacs were distinguished by their excessive detail in some
cases and shortage of data of importance to the navigator in others. Declination
was given to the nearest 01 and the equation of time to the nearest 0!O1. Most
figures were given only for noon at Greenwich, and a tedious interpolation was involved
in converting the information to that at a given time at the longitude of the observer.
Lunar distances were given at three-hour intervals. Few star data were listed (fig. 4
130b).

Since 1858 the American Nautical Almanac has been printed without the ephemeris
section, that part of value chiefly to astronomers. Until 1908 the positions of the
brighter stars were given only for January 1st, and in relation to the meridian of
Washington. Beginning in that year, the apparent places of 55 major stars were given
for the first of each month. In 1912, the tables of lunar distances were omitted. In
1919, sunrise and sunset tables were added.

One of the greatest inconveniences involved in using the old almanacs was the
astronomical day, which began at noon of the civil day of the same date. This system
was abolished in 1925, and the United States adopted the expression "civil time" to
designate time by the new system. Greenwich hour angle was first published for the
moon in the Lunar Ephemeris for Aviators for the last four montl-s of 1929. This
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FIXED STARS, 1855.
MEAN PLACES OF 100 PRINCIPAL FIXED STARS PON

JANUARY 1, I3

I A A. V, CdW.U.,

a AxNuoNIDZ . 2 0 0 53.9? +- i.067 +28il 25.31 -14.93
7PKAiSJ (Algeuib) I3.2 0 5 441.37 3065 +1422381 20.05

p'lydri . 3 0 18 3.62 32 -78 4 2.1 20.23
- (.ASIoUZz . ar. 0 32 18.36 3 -.356 +5544 29. 19.83
.ecti . . . 2 0 36 18.45 3.016 -1847 0.1 19.86

*Uu. Min. (Polaris) 2 1 6 29.82 -18.117 +883211.- +1.23
ICeti. . 3 1 16 46.57 .000 - 8586.6 18.74
a Er:dani (Ackoefer) I 1 32 18.42 2.28 -57 28.2 18.59
.A.Anit.is . 2 1 50 0.44 3,965 +2234628.4 17.29

e . 3.4 2 35 47.42 3.102 237 19.4 15.44

. . 2.3 254 42.21 -- &129 +3 31 4.7 -14.40
aPESz • 2 3 13 59.52 4.243 492026.8 13.25

STaun ... 3 3 38 52.31 3.5W +2339 11.0 11.54
E Eridani . . 3 3 51 15.91 2.796 -135526.7 1059

- TAURI (Aidebraa) 1 4 27 36.W 46 +16 1249.4 7.72

•AOvic (Cpdla) , 1 5 5 59.03 + 4.4,1 +45 50 41.8 + 47
- ORIONIs (RI ) 1 5 7 31.23 2.884 -- 823 22.5 4.54
i TAra, . . 2 5 17 7.72 3.791 -28 28 48.3 3.5
aORIoNIs 2 t 24 36.06 3066 -02437.8 &05
a Lepone 3 5 26 2019 2.648 -175546.0 2.94

2 5281.43+3044 - 11754.6 + 2.71

,,lumbaw . 2 5 34 24.05 2.177 -34 913.3 2.23
a 0v "js . vat. 5 47 19.35 3249 + 72 32.6 + 1.11

(h- inir 3 6 14 11.30 3.636 +21 34 C.9 - 137I
*Argue (Canopus) .1 6 20 44.13 1.330 -- 5237 4.7 - !.81

St (Ifey.) Cephei . 5 6 31 6.10+30.650 +8715 7. -- 2.80
a CANS MAJ. (Sirisa) 1 6 38 45.60 2.646 -16 31 12.e 4.52
e, --'i, Majoru. 2.1 6 52 55.69 2.360 -284640.3 4.58
t 4cnsinonjm . 3.4 7 11 27.65 3.597 -- 22 14 41.7 6.16

ag 09znmxot. (Cwto,) 2.1 7 25 20.49 3.841 32 12 6.2 7.37

*CANXMI. (ProcyoR) 1 1 31 42.52 + 3145 + 53535.7 - 8.790 Oitmos. (PoUla) 1.2 7 :W6 26.23 3.61 -28'22 19.9 8.26" _

IArgus . . . 3 8 1 2-2.22 2.557 -2351205 10.06
# II)drz . . 3.4 8 3 5.74 3.189 - 6 56 52.2 12.86
A Ume Majoris . 3 8 49 15.44 4.123 4-8 36 26.7, 13.78

sArgue. 2 913 12'.. + L+62 -340 3.3 -14.91
IlVVy, . 2 92027651 2.951 - 1 568 1a.6

-, Leoni . . 3 9 37 36 e 3.424 2426220 16.94

- L os (Regdl) 1.2 10 0 3&. 3.205 +124026.4 17.40 ;

4, AOrg.u. i2 10 39 26.7 4 2.3W -- f 455 1.5 -1&'74

FtOunE 1301 -Star data frc:- the 1855 Naidical Almanac.
The annual corrections in declination and righ, ascension
can be used to obtain reasonably correct values today.

of the moon and the sun or a star near the c liptic, and the angular distance between
the moon and the other body. The zenith of the observer and the two celestial bodies
formed the vertices of the triangle, whose sides were the two coaltitudes and the angular
distance between the bodies. By means of a mathematical calculation the navigator
"cleared" this distance of the effects of refraction and parallax applicable to each i j
altitude, and other errors. The corrected value was then used as an argument for
entering the almanac, which gave the true lunar distance from the sun and several
stars at three-hour intervals.

Previously, the navigator had set his watch or checked its error and rate, which
J[. could be relied upon for short periods, with the local mean time determined by celestial

observations. The local mean time of the watch, properly corrected, applied to the
Greenwich mean time obtained from the lunar distance observation, gave the longitude.

The mathematics involved was tedious, and few mariners were capable of solving M5
, '. .th6 triangle until Nathaniel Bowditch published his simplified method in 1802 in The

- ... . -



42 HIlSTORY OF NAVIGATION

",, American Practical Navigator. Chronometers were reliable by that time, but their
i cost prevented their general use aboard the majority of naval and merchant ships. -

Uon.g Bowditch's method, however, most navigators, for the first time, could determine
their longitude, and so eliminate the need for parallel sailing and the lost time associ-
ated with it. Trhe popularity of the lunar distance method is indicated by the fact
that tables for its solution were carried in the American Nautical Almanac until the
second decade of the 20th century.

The determinatiun of latitude was considered a separate problem, usually solved
by means of a meridian altitude or an observation of Polaris.

-he time sight. The theory of the time sight, (art. 2106) had been known to
matnematicians since the dawn of spherical trigonometry, but not until the chronometer
was developed could 'it be used by mariners.

The time sight made use of the modern navigational triangle. The codeclination,
or polar distance, of the body could be determined from the almanac. The zenith
distance (coaltitude) was determined by observation. If the colatitude were known,
three sides of the triangle were available. From these the meridian angle was com-
puted. The comparison of this with the Greenwich hour angle from the almanac
yielded the longitude.

The time sight was mathematically sound, but the navigator was not always I
aware that the longitude determined was only as accurate as the latitude, and together
they merely formed a point on what is known today as a line of position. If the ob-
served body was on the prime vertical, the line of position ran north and south and a I
small error in latitude generally had little effect on the longitude. But when the body
was close to the meridian, a small e,'ror in latitude produced a large error in longitude.

The line of position by celestial observation (art. 1703) was unknown until dis-
covered in 1837 by 30-year-old Captain Thomas H. Sumner, a Harvard graduate and
son of a United States Congressman from Massachusetts. The discovery of tile "Sumner
line," as it is sometimes called, was considered by Maury "the commencement of
a new era in practical navigation." In Sumner's own words, the discovery took place
in this manner.

"Having sailed from Charleston, S.C., 25th November, 1837, bound to Grc;nock,
a series of heavy gales from the Westward promised a quick passage; after passing the
Azores, the wind prevailed from the Southward, with thick weather; after passig
Longitude 210 W., no observation was had intil near the land; but soundings were had
not far, as was suppos 1, from the edge of e Bank. The weather was now more boister-
ous, and very thick; and the wind still Southerly; arriving about midnight, 17th Decem-
ber, -within 40 miles, by dead reckoning, of Tusker light; the wind hauled S.E., true,
making the Irish coast a lee shore; the ship was then kept close to the wind, and several
tacks made to preserve her position as nearly as possible until daylight; when notling
being in sight, she was kept on E.N.E. under short sail, with heavy gales; at about 10
A.M. an altitude of the sun was observed, and the Chronometer time noted; but, having
run so far without any observation, it was plain the Latitude by dead reckoning was
liable to error, and could not be entirely relied on.

"Using, however, this Latitude, in finding the Longitude by Chronometer, it was
found to put the ship 15' of Longitude, E. from her position by dead reckoning; which in

Latitude 520 N. is 9 nautical miles; this seemed to agree tolerably well with the dead
reckoning; but feeling doubtful of the Latitude, the observation was tried with a
Latitude 10' further N., finding this placed the ship E.N.E. 27 nautical miles, of the --A
former position, it was tried again with a Latitude 20' N. of tie dead reckoning; this
also placed the ship still further E.N.E., and still 27 nautical miles further; these three
positions were then seen to lie in the direction of Small's light. It then at once appeared

N.
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that the observed altitude must have happened at all the three points, and at Small's
light, and at the ship, at the same instant of time; and it followed, that Small's light must
bear E.N.E., if the Chronometer was right. Having been convinced of this truth, the
ship was kept on her course, E.N.E., the wind being still S.E., and in less than an hour,
Small's light was made bearing tE.N.E, %/ E., and close aboard."

In 1843 Sumner published his book, A New and Accurate Method of Finding a
Ship's Position at Sea by Projection on Mercator's Chart, which met with great acclaim.
In it he proposed that a single time sight be solved twice, as lie had done (fig. 131),
using latitudes somewhat greater and somewhat less than that arrived at by dead
reckoning, and joining the two positions obtained to form the line of position. It is
significant that Sumner was able tG introduce this revolutionary principle without seri-
ously upsetting the method by which mariners had been navigating for years. Perhaps
he realized that a better method could be derived, but almost certainly navigators
would not have accepted the line of positioa so readily had lie recommended that they
abandon altogether the familiar time sight.

The Sumner method required the solution of two time sights to obtain each line
- of position. Many older navigators preferred not to draw the lines on their chi.rts,

but to fix their posiion mathematically by a method which Sumner had also devised
and included in his book. This was a tedious procedure, but a popular one. Lecky I
recommended the method, and it, was still in use early in the 20th century.

The alternative to working two time sights in the Sumner method was to determine
the azimuth of the body and to draw a line perpendicular to it through the point

* obtained by working a single time sight. Several decades after the appearance of
Sumner's book, this method was made available tU navigat(,rs through the publication
of accurate azimuth tables, and the system ,ias is idely used until comparatively recent
times. The 1943 edition of the American Practical Navigator included examples of its
use. The two-minute azimuth tables still found on many ships were designed principally
for this purpose. The mathematical solution for azimuth was not at first a part of the
time sight.

132. Modern methods of celestial navigation.--Sumner gave the mariner the
line of position; St.-Hilaire the altitude difference or intercept method. Others who
followed these men applied their principles to provide the navigator with rapid means
for determining his position. The new navigational methods developed by these men, I
although based upon work (lone earlier, are largely a product (f the 20th century.

Four hundred years ago Pedro Nunes used a globe to obtain a fix by two altitudes
of the sun, and the azimuth ang'es. Fifty years later Robei t Hues determined his
latitude on a globe by using two observations and the time interval between them.
G. W. Littlehales, of the U. S. Navy Hydrographic Office, advocated using a stereo-
graphic projection to obtain computed altitude and nz;,nmth in his Altitude, Azimuth,
and Geographical Position, published in 1906.

Various graphic and mechanical methods have also been proposed. Of these,
only one, the Star Altitude Curves of Captain P. V. H. Weems, USN (Ret.), has had
wide usage, almost entirely among aviators. During World War II, some aircraft
were fited with a device called an "astrograph," which projected star altitude curves
from film upon a special plotting sheet. The curves could be moved to allow for the
earth's rotation. When they were properly oriented, part of the line of position could A

!-)e traced on the plotting sheet. More gecerally, however, the navigational triangle
-L has been solved mathematically or by the use of tables.

Spherical trigonometry is the basis for soiving every navigational Liangle, and
until about 80 years ago the navigator had no choice but to completely solve eachSI ; , , .triangle himself. The cosine formula is a fundamental spherical trigonometry formula
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by which the navigational triangle can beconveniently solved• Thisfomlwa
commonly used in lunar distance solutions when they were first introduced, but, [;-
because ambiguous results are obtained when the azimuth is close to 900 or 2700,
mathematicians turned to the haversine, which has the advantage of increasing
numerically from 00 to 1800. The cosine-haversine formula (art. 2109) was used .=by navigators until recent years.o

Toward the end of the 19th century the "short" m~thods began to appear. About
1875, A. C. Johnson of the Br'itish Royal Navy published his book On Finding the -
Latitude and Longitude in Cloudy Weather. No plotting was involved in Johnson's

"""" method, but he made use of the principle that a single time sight be worked, rather
than the two that Sumner proposed, and the line of position drawn through the point -:
thus determined.

' ~In 1879 Percy L. Ht. Davis, of the British Nautical Alm,,nac Office, and Captain
.- -. J. E. Davis collaborated on a Sun's True Bearing or Azimtnrh Table, which enabled the , -° :

navigator to lay down a line of position using a computed azimuth. Chronometer . .

Tables, published by Percy Davis 20 years later, covered latitudes up to 500 and gave
local hour angle values for selected altitudes to one minute of arc. In 1905 his Requisite
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Tables were issued, enabling the mariner to "solve spherical triangles with three variable
errors."

These were the first of a large number of "short" solutions which followed the
work of Marcq St.-Hilaire. Generally, they consist of adaptations of the formulas of
spherical trigonometry, and tables of logarithms in a con';enient arrangement. It is
customary for such methods to divide the navigational triangle into two right spherical
triangles by dropping a perpendicular from one vertex to the side opposite. In some
methods, partial solutions are made and the results tabulated. Aquino and Braga of
Brazil; Ball, Comrie, Davis, and Smart of England; Bertin, Hugon, and Souillagouet
of France; Fuss of Germany; Ogura and Yonemura of Japan; Blackburne of New
Zealand; Pinto of Portugal; Garcia of Spain; and Ageton, Driesonstok, Gingrich, Rust,
and Weems of the United States are but a few of those providing such solutions. Al-
though "inspection tables" have largely superseded them, many of these "short"
methods are still in use, kept alive largely by the compactness of their tables and the
universality of their application. They are an intermediate step between the tedious
earlie solutions and the fast tabulated ones, and they encouraged the navigator to
work to a practical precision. The earlier custom of working to a precision not justified
by the accuracy of the information used created a false sense of security in the mind
of some navigators, especially those of little experience.

A book of tabulated solutions, from which an answer can be extracted by inspection,
is not a new idea. Lord Kelvin, generally considered the father of modern navigational
methods, expressed interest in such a method. However, solution of the many thousands
of triangles involved would have made the project too costly if done by hani. Electronic

• computers have provided a practical means of preparing tables. In 1936 chez first pub-
lished volume of Pub. No. 214 was made available, and later Pub. No. 249 was provided
for air navigators. British Admiralty editions of both these sets of tables have been
published. Editions of Pub. No. 214 have also been published by the Institute Hidro-
graphico de la Marina, Cadiz, Spain, and by the Istituto Idrografico della Marina,
Geneva, Italy.

Electronics and Navigation

133. Electricity.-Twenty-five hundred years ago Thales of Miletus commented
on basic electrical phenomena, but more than two millenniums passed before men first
approached an understanding of electricity and the uses to which it could be put.

Until about 1682 the only known method of creating electricity was by rubbing
glass with silk or amber with wool. Then Otto von Guericke of Magdeburg invented
an "electric machine" and made possible the creation of electricity for experimental
work. The Leyden jar, the electrical condenser (or machine) commonly used today,
had its origin in 1745 when its principle was accidentally discovered independently by
P. van Musschenbroek, of the University of Leyden, and von Kleist.

Stephen Gray, about 1729, demonstrated the difference between conductors and
non-conductors, or insulators, and ten years later Hawkesbee and DuFay, working
independently, each discovered the positive and negative qualities of electricity.

In the middle of the 18th century Sir William Watson of England, developer of
the Leyden jar it essentially its present form, sent electricity more than two miles by
wire. Whether Watson was aware of the tremendous possibilities his experiment dem-
onstrated is not known. Twenty-five years later, about 1774, Lesage devised what is
believed to have been the first method of electrical communication. He had a separate
wire for each letter of the alphabet and momentarily charged the appropriate wire to
send each letter.

&
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A German scholar, Francis Aepinus (1728-1802), was the first to recognize the
reciprocal relationship of electricity and magnetism. In 1837 Karl Gauss and Wilhelm
Weber collaborated in inventing a reflecting galvanometer for use in telegraphic work,
which was the forerunner of the galvanometer at one time employed in submarine
signaling. Michael Faraday (1791-1867), in a lifetime of experimental work, contributed
most of what is known today in the field of electromagnetic induction. In 1864 James
Clerk Maxwell of Edinburgh made public his electromagnetic theory of light. Many
consider it the greatest single advancement in man's knowledge of electricity.

134. Electronics.-In 1887 Heinrich Hertz provided the proof of Maxwell's theory
by producing electromagnetic waves and showing that they could be reflected. A dec-
ade later Joseph J. Thomson discovered the electron and so provided the basis for the
development of the vacuum tube by Fleming and DeForest. In 1899 R. A. Fessenden
pointed out that directional reception of radio signals was possible if a single coil or frame
aerial was used as the receiving antenna. In 1895 Guglielmo Marconi transmitted a
"wireless" message a distance of about one mile. By 1901 he was able to communicate
between stations more than 2,000 miles apart. The following year Arthur Edwin Ken-
nelly and Oliver Heaviside introduced the theory of an ionized layer in the atmosphere
and its ability to reflect radio waves. Pulse ranging had its origin in 1925 when Gregory
Breit and Merle A. Tuve used this principle to measure the height of t~ie ionosphere.

135. Application of electronics to navigation.-Perhaps the first application of
electronics to navigation was the transmission of radio time signals (art. 1826) in 1904,
thus permitting the mariner to check his chronometer at sea. Telegraphic time signals
had been sent since 1865, providing a means of checking the chronometer in various
ports.

Next, radio broadcasts providing navigational warnings, begun in 1907 by the
U. S. Navy Hydrographic Office, helped increase the safety of navigation at sea.

By the latter part of World War I the directional properties of a loop antenna
were successfully utilized in the radio direction finder (art. 4201). The first radiobeacon
was installed in 1921.

Early 20th century experiments by Behm and Langevin led to the development,
by the U. S. Navy, of the first practical echo sounder (art. 619) in 1922.

As early as 1904, Christian Hulsmeyer, a German engineer, obtained patents in
several countries on a proposed method of utilizing the reflection of radio waves as an
obstacle detector and a navigational aid to ships. Apparently, the device was never
constructed. In 1922 Marconi said, "It seems to me that it should be possible to
design apparatus by means of which a ship could radiate or project a divergent beam
of these rays (electromagnetic waves) in any desired direction, which rays if coming
across a metallic object, such as another ship, would be reflected back to a receiver
screened from the local transmitter on the sending ship, and thereby immediately
reveal the presence and bearing of the other ship in fog or thick weather."

In the same year of 1922 two scientists, Dr. A. Hoyt Taylor and Leo C. Young,
testing a communication system at the Naval Aircraft Radio Laboratory at Anacostia,
D.C., noted fluctuations in the signals when ships passed between stations on opposite
sides of the Potomac River. Although the potential value of the discovery was recog-
nized, work on its exploitation did not begin until March 1934, when Young suggested
to Dr. Robert M. Page, an assistant, that this might bear further investigation. By
December, Page had constructed a pulse-signal device that determined the positions
of aircraft. This was the first radar (art. 4301). In the spring of 1935 the British, un-
aware of American efforts, began work in this field, and developed radar independently.
In 1937 the USS Leary tested the first seagoing radar. In 1940 United States and
British scientists combined their efforts, resulting in more rapid progress. The British

4"
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revealed the principle of the multicavity magnetron developed by J. T. Randall and
H. A. H. Boot at the University of Birmingham in 1939. This magnetron made micro-
wave radar practical. Probably no scientific or industrial development in history
expanded so rapidly in all pliases-research, development, design, production, trials,
and training-and on such a scale. In 1945, at the close of hostilities of World War II,
radar was made available for commercial use.

136. Development of hyperbolic radio aids.-The work on television and cosmic-
ray counting devices in the decade prior to World War II provided the electronic
techniques needed for the practical development of radio aids to navigation based
upon the time of transmission of radio signals. Because the frequency stability of
oscillators used in those early days was very poor-about a million times less than is
available in 1975-it was obvious that only the difference in transmission times of two
or more signals from different places could be measured. But this quantity would
become useful only if the various signals could be kept in close synchronism by some
control mechanism. Using this method, with the assumption of a constant velocity of
propagation, it was clear that two signals would define a family of hyperbolic lines of
position having the transmitting antennas as foci, and signals from either three or four
different stations would establish a position fix.

It was also obvious, since the velocity of light is about 300 meters or nearly 1000
feet per microsecond, that time-difference measurements would have to be made within
a very few microseconds if positional accuracy comparable to other methods of naviga-
tion were to be achieved. This precision generally exceeded that attained in ionospheric
pulse-sounding techniques available at the time, but not by a very substantial margin.
The only potentially difficult problem was the irregular variations of transmission times
of most radio signals. These variations could be reduced or practically eliminated only
by operating at very high frequencies where line-of-sight transmission could be achieved
without interference from waves reflected from the ionosphere. It was natural, there-
fore, that the first operational hyperbolic radio aid was arranged to use these principles
in the ver, high frequency part of the radio spectrum.

This first aid to navigation of the new kind was the British Gee system, proposed
by Robert J. Dippy in 1937 and brought into operation by a team headed by Dippy
in early 1942. This system was designed in accordance with the principles given above.
Gee operated with a pulse length of about 5 microseconds at frequencies from 30 to 80
megahertz with separations between transmitters of the order of 100 miles. For high-
flying aircraft the system could be used at distances up to 350 or 400 miles. Even
though it was heavily jammed over western Europe, Gee was of the greatest importance
to the night flying of the Bomber Command of the Royal Air Force, as it made return
to bases in the British Isles relatively easy and accurate even under very poor flying
conditions.

In 1940 the Microwave Committee of the U. S. National Defense Research Coin-
mittee was assigned a project to develop a long-range, precision aircraft navigation
system. Operational specifications for the system included an accuracy of about 1,000
feet at a range of 200 miles. To meet these requirements it was planned to use syn-
chronized pairs of pulse-type transmitting stations separated by distances of several
hundred miles. Transmitters radiating a peak power of about IY megawatts in the
30 to 40 megahertz band were contemplated. Except for instrumentation, the system

7 would have been very similar to Gee.
-" The original system concepts used groundwave signals only. However during

th-i cou.rse of system developments, measurements: were made of the timing stability
of pulsed radio waves having frequencies of from about 2 to 8 megahertz received
via reflections from the ionosphere. Contrary to what was generally believed at the

IN-
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time, the stability of the signal reflec ad from the E-layer of the ionosphere was found
to be quite good. Computations based on these measurements indicated that a long-
range system using a combination of groundwaves and skywaves would provide a
fixed accuracy of better than 5 miles at a range of 1,500 miles. The possibilities of a
navigational system with this range and accuracy were so great that the original
concept was abandoned and all efforts were concentrated toward this new goal. The
revised project was assigned to the Radiation Laboratory of the Massachusetts institute
of Technology in the summer of 1941. Experimental transmitting stations were located
at U. S. Coast Guard facilities near Montauk Point, New York, and Fenwick Island,
Delaware.

In January 1942 the first skywave accuracy tests were made; a radio-frequency
band was selected. Trials in moving vehicles were undertaken in June. By October
1942 a four-station chain was inaugurated for extended field trials by the U. S. Navy.
About 40 receiver-indicators were installed in naval vessels during the next 4 or 5
months. Data were rapidly taken that defined the necessary skywave correction to
reduce nighttime E-layer signals to the equivalent groundwave readings given on
the charts.

On January 1, 1943, the administration of the now Loran program was assigned
to the U. S. Navy. The U. S. Coast Guard and the Royal Canadian Navy were assigned
responsibility for operation of the transmitting stations. The Loran system became
fully operational in the spring of 1943 when charts for the four-station North Atlantic
chain became available. The first chain comprised the two test stations at Montauk *
Point and Fenwick Island plus two new stations at Baccaro and Deming, Nova Scotia.
The Fenwick station was first moved to Bodie Island, North Carolina, and later to
Cape Hatteras, North Carolina. The Montauk Point station was moved to Nantucket
Island. Installations in the Aleutians and the South Pacific soon followed.

This first version of Loran which operated on channels in the 1800 to 2000 kilohertz
band was originally called Standard Loran to distinguish it from other experimental
versions then being evaluated. Standard Loran later became known as Loran-A.

The most successful variation of Standard Loran during World War II was known
as Skywave Synchronized (SS) Loran. This SS Loran operated at 2 megahertz, but,
as its name implies, the stations maintained synchronization by using skywaves rather
than the groundwave. This system was usable only during nighttime because of radio
propagation conditions. SS Loran was first tested on the night of April 10, 1943, be-

tween Fenwick Island, Delaware, and Bonavista, Newfoundland, 1,100 miles away.
Observations at the Radiation Laboratory, Cambridge, Massachusetts, revealed a line
of position probable error of about 0.5 mile. This demonstrated the important fact
that the errors of a few microseconds in the skvwave transmission would not prevent
position fixing to a useful accuracy when a sufficiency long baseline could be used. By
the fall of 1943 two SS Lorar, airs were in operation with transmitting stations at
East Brewster, Massachusetts, Gooseberry Fails, Montana, Montauk Point, New f -

York and Key West, Florida. Extensive evaluation flights by U. S. and Allied Forces
revealed an average position-fixing error of 1 to 2 miles.

In the early spring of 1944, the four SS Loran stations in the U. S. were dismantled,
and the equipment was installed in Europe and North Africa. Stations were located in
Scotland, Tvnisia, Algeiia, and Libya. This system became operational in October
1944 and was used extensively for night bombing operations. The combination of very
long baselines (approximately 950 miles) and favorable baseline orientation provided j
nighttime service over a large part of Europe with an accuracy of 1 to 2 miles. SS

Loran systems were also operated successfully in Southeast Asia. Lack of daytime
coverage was the major limitation of SS Loran.-dy m
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Skywave Long Baseline Loran was tested by the U. S. Coast Guard shortly after
World War II. This system was similar to SS Loran but operated at 10.585 megahertz
during the day and at 2 megahertz during the night for synchronization purposes. In
order to provide normal 2 megahertz service, transmitters were o-)erated at 2 mega-
hertz during the day as well as at night, being controlled by the synchronization on10.585 megahertz in daytime.Preliminary tests were conducted between Chatham, Massachusetts, and Fernan-

dini, Florida, in May 1944. These tests were followed by additional tests between Hobe
Sound, Florida, and Point Chinato, Puerto Rico, in December 1945 and January 1946.
Results of these tests demonstrated the basic concepts to be sound, but the difficulty
in obtaining f. suitable frequency allocation ended development.

It was recognized early that a low frequency Loran system would provide im-
proved accuracy and greatly extended navigational coverage during the day and night
with fewer transmitting stations. The first experimental low frequency Loran system,
operating at 180 kilohertz and called LF Loran, was placed in operation in 1945 with
transmitting stations at Cape Cod, Massachusetts, Cape Fear, North Carolina, and
Key Largo, Florida. Monitor stations for overwater observations were installed at
Bermuda, the Azores, Puerto Rico, and Trinidad. Overland signals were observed at
monitor stations in Ohio, Minnesota, and aboard specially equipped aircraft. j

The LF Loran system was basically an extension of the techniques of 2 megahertz I
Loran to the lower frequency. However, the LF stations operated in synchronized
triplets instead of pairs, and the individual radio-frequency cycles of the master aed
slave pulses were displayed on the user's receiver-indicator. The receivers were designed
to provide for visual matching of pulse and cycles. A rough match was made first using
the envelopes of the two pulses, as in standard Loran, and then a fine measurement was

made by matching selected radio-frequency cycles within each pulse.
In 1946 all equipment installed in the e'.perimental east coast LF Loran system

was transferred to northwest Canada where it served the requirements of special
Arctic maneuvers in the area. Upon completion of the maneuvers, a joint Canadian-
United States project was initiated to evaluate the system. Nine fixed-monitor stations
and a number of specially equipped aircraft were placed in operation and comprehensive
tests were made over a period of months. These operational tests, together with results
of the east coast tests, showed that the LF Loran system could operate with substan-
tially longer baselines than was feasible with the 2 megahertz system and that a 24-hour
service coverage over land would be of the order of two-thirds of that of sea water as
opposed to the alnost negligible overland coverage provided by 2 megahertz Loran.
The accuracy achieved was equivalent to an average line of position error of 160 feet
at 750 miles. Beyond 750 miles, accuracy deteriorated rapidly due to skywave
interference.

However, operators found that they could not select the correct pair of cycles more C
than 75 percent of the time without prior knowledge of the correct pulse envelope delay.
The resulting positional ambiguities were operationally unacceptable; the system was
judged unsatisfactory for general purpo e navigation. Work was begun in 1946 on the V
development of cycle-identification and phase-measuring techniques to correct these
positional ambiguities. This work by government and industry culminated in the
field tests of a low frequency, cycle mrching Loran system called Cyclan. fhis name was
derived from Cycle matching Loran.

Cyclan was the first fully automatic Loran system. The cyclic ambiguity problem
was solved through the use of pulse transmissions on two frequencies 20 kilohertz apart.
At first 180 and 200 kilohertz were used, followed by operation on 160 and J 80 kilohertz.
Slope matching on the first 50 microseconds -f the pulse wa- followed by cych matching
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within the pulse envelope for precise determination of arrival time-differences. Incorrect
cycle matching at one frequency was readily apparent by an obvious mismatch at the
second frequency utilized. Cyclan coverage was limited to the groundwave region and,
depending on local noise, gave a range of about 1,000 to 1,500 miles. Operational tests
with Cyclan were complicated by serious interference problems involving broadcast
stations and aeronaut.cal radiobeacons on adjacent frequencies. The tests did show,
however, that the radio-frequency cycle identification problem could be solved. Signifi-
cant progress -,as also made in instrumentation. It became necessary to seek another
solution when the 1947 Atlantic City Radio Conference designated the 90 to 110
kilohertz band (20 kilohertz bandwidth) for the development of long range navigational
systems; Cyclan required a total bandwidth of approximately 40 kilohertz.

Navaglobe was an early system investigated as a potential low frequency system
operating within the 90 to 110 kilohertz band. Work on this system started in 1945.
The directional characteristics were obtained from a configuration of three vertical
antennas placed at, the comers of an equilateral triangle. The antennas were excited

alternately in pairs so that three overlapping figure-eight patterns were obtaired.
Measurement of the relative amplitudes of the received signals determined the navi-
gator's bearing from the transmitting station. Cross bearings were required to establish

position. To obtain range "nformation, parallel development of a distance measuring I
system called Facom was carried out. This system also operated in the 90 to 110 kilo- i
hertz band. Coarse distance data were developed by comparing the phase of a low !
frequency modulating tone on a local oscillator with ;hc phase of a similar tone on the
continuous wftve sigihai from the Facom ground station. Fine distance measurements j
were made on the radio freqiency cycles in the carrier.

Navarho, the combined Navaglobe-Facom system, was extensively evaluated during
1957. The project was disc ntinued because the overall system performance was
unsatisfactory. j

Navarho was the first system to attempt the distance-difference measurement
from observation of the change of phase of the received signal relative to a very stable.
locally generated reference signal of the same frequency. To obtain useful navigational |
accuracy the frequencies of the transmitted signals and of the receiver's reference
signals had to be synchronized with an accuracy of a part in a billion or better. One of
the first commercial cesium beam frequency standards was used to control the frequency i -

of the signals radiated from three towers at Camden, New York. Although the airborne
crystal oscillators were awkward to operate, requiring close attention to attain the
necessary stability, the results of numerous flights out to ranges of 2,000 miles demon-
strated acceptable range and accuracy in the distance measurement; the bearing
measurements at "ng range, however, were relatively poor.

In 1952 work began undcr goi rmnent, contract on a long range, automatic,
round-reference tactical bombing system known as Cytac. A pulsed, hyperbolic

navigation system operating in the 90 to 110 cilohertz band was an integral part
of the Cytac systm. Equipment development was completed in 1955, and three trans- -

mitting stations were constructed at Foiestport, New York; Carolina Beach, North
Caro!'na; and Carrabelle, Florida. Tests with the navigational component of the
system throughout 1956 showed that autotnotic instrumentation could solve the radio
frequency cycle identification problem and could measure time-difference in a hyper-
bolic system with an average error of a few tenths of a microsecond. The coverage
area extended from the Atlantic Ocean to the Missisippi River, and from the Great
Lakes to the Gulf of Mexico. Monitor stations installed at widely separated loca-
tions collected data during a year of testing. The results of the tests demonstrated
that the system was not only capable of a high degree of precision but also that the

VO-
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laws controlling its accuracy were sufficiently well known to permit sound predictions
of accuracy prior to installation. For operational reasons, the Cytac concept was
abandoned. Its use as a navigational aid was immediately apparent.

In 1957 an operational requirement for a highly accurate long range maritime
radionavigation aid was developed. The stated accuracy and range requirements
were considerably in excess of the capabilities of existing Loran-A equipment. On the
basis of the results of the Cytac tests, it was believed that this requirement could be
satisfied by implementing the Cytac concepts as well as some of the Cytac equipment.
Consequently, equipment from stations at Forestport, New York, and Carrabelle,
Florida, was transferred to Martha's Vineyard, Massachusetts, and Jupiter, Florida,
respectively. These stations operating in conjunction with the existing station at
Carolina Beach, North Carolina, were placed in operation in 1957. The U. S. Coast
Guard in accordance with the U. S. Federal Laws assumed responsibility for operation
of fh^ stations in August 1958. Comprehensive tests by both ships and aircraft showed
that the original concepts were sound. The new system, designated Loran-C, was at
that time placed in operational status.

Following the closing of the Radiation Laboratory at the Massachusetts Insti-
tute of Technology, a small group of the scientists moved to the Cruft Laboratory
of Harvard University, intending to apply some of the new techniques the war had
brought forward to various investigations of radio wave propagation. A theoretical
study was made of the stability of the phase of a modulated signal that might be

expected under the conditions of interference between modes of propagation in long-
distaz-e ionospheric transmission. This study indicated that a relatively long-period
modulation might be measureable with nearly the accuracy that had been achieved
in the LF Loran trials. Refinement of this concept led to the proposal in 1947 of a system
called Radux. -

This new system was to be very similar to LF Loran, except that the arrival
times would be measured in terms of the phase of 200 Hertz modulation instead of
che time of a pulse having a duration of about 30G microseconds. Because a 200 Hertz
modulation could be radiated from a good low frequency antenna at a frequency as low
as 40 or 50 kilohertz, it was hoped that a 1,000-mile baseline could be used and that use- I
ful service could be provided as far as 3,000 miles. However, little was known about
propagational characteristics in this frequency region.

After 2 to 3 years of study of the proposal, the U. S. Navy assigned the Navy
Electronics Laboratory (NEL) the task of making the necessary tests to develop
Radux as an aid to navigation. With the advice of an informal steering comnuttee,
representing several naval technical bureaus and laboratories and commercial con-
tractors, NEL proceeded to build and install transmitters where suitable antennas
could be found, initially in Hawaii and San Diego, and to procure and operate re-
ceivers. This work occupied nearly the entire decade of the 1950's. The results were 7 a
very much like those of the work of the Radiation Laboratory on LF Loran; the range
and accuracy were less than desired.

Going back to 1953, Dr. Louis Essen of the National Physical Laboratory (NPL)
in Teddington, England, who had designed by far the best crystal oscillator then avail-
able (the Essen ring) and who was developing the first practical cesium frequencyii standard, visited Harvard University. h called attention to the fact that the British

Post Office transmitter at Rugby had begun transmitting a standard frequency of 60
kilohertz. This transmission was made for only i hour per day, but it was derived
from an Essen ring oscillator and the frequency was accurately monitored by both
the Post Office and NPL. The group at Harvard University immediately began observ-

-ing this transmission, and made the pleasing discovery that the frequency could be
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measured to a part in 1010 during the 1-hour transmission. This accuracy exceeded

by a factor of 102 to UP~ that available through highi-fr-xjuency transmission of standard
frequencies. This link from Rugby to Cambridge, Massachusetts became for a time the
primary intercomparison mechanism between the British and American systems of
standard time, which differed greatly in those days. The first international intercom-
parison of cesium-controlled clocks was made in the same way.

The Rugby (GBR) frequency was stabilized in 1954. This started an era in which
the frequencies of most VLF transmissions have been stabilized so that they can be
used for frequency intercomparisons and for new kinds of propagational research.
It was soon found that daily measurement yielded an accuracy of about 2 parts in
10" in frequency, even at distances of thousands of miles.

The Radux work was being done under conditions of military classification. These
new VLF discoveries were therefore published only through their bearing on frequency
comparison. In April, 1955, however, a letter report to the Office of Naval Research
and verbal and other communications with the Naval Laboratories recommended
extension of the navigational efforts to the very low frequencies; in particular to
those below 14 kilohertz, where circuit bandwidths are so low that the f:equencies
are not of general interest for communication.

It had been found that the accuracy of Radux, while inadequate to resolve cyclic
ambiguities at 40 kilohErtz (periods of 25 microseconds), would resolve the four times
larger phase ambiguities at a frequency of 10 kilohertz. A composite system was
therefore proposed which could operate as Radux, probably at 40 kilohertz, while '

coherent bursts of 10 kilohertz uarrier, radiated from the same antenna at different
times, would permit measurements of much greater precision but with 8-mile ambi-
guities resolvable, at least in theory, by measurements of the 200 Hertz modulation of
Radux. This composite system was called Radni-Omega, and was investigated for a
few years. It rapidly became obvious that this marriage was an unfortunate one,
because the useful range of the 10 kilohertz component greatly exceeded that of Ra ax, 
while the relatively short baselines of Radux spoiled the geometrical accuracy of the
Omega (10 kilohertz) component at long distances, and kept the ultimate accuracy
far less than it migh otherwise be.

One of the primary reasons for the suggestion of such a low modulation frequency
as 200 Hertz was to guard against the cyclic ambiguities that are a feature of any
phase measuring system. When measuring at 200 Hertz in a hyperbolic system, any
possible ambiguities would be separated by 400 miles or more and could be disregarded
as an operational problem. IC

During the decade beginning in 1950, forces were at work that made the design
of Radux less attractive than it had seemed in 1947. The most obvious change was a
general increase in the desired accuracy of a navigational aid. When Loran was de-
veloped the only standard of excellence in the deep-water environment was celestial
navigation, with perhaps 3 nautical miles as a typical error. Loran, especially Loran-C
and a number of short-distance aids, gave navigators a desire for higher accuracy.
Two other factors became important: (1) a general improvement in dead reckoning,
including the inertial systems, and (2) a very great increase in the reliability of elec-
tronic devices. The first of these made the recovery of a lost cycle count much more
probable, while the second made the loss of a count itself a relatively unlikely event.

The overall result of these external forces was to reduce by a large factor the fear
of lane ambiguity. It therefore bt. ame possible to think of satisfying the need for
accuracy beyond that of Radux by using a much more ambiguous system, with real
hope that the possibility of ambiguities would not become a serious operational defect.
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These considerations gradually led to the abandoning of Radux, leavipcr Omega
to stand by itself. During the hybrid period, enough data had been taken to confirm
the phenomenal range available at VLF, with timing errors that did not increase mark-
edly with increasing distance. It was also realized that long baselines are especially
effective on a spherical earth. For example, with a baseline subtending 60 degrees of
arc the divergence of the hyperbolic lines of position is limited to n factior of two,
instead of increasing infinitely as it does with a baseline negligibly long in comparison
with the curvature of the earth. And, of course, if a pair can link the opposite ends of
a diameter of the earth there is no divergence at all, and a measurement accuracy of
12 microseconds in time-difference corresponds to a positional accuracy of a nautical
mile, arywhere on earth.

The Omega experiments began with the pair lirking Hawaii and California,
operating at first at 12.5 kilohertz, although experiments were rapidly extended
throughout the 9 to 15 kilohertz region, and even higher at times. One of the earliest
experiments gave an exciting and convinicing demonstration of the merits of VLF
cycle matching. Commander Lyle C. Read, USN, who was the Radux Program Officer
at the Navy Electronics Laboratory, was traversing the baseline with an early Omega
receiver on a naval vessel, essentially counting the number of wavelengths between
Hawaii and California as a check on the then somewhat nebulous ideas about phaso
velocity at very low frequencies. Fortunately, the ship got a little ahead of schedule
and Commander Read was able to induce the captain to make a standard 360' turn
midway in the passage. Although only a single pair was being tracked, the double j
amplitude of the sinusoidal variation on the phase record gave the diameter of the
ship's turning circle within 50 yards.

This and many other demonstrations of the sensitivity of ihe Omega technique
accelerated the decision to coneentrate oin VLF because of its range and potential
accuracy, and to accept the best that could be done to solve the ambiguity problem.

From this point, the work went rapidly for a time. A station in the Panama Canal
Zone was borrowed from Naval Communications, and one in Wales from the British
Post Office. With these, and San Diego and Hawaii, the network was large enough to
permit monitoring from Alaska to South America and from Hawaii to Europe. Early
ideas of the velocity of prol)agation and of its variation with time of day were refined
(a process that is still being carried forvard) and innumerable trials and demonstra-
tions were conducted.

By 1966 Omega signals were being transmitted on a regular basis from stations
located in New York, Hawaii, Trinidad, and Norway. But since these stations utilized
existing facili.ies and developmental equipment, none of these stations was capable of
transmitting the power required for an operational system. However, signals were
being transmit;ed full time from a four station complex providing the vital ingredients
necessary to further system development. 4

By 1976 seven of the eight stations of the fully implemented system were in normal
operation. The developmental station at Trinidad remained in operation pending imple-

. :.mentation of the South Pacific station.Other developments include Decca (art. 4344), a short to medium range hyper-

bolic system, which was first used under the code name "QM" during the landings
in Normandy in '944. Another World War II development was the rotating electronic
beam utilized in the German navigation system called sonne, later further perfected
by the British under ti name Consol (art. 4354).

In the late 1950's tue Decca Navigator Company Ltd., developed an experimental
VLF radionavigation system known as Delrac, a name derived from Decca long- h

range area coverage. In principle, this system was similar to Omega.
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137. P Nvelopment of satellite navigation.-The Navy Navigation Satellite Systei'
(NAVSAT) was developed within the Navy to fulfill a requirement e-tablished by the
Chief of Naval Operations for an accurate worldwide navigation system for all naval i
surface vessels, aircraft, and submarines. The system was conceived and developed 1
by the Applied Physics Laboratory of The Johns Hopkins University und ,r Navy~~contract.

The underlying concept that led to development of the system dates back to
1957 and the first launch of an artificial satellite into orbit-Russia'q Sputnik I.
Dr. William H. Gui.r and Dr. George C. Wieffienbach at Lbe Applied Physics Labora-
tory of the Johns Hopkins University were monitoring the famous "beeps" transmitted
by the passing satellite. They plotted the xeeived signals at precise intervals, and
noticed that a characteristic doppler curve emerged. Since celestial bodies followed 4
fixed orbits, they reasoned that this curve could be used to describe the satellite orbit.
Later, they demonstrated that they could determine all of the orbital paramet.rs for a
passing satellite by doppler observation of a single pass from a single fixed station.
The doppler shift apparent while receiving a transmission from a passing satellite
was proven to be an effective measuring device for establishing the satellite orbit.

Dr. Frank T. McClure, also of the Applied Physics Laboratory concluded inversely "
that if the satellite-orbit were knovn, doppler shift measurement could be used to I
determine one's position on earth-thereby suggesting a new method for navigation- j
a more precise method than any yet known, available anywhere on earth without -

regard for weather conditions. His studies earned for him the first National Aero-
nautics and Spacc Administration award for important contributions to space study
development.

In 1958, on the strength of Dr. McClure's studies, the Applied Physics Laboratory
proposed to the Bureau of Naval Weapons that possibilities be explored for establishing
a satellite doppler navigation system. The Chief of Naval Operations set forth require-i
ments for such a system to provide accurate all-weather worldwide navigation, recom-f
mending to the Advanced Research Projects Agency that. funds be made available forA

the purpose. Although this was only one of a number of proposals to utilize satellites
for navigation, it was accepted, and, until 1960, all work on the system was performed
by the Navy with that Agency's backing. An experimental satellite that failed to
achieve orbit in Septembex 1959 indicated the feasibility of tracking by doppler; the
first successful launching of a prototype system satellite in April 1960 demonstrated its
operational usefulness for navigation.

138. Development of inertial navigation.--The first inertial navigation system was
developed in 1942 for use in the V-2 missile by the Peenmunde group under the leader-
ship of Dr. Wernher von Braui. This system used two 2-degree-of-freedom gyroscopes
and an integrating accelerometer to (ietorntine the missile velocity. By the end of
World War II, the Peenmunde group hmd developed a stable platform vith three
single-degree-of-freedom gyroscopes and an integrating accelerometer.

* Following World War II inertial navigation devclopment in the United States was
conducted by four group , one sponsored by the Army and three by the Air Force. The
Army group included the Peenmnunde group under Dr. Wernher vou Braun. This group
later became the inertial group for the National Aeronautics and Space Administration.
The Air Force-sponsored groups were Northrup Aircraft, Autoneties Division of North
American Aviation, and the Massachusetts Institute of Technology Instrumentation
Laboratory. which was later to become The Charles Stark Draper Laboratory.

At first the systems developed for the Air Force were combinations of stellar and ,
inertial systems. As the state-of-the-art improved, purely inertial systems were designed.
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During this development the principal proponent of purely inertial systems was Dr.
Charles Stark Draper of the Massachusetts Institute of Technology.

The Autonetics Division of North American Aviation ingeniously adapted one, f
its systems for shipboard use. In 1958 this system was used to navigate the USS Nautili s
under the ice to the North Pole.

The development of purely inertial systems for air and marine applications pro-
ceeded along parallel lines. Missile and space applications followed.

The development of the Ship Inertial Navigation System (SINS) began in 1951 and
was completed in 1954. The initial system test on the highway provided realistic operat-
ing conditions under close monitoring and control. The results of the shipboard test of
SINS in 1955 indicated that it provided what was needed for the fleet ballistic missile
submarine.

Co-clusion

139. Navigation has come a long way, but there is no evidence that it is nearing
the end of its development. Progress will continue as long as man remains unsadsfied
with the means at his disposal.
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CHAPTER II

BASIC DEFINITIONS

201. Navigation is the process of directing the movements of a craft, expeditiously
and safely, from one point to another. The word navigate is from the Latin navigatus,
the past participle of the veib navigere, which is derived from the words navis, meaning
"ship," and agere, meaning "to move" or "to direct." Navigation of water craft is
called marine navigation to distinguish it from navigation of aircraft, called air naviga-
tion. Navigation of a vessel on the surface is sometimes callec, surface navigation to
distinguish it from underwater navigation of a submerged vessel. Navigationi of vehicles
across land or ice is called land navigation. The expression lifeboat navigation is used
to refer to navigation of lifeboats or life rafts, generally involving rather crude methods.
The expression polar navigation refers to navigation in the regions near the geographical
poles of the earth, where special techniques are employed.

The p- 7, -ipal divisions of navigation are as follows:
Dead r, -- oning is the determination of position by advancing a known position

for courses and distances. A position so determined is called a dead reckoning position.
It is generally accepted that the course steered and the speed through the water should
be used, but the expression is also used to refer to the determination of position by use
of the course and speed expected to be made good over the ground, thus making an
estimated allowance for disturbing elements such as current and wind. A position
so determined is better called an estimated position. The expression "dead reckoning"
probably originated from use of the Dutchman's log a buoyant object thrown over-
board, to determine the speed of the vessel relative to the object, which was assumed
to be dead in the water. Apparently, the expression deduced reckoning was used when
allowance was made for current and wind. It was often shortened to ded reckoning and
the similarity of this expression to dead reckoning was undoubtedly the source of the
confusion that is still associated with these expressions.

Piloting (or pilotage) is navigation involving frequent or contin-ous determination
of position or a line of position relative to geographic points, and usually requiring
need for close attention to the vessel's draft. with respect to the depth of water. It is
practiced in the vicinity of land, dangers, etc., and requires good judgment and almost
constant attention and alertness on the part of the navigator. Celestial navigatior
is navigation using information obtained from celestial bodies.

Radionavigation is navigation using radio waves for determination of position
or of a line of position. Radar navigation and satellite navigation are parts of the radio-
navigation division. Radar navigation involves the use of radio waves, usually in the
centimeter band, to determine the distance and direction of an object reflecting the
waves to the sender. Satellite navigation involves the use of artificial earth satellites
for determination of position.

The term electronic navigation is used to refer to navigation involving the use of
electronics in any way. Thus, the term includes the use of the gyrocompass ior steering
and the echo sounder when piloting. Because of the wvide use of electronics in navigation
equipment, the term electronic navigation has limited value as a term for a division of
navigation.

56
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Electronics is the science and technology relating to the emission, flow, and effects
of electrons in ,, vacuum or through a Semiconductor, and to systems using devices in
which this action takes place.

202. The earth is approximately an oblate spheroid (a sphere flattened at the
poles). Approximations of its dimensions and the amount of flattening are given in

appendix X. However, for many navigational purposes, the earth is assumed to be a
sphere, without intolerable error.IThe axis of rotation or polar axis of the earth is the line connecting the I rth Pole
and the South Pole.

203. Circles of the earth.-A great circle is the line of intersection of a sphere and
a plane through the- center of the sphere (fig 203a). This is the largest circle that can be
drawn on a sphere. The shortest line on the surface of a sphere between two points on
that surface is part of a great circle. On the spheroidal earth the shortest line is called a
geodesic. A great circle is a near enough approximation to a geodesic for most problems
of navigation.

F a m,'i circle is the line of intersection of a sphere and a plane which does not pass

through "h.e center of the sphere (fig. 203a).
A meridian is a great circle through the geographical poles of the earth. Hence,

all meridians meet at the poles, and their planes intersect each other in a line, the
polar axis (fig. 203b). The terni meridian is usually applied to the upper branch only,
that half from pole to pole which passes through a given point. The other half is called
the lower branch.

ki/
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The prime meridian is that meridian used as the origin for measurement of longi-
tude (fig. 203c). The prime meridian used almost universally is that through the original j
position of the British Royal Observatory at Greenwich, near London.

The equator is the terrestrial great circle whose plane is perpendicular to the !
polar axis (fig. 203d). It is midway between the poles.

A parallel or parallel of latitude is a circle on the surface of the earth, parallel to the
plane of the equator (fig. 203e). It connects all points of equal latitude. The equator, a
great circle, is a limiting case connecting points of 00 latitude. The poles, single points
at latitude 900, are the other limiting case. All other parallels are small circles.

204. Position on the earth.-A position on the surface of the earth (except at
either of the poles) may be defined by two magnitudes called coordinates. Those
customarily used are latitude and longitude. A position may also be expressed in relation
to known geographical positions.

Latitude (L, lat.) is angular distance from the equator, measured northward or
southward along a meridian from 00 at the equator to 900 at the poles (fig. 203c). It
is designated north (N) or south, (S) to indicate the direction of measurement.

The d; --rence of latitude (1, D. Lat.) between two places is the angular length of arc
of any rn - ian between their parallels (fig. 203c). It is the numerical diffei nce of the
latitudes, the places are on the same side of the equator, and the sum if they are on
opposite sides. It may be designated north (N) or soauth (S) when appropriate.

The middle or mid latitude (Lm) between two places on the same side of the
equator is half the sum of their latitudes. Mid latitude is labeled N or S to indicate
whether it is north or south of the equator. The expression is occasionally used with

-(I

FIGURF 203c.-Circles and coordinates of the
earth. All parallels except the equator are small
circles; tbe equator and meridians are great
circles.

FiouRE 203b.-The planes of the meridians meet
at the polar axis.
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AI

-~ FIoutIE 203d.-The equator is a great circle midway between the poles.

AN

FIGURE 203e.-A parallel of latitude is parallel to the equator.

reference to two places on opposite sides of the equator, when it is equal to half the
difference between the two latitudes, and takes the name of the place farthest from the
equator. However, this usage is misleading, as it lacks the significance usually associated
with the expression. When the places are on opposite sides of the equator, two mid
latitudes are generally used, the average of each latitude and 00.

Longitude (X, long.) is the arc of a parallel or the angle at the pole between the
prime meridian and the meridian of a point on the earth, measured eastward or westward
from the prime meridian through 1800 (fig. 203c). It is designated east (E) or west (W)
to indicate the direction of measurement.

The difference of longitude (DLo) between two places is the shorter arc of the
parallel or the smaller angle at the pole between the meridians of the two places (fig.
203c). If both places are on the same side (east or west) of Greenwich, DLo is the
numerical difference of the longitudes of the two piaces; if on opposite sides, DLo is
the numerical sum unless this exceeds 1800, when it is 3600 minus the sum. The distance
between two meridians at any parallel of latitude, expressed in distance units, usually
nautical miles, is called departure (p, Dep.). It represents distance made good to the

i
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east or west as a cl aft proceeds from one point to another. Its numerical value between
any two meridians decreases with increased latitude, while DLo is numerically the same
at any ladtude. Either DLo or p may be designated east (E) or west (W) when
appropriate.

205. Distance on the earth.--Distance (D, Dist.) is the spatial separation of two
points, and is expressed as the length of a line joining them. On the surface of the
earth it is usually stated in miles. Navigators customarily use the eautical mile (mi., M)
of 1852 meters exactly. This is the value suggested by tlhe International Hydrographic
Bureau in 1929, and since adopted by most maritime nations. It is often called the
International Nautical Mile to distinguish it from slightly different values used by some
countries. On July 1, 1959, the United States adopted the exact relationship of I yard=
0.9144 meter. The length of the International Nautical Mile is consequently equal
to 6,076.11549 feet (approximately).

For most navigational purposes the nautical mile is considered the length of 1
minute of latitude, or of any great circle of the earth, regardless of location. On the
Clarke spheroid of 1866, used for mapping North America, the length of 1 minute
of latitude varies from about 6,046 feet at the equator to approximately 6,108 feet at
the poles. The length of I minute of a great circle of a sphere having an area equal
to that of the earth, as represented by this spheroid, is 6,080.2 United States feet.
This was the standard value of the nautical mile in the United States prior to adoption
of the international value. A geographical mile is the length of 1 minute of the
equator, or about 6,087 feet.

The land or statute mile (mi., St M) of 5,280 feet is commonly used for navigation
on rivers and lakes, notably the Great Lakes of North America.

The nautical mile is about 38/33 or approximately 1.15 statute miles. A conversion
table for nautical and statute miles is given in table 20.

Distance, as customarily used by the navigator, refers to the length of the rhumb
line connecting two places. This is a line making the same oblique angle with all me- f
ridians. Meridians and parallels (including the equator) which also maintain constant

FIGURE 205.-A rhumb line or loxodrome.
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true directions, may be considered special cases of the rhumb line. Any other rhumb
line spirals toward the pole, forming a loxodromic curve or loxodrome (fig. 205). Dis-
tance along the great circle connecting two points is customarily designated great-
circle distance.

206. Speed (S) is rate of motion, or distance per unit of time.
A knot (kn.), the unit of speed comm inly used in navigation, is a rate of one nautical

mile per hour. The expression "knots per hour" refers to acceleration, not speed.
The expression speed of advance (SOA) is used to indicate the speed intended to be

made along the track (art. 207), and speed over ground (SOG) the speed along the
path actually followed. Speed made good (SMG) is the speed along the course made
good.

207. Direction on the earth.--Direction is the position of one point relative to
another, without reference to the distance between them. In navigation, direction is
customarily expressed as the angular difference in degrees from • reference direction,
usually north or the ship's head. Compass directions (east, south by west, etc.) or points
(of 11 4 or Y2 of a circle) are seldom used by modern navigators for precise directions.

Course (C, Cn) is the horizontal direction in which a vessel is steered or intended
to be steered, expressed as angular distance from north, usually from 000' at north,
clockwise through 3600. Strictly, the term applies to direction through the water, not !.
the dirtetion intended to be made good over the ground. The course is often designated
as true, magnetic, compass, or grid as the reference direction is true, magnetic, compass,
or grid north, respectively. Course made good (CMG) is the single r3sultant direction
from the point of departure to point of arrival at any given time. Sometimes the expres-
sion course of advance (COA) is used to indicate the direction intended to be made good
over the ground, and course over ground (COG) the direction of the path actually

followed, usually a somewhat irregular line. Course line is a line extending in the diree-
tion of a course.

In making computations it is sometimes convenient to express a course as an I
angle from either north or south, through 900 or 180*. In this case it is designated
course angle (C) and should be properly labeled to indicate the origin (prefix) and
direction of measurement (suffix). Thus, C N35 0E=Cn 035" (0000+350), C N1550W
=Cn 2050 (360' - 1550), C S47°E=Cn 1330 (1800 - 470). But Cn 2600 may be either
C N100OW or C S80OW, depending upon the conditions of the problem.

The symbol C is always used for course angle, and is usually used for course where
there is little or no possibility of confusion.

Track (TR) is the intended or desired horizontal direction of travel with respect
to the earth and also the path of intended travel. The terms intended track and track-
line are also used to indicate the path of intended travel (fig. 207a). The path actually
followed is usually a somewhat irregular line. The track consists of one or a series of
course lines from the point of departure to the destination, along which it is intended
the vessel will proceed. A great circle which a vessel intends to follow approximately
is called a great-cirtle track.

Heading (Hdg., SH) is the direction in which a vessel is pointed, expressed 9s
angular distance from north, usually from 0000 at north, clockwise through 361P0.
Heading should not be confused with course. Rending is a constantly changing va-ue
as a vessel oscillates or yaws back and forth acros! the course due to the effects of sE a,
wind, and steering error.

Bearing (B, Brg.) is the direction of one terrestrial point from another, expressed
as angular distance from a reference direction, usually from 0000 at the reference
direction, clockwise through 3600. When measured through 90' or 1800 from either
north or south, it is called bearing angle (B), which bears the same relationship to

Ii
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Unknown
Current _ 7

Poin ofDepatur celstil aDestinaton

FIGURE 207a.-Course line, track, course over ground, course made good, and heading.

bearing as course angle does to cou~rse. Bearing and azimuth are sometimes used inter-

~changeably, but the latter is better reservedl exclusively for reference to horizontal
direction of a point on the sphere from point on the earth.

A relative bearing is one relative to the heading, or to the vessel itself. It is usually
,measured from 0000 at the heading, clockwise through 3600. However, it is some -
~times conveniently measured right or left from 00 at the ship's head through 1800.

This is particularly true when using table 7. Older methods, such as indicating the
number of degrees or points from some part of the vessel (100 forward of the starboard
beam, two points on the port quarter, etc.) are seldom used by modern navigators to
indicate precise directions, except for bearings dead ahead or astern, or broad on the

bow, beam, or quarter.
To convert a relative bearing to a bearing from north (fig. 207b), express the rela-

ndtive bearing in terms of the 00r360 system and add the heading:

To5+ FIGURE 207b.-Relative bearing. 2 )x sh-
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True Bearing= Relative Bearing+True Heading.

Thus, if another vessel bears 1270 relative from a ship whose heading is 1500, the bear-
ing from north is 1270+150'=277*. If the total exceeds 3600, subtract this amount.
To convert a bearing from north to a relative bearing, subtract the heading:

Relative Bearing=True Bearing-True Heading.

Thus, a lightship which bears 241' from north bears 241°-137'=104' relative from

a ship whose heading is 137'. If the heading is larger than the true bearing, add 360' to
the true bearing before subtracting.

i
I
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CHAPTER III

CHART PROJECTIONS

General

301. The navigator's chart.--A map is a conventional representation, usually on
a plane surface, of all or part of the physical features of the earth's surface or any part
of it. A chart is such a representation intended primarily for navigation. A nautical
or marine chart is one intended primarily for marine navigation. It generally shows
depths of water (by soundings and sometimes also by depth curv-s), aids to navigation,
dangers, and the outline of adjacent land and such land features as are useful to the
navigator.

Chart making presents the problem of representing the surface of a spheroid upon
a plane surface. The surface of a sphere or spheroid is said to be undevelopable because
no part of it can be flattened without distortion. A map projection or chart projection j
is a method of representing all or part of the surface of a sphere or spheroid upon a
plane surface. The process is one of transferring points on the surface of the sphere j
or spheroid onto a plane, or onto a developable surface (one that can be flattened to I
form a plane) such as a cylinder or cone. If points on the surface of the sphere or spheroid I
are projected from a single point (including infinity), the projection is said to be per-
spective or geometric. MNIost map projections are not perspective.

302. Selecting a projection.-Each projection has distinctive features which make
it preferable for certain uses, no one projection being best for all conditions. These
distinctive features are most apparent on charts of large areas. As the area becomes
smaller, the differences between various projections become less noticeable until on the
largest scale chart, such as of a harbor, all projections become practically identical.
Some of the desirable properties are:

1. True shape of physical features.
2. Correct angular relationship. A projection with this characteristic is said to

be conformal or orthomorphic.
3. Equal area, or the representation of areas in their correct relative proportions.
4. Constant scale values for measuring distances.
5. Great circles represented as straight lines.
6. Rhumb lines represented as straight lines.
It is possible to preserve any one and sometimes more than one property in any

one projection, but it is impossible to preserve all of them. For instance, a projection 4M

cannot be both conformal and equal area, nor can both great circles and rhumb lines
be represented as straight lines.

-* 303. Types of projection.-Projections are usually classified primarily as to the
type of developable surface to which the spherical or spheroidal surface is transferred.
They are sometimes further classified as to whether the projection (but not neces-
sarily the charts made by iL) is centered on the equator (equatorial), a pole (polar), or some
point or line between (oblique)." . name of a projection often indicates its type and
sometimes, in addition, its princ. feature.

The projection used most frequently by mariners is commonly called Mercator, .
after its inventor (art. 109). Classified according to type this is an equatorial cylindri-
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cal orthomorphic projection, the cylinder conceived as being tangent along the equator.
A similar projectio based upon a cylinder tangent along a meridian is called transverse
Mercator or transverse cylindrical orthomorphic. It is sometimes called inverse Mercator
or inverse cylindrical orthomorphic. If the cylinder is tangent along a great circle Other
than the equator or a meridian, the projection is called oblique Mercator or oblique cy-
lindrical orthomorphic.

In a simple conic projection points on the surface of the earth are conceived as
transferred to a tangent. cone. In a Lambert conformal projection the cone intersects
the earth (a secant cone) at two small circles. In a polyconic projection, a series of
tangL-nt cones is used.

An azimuthal or zenithal projection is one in which points on the earth are trans-
ferred directly to a plane. If the origin of the projecting rays is the center of the earth,
a gnomonic projection results; if it is the point opposite the plane's point of tangency, a
stereographic projection; and if at infinity (the projecting lines being parallel to each
other), an orthographic projection (fig. 303). The gnomonic, stereographic, and ortho-
graphic are persl)ective projections. In an azimuthal equidistant projection, which is not
perspective, the scale of distances is constant along any radial line from the point of
tangency.

C

C

FIGURE 303.-Azimuthal projections: A, gno-
monic; B, stereographic; C (at infinity),
orthographic.

Cylindrical and plane projections can be considered special cases of conical projec-
tions with the heights infinity and zero, respectively.

A graticule is the network of latitude and longitude lines laid out in accordance
with the principles of any l)rojection.

Cylindrical Projections . 4'

304. Features.-If a cylinder is placed around the earth, tangent along the equator,
-+ and the l)lane- of the meridians are extended, they intersect the cvlnder in a number of

vertical lines (fig. 304). rhese lines, all being vertical, are parallel, or everywhere equi-
distaint from each other, mlike the terrestrial meridians, which become closer together
as the lati:ude increses. On the earth the parallels of latitude are perl)endicular to the

L k'meridian., forming circles of l)rogressively smaller diameter as the latitude increases.r On the cylinder they are shomn iperpendicular to the projected meridians, but because a
cylinder i, cv-eryvhere of the same diameter, the projected parallels are all the same size.

If the cylinder is cut along a vertical line (a meridian) and spread out flat, the
meridians appear as equally space.i, vertical lines, and the parallels as horizontal

E
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VJ

I
I

F t-:o 301.-A cylindrical projection.

lines. The spacing of the paiallels relative to each other differs in the various types I

of cylindrical projections.
The cylinder may be tangent along some great circle other than the equatcr,

forming an oblique or transverse cylindrical projection, on which the pattern of lati- 4

tude and longitude lines appears quite different, since the line of tangency and the I

equator no longer coincide. I
305. Mercator projection.-The only cylindrical projection widely used for navi-

gation is the Mercator or equatorial cylindrical orthomorphic, named for its inventor

Gerhard Kremer (Mercator), a Flemish geographer. It is not perspective and tha

parallels cannot be located by geometrical projection, the spacing being derived mathe-

matically. The use of a tangent cylinder to explain the development of the projection

has been used, but the relationship of the terrestrial latitude and longitude lines to

those on the cylinder is often carried beyond justification, resulting in misleading

statements and illustrations.
The distinguishing feature of the Mercator projection (fig. 305) among cylindrical

projections is that both the meridians and parallels are expanded at the same ratio

with increased latitude. The expansion is equal to the secant of the latitude, with a

small correction for the ellipticity of the earth. Since the secant of 900 is infinity, the

projection cannot include the poles. Expansion is the same in all directions and angles

are correctly shown, the projection being conformal. Rhumb lines appear as straight

lines, the directions of which can be measured directly on the chart. Distances can also

be measured directly, tc ,-actical accuracy, but not by a single distance scale over the

I+
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entire chart, unless the spread of latitude is small. The latitude scale is-. customarily
used for measuring distances, the expansion of the scale being the same as that of
distances at the same latitude. Great circles, except meridians and the equator, appear
as curved lines concave to the equator (fig. 310a). Small areas appear in their correct
shape but of increased size unless they are near the equator. Plotting of positions by

latitude and longitude is done by means of rectangular coordinates, as on any cylindrical
projection.

- -- - -- -- -

I A-1

FiGURF. 305.-A Mercator mnap of the w*orld.

306. Meridional parts.-At the equator a degree of longitude is approximately

equal in length to a degree of latitude. As the distance from the equator increases,
degrees of latitude remain approxIML-,ely the same (not exactly because the earth is
not quite a sphere), while degrees of longitude become progressively shorter. Since
degrees of longitude appea1 everywhere the same length in the Mercator projection,
it is necessary to increase the length of the meridians if the expansion is to be equal in
all directions. Thus, to maintain the correct proportions between degrees of latitude
aind degrees of longitude, the former are shown progressively longer -- the distance
from the equator increases (fig. 305). J

1. The length of the meridian, as thus increased between the equator an,; any giv'en
iatitude, expressed in winutes of the eq~uator as a unit, constitute-- the number of
meridional parts (M) corresponding to that latitude. Meridional parts,. given in table 5
for every minute of latitude from the equator to the pole, afford facilities for coa-
structing a Mercator chart and for solving problems in Mlercator sailing. These values

ai
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are for the Clarke spheroid of 1866. Tihe formula for meridional parts, given in the
explanation to table 5, is derived from an integral representing the exact relationship.

307. Mercator chart construction.-oTo construct a Mercator chart, first select
the scale and then proceed as follows:

Draw a series of vertical lines to represent the meridians, spacing them in accord-
ance with the scale selected. If the chart is to include the equator, the distances of
the various parallels from the equator are given directly in table 5. although it may be
desirable to convert the tabulated values to more convenient units. Thus, ii 1 *(60')
of longitude is to be shown as one inch, each meridional part will be ' or 0.01667
inch in length. The distane,, in inches, of any parallel from the equator is then deter-
mined by dividing its m. ridional parts by 60 or multiplying them by 0.01667.

If the equator is not to be included, the meridional difference (m) is used. This
is the difference between the meridional parts of the various latitudes and that of the
lowest parallel (the one nearest the equatcr) to be shown. Distances so determined
are measured from the lowest parallel.

It is often desired to show a minimum area on a chart of limited size, to the largest
possible scale. The scale is then dictated by the limitations.

When the grtticule has been completed, the features to be shown are located by
means of th latitude and longitude scales.

Example.-A Mercator chart is to be constructed at the inaximun scale on a sheet
of paper 35 X 46 inches, with a minimum two-inch margin outside the neatline limiting"
the charted area. The minimum area to be covered is lat. 440-50* north and long.
56°-680 west.

Soldion - Step onc: Determine which dimension to l)lace horizontal. Fron table 5
the meridional difference is:

Mo. 3456. 6
M,. 2929. 6
m 527.0

The chart is to cover at least 120 (6S0-56*) of longitude. The longitude is therefore
,o cover a distance of 12X60=720 moridional parts. Since there are a greater number
of meridional parts of longitude to be shown than of latitude, the long dimension is
placed horizontal.

Sep two: Determine whether the latitude or longitude is the limiting scale factor.
The number of inches available for latitude coverage is 31 (35 inches minus a two-inch
margin top and bottom). If 527 meridional parts are to be shown in 31 inches, each

.31
meridional part will be -7=0.0582 inch. There are 46-4=42 inches available for

527
42

longitude, and therefore tie length of each meridional part will be i-=0.05833
70

inch. Thus, the longitude is the limiting scale factor. for all of the desired area could -
not be shown in the available space if the larger scale were to be used. Using the smaller
scale, it is found that 30.74 inches (0.05S33X527) will be needed to show the desired
latitude coverage. The top and 5ottom margins can be i.reaed slightly, or additional

latitude coverage can be shown. If it. is desired to include the additional coverage, the
amount can be determined by dividing the available space, 31 inches, by the scale,
0.05S33. This is 531.5 meridional parts, or 4.5 more than the minimum. By inspection
of table 5, it is seen that the latitude can be extended either 3'3 below 440 or 2:9 above
50'. Suppose it is decided that the margin will be increased slightly and only the desired
minimum coverage shown.

%-I
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Step three: Determine the spacing of the meridians and parallels. Meridians 10 or
60' apart will be placed 6OX0.05833=3.50 inches apart. Next, determine each degree
of latitude separately. First, compute the meridional difference between the lowest
parallel and the various parallels to be shown:

M4,. 3013.5 M,6, 3098.8 M47o 31o5.7 M 8 ° 3274.2 M49,. 3364.5 M,. 3456.6
M44o 2929.6 M44o 2929.6 M. 2929.6 M4 ° 2929.6 Mw, 2929.6 M,,. 2929.6
In 83.9 in 169.2 m 256.1 in 344.6 in 434.9 in 527.0

Next, determine the distance of each parallel from that of L 44 0 N by multiplying its
meridional difference by the scale. 0.05833:

L 440 to L 45"=0.05833X 83.9= 4.89 in.
L 440 to L 46 0=0.05833X169.2= 9.87 in.
L 440 to L 47 0 =0.05833X256.1 - 14.94 in.
L 440 to L 48 0=-0.05833X344.6=20.10 hi.
L 440 to L 49 0=0.05833X434.9=25.37 in.
L 44" to L 50'=0.05833X527.0=30.74 in.

Step Jour: i-aw the graticule. Draw a horizontal line 2.13 inches (5- 0.4)

from the bottom. This is the lower neatline. Label it "44 0N." Draw the right-hand
neat lin'e two inches from the edge. Lauel it "36'W." Along the lower parailel measure
off di-tances in units of 3.50 inthes ,om X 56'W at the right to X 68'W at the left.
Through the points thus lo:ated dtfv vertical :ns to rne.esent the meridia,.
Along any meridian measure upward from the horizontal line a series of distances as I

-8W .7*W CW G5V J4"w 63w 'W GW Gi*W eV 5) 5"w 7w s W 5C-

--9- 49'N

46N - -4e - _ - 4N

47N 1  
- - - - - - - - - - - -47*N I

40N ----------------- ----- -- N

L5*N -- ___ --. -1----

I !I I

4,°N 44! N

GeN~W W*W 46-W .5'W (WW .3*W 62W4*44N 9* 8W / V

5"N 
J  

4OW 5°N8VJb(

FIGURE 307.-The graticule of a Mercator chart fro.g I 44'N to L 50N and from X 56OW to
X 680 W.
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determined by the calculations above. Through these points draw horizontal lines
to represent the parallels. Label the meridians and parallels as shown in figure 307.

Step five: Mark off the latitude and longitude scales around the neatline. The
scales can be graduated in units as small as desired. Determine the longitude scale
by dividing the degrees into equal parts. Establish the latitude scale by computing
each subdivision of a degree in the same manner as described above for whole degrees.
In low latitudes degrees of latitude can be divided into equal parts without serious loss
of accuracy.

Step siz: Fill in the desired detail.
In south latitude the distance between consecutive parallels increases toward

the south. The top parallel is drawn first and distances measured downward from it.
Latitude labels increase toward the soth (down).

In east longitude the longitude labels increase toward the east (right).
308. Transverse and oblique Mercator projections.-If Mercator principles are

used to construct a chart, but with the cylinder tangent along a meridian, a transverse
Mercator or transverse cylindrical orthomorphic projection results. The word "in-
verse" is sometimes used in place of "transverse" with the same meaning. If the cylinder
is tangent at some great circle other than the equator or a meridian (fig. 308a), the
projection is called oblique Mercator or oblique cylindrical orthomorphic. These
projections utilize a fictitious graticule similar to but offset from the familiar network
of meridians and parallels (fig. 308b). The tangent great circle is the fictitious equator.

FIGURE 308a.-An oblique Mercator projection.
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Trueou Pole

projection.

Ninety degrees from it are two fictitious poles. A arnup of great circles through these
poles tnd perpendicular to the tangent great circle are the fictitious meridians, while
a series of circles parallel to the plane of the tangent great circle form the fictitious
parallels.

The actual meridians and parallels appear as curved 'Uaes (figs. 309, 310b, and
322).

A straight line on the transverse or oblique Mercator projection makes the same
angle with all fictitious meridians, but not, with the terrestrial meridians. It is therefore
a fictitious rhumb fine. Near the tangent great circle a straight line closely approxi-
mates a great circle. It is in this area that the cha-.rt is most useful.

The Universal Transverse Mercator (UTM) grid is a military gi'd superimposed
upon a transverse Mercator graticule, or the representation of these grid lines upon any
graticule.

This grid system and these projections are often used for large-scale (harbor)
ntutical charts and military charts.

309. Transverse Mercator projection.-A special case of the Mercator projection
in which the cylinder is tangent along a meridian is called a transverse (inverse) Mer-
cater or trmnsverse (inverse) cylindrical orthomorphic projection. Since +he area of
minimum distortion is near a meridian, this projcction is useful for charts covering a
large band of latitude and extending a relatively 'hort distance on each side of the
tangent meridian (fig. 309) or for charts of the l)olr regions (fig. 322). It is sometimes
used for star charts showing the evening sky at various seasons of the year (figs.
2205-2208).

310. Oblique Mercator projection.-The Mercator projection in which the cylinder
is tangent along a great, circle other than the equator or a me, idian is called an oblique
Mercator or oblique cylindrical orthomorphic projection. This projection is used prin-
cipally where it is desired to depict an area in the near vicinity of an oblique great
circle, as, for instance, along the great-circle route between two important, widely *N.

%h
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Fic.URE. 310a~ -The great circle hcteee Xwabiington and NMo.coi as it ap pear-, on it Nercator miap.

See figures :3081) andl :3101)

FIGURE 310b.-An oblique Mercator il) basen uipon a cylinder tangent along the great circle through
Washington and Moscow. The map includes an atrea. 500 miles on each side of the greait circe.
The limits of this map are indicaited on the \Nl reator m1ap of figure 3i 0a.

(art. 2204), where positions of stars are plotted by rectangular coordinates representing
dleclinaft ion (Ordinauite) all(d sidereal hour an1gle (thseisa). Since t he mieridiatns aire
parallel, thle parallels of latituode (including dtli 1uator and the poles) are till repre-
sentea by lines of equal length.

Conic Projections J

312. Fi aw.res.-A conic projection is p~rodutced by transferring points from the
surface of the earth to a cone or series of cones which are then cut along an element A
and spread otut flat to formn the chatrt. If the axis of the cone coincidles with thle axisA
Of the- earth, thle tisual situailtion, the p~arallels appear a, aircs of circles andl the meridians
as either straight or cturvedl lines converging to%%ard the necarer p~ole. Excessive dis-
tortion is usually N avoided by limiting the area covered to that l)itrt of thle cone near
thle surface of the earth. A parallel along which there is no distortion is called a standard
parallel. Neither thie transverse conic projection, in wh~ich thle axis of the cone is in the
equa tot ial p)lanie, nor the oblique conic projection, in which the axim; of the cone is
obliqtie to the lane of the equator, are ordinarily used for, naviga tion, thecir chief use
being for illustrak.Ve maps.

The appear'mnce and featuires of conic projections fire varied by tising cones tangcenlt
at various p~arallels, using a secant (intersecting) cone, of by using a series of cones.

A a
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EQU TOR -,

I

- FIUE 311 -A rectangular graticulc. Compare with figure 305.

: 313. Simple conic projection.-A conic projection using a single tangent cone is

called a simple conic projection (fig. 313a). The height of the cone increases as the
latitude of the tangent parallel decreases. At the equator the height reaches infinity and -"

the cone becomes a cylinder. At the pole its height is zero and it becomes a plane. As

in the Mercator projection, the simple conic projection is not perspective, as only the

i meridians are projected geometrically, each becoming an element of the cone. When
"- this is spread out flat to form a map, the meridians appear as straight lines converging
~at the apex of the cone. The standard parallel, or that at which the cone is tangent to

the earth, appears as the are of a circle with its center at the apex of the cone, or the -

V -J
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common point of intersection of all the meridians. The other parallels are concentric
circles, the distance along any meridian between consecutive parallels being in correct
relation to the distance on the earth, and hence derived mathematically. The pole is
represented by a circle (fig. 313b). The scale is correct along any meridian and along
the standard parallel. All other parallels are too great in length, the error increasing
with increased distance from the standard parallel. Since the scale is not the same in
all directions about every point, the projection is not conformal, its principal disad-
vantage for navigation. Neither is it an equal-area projection.

90'E rJ go, E

120 E 0 * .... , O E

0

15 1*

Led* 0

FIGuRE 313b.-A simple conic map of the northern hemisphere.

Since the scale is correct along the standard parallel and varies uniformly on each A
side, with comparatively little distortion near the standard parallel, this projection is
useful for mapping an area covering large spread of longitude and a comparatively
narrow band of latitude. It was deve.uped by Claudius Ptolemy in the second century
after Christ to map just such an area, the Mediterranean.

314. Lambert conformal projection.-The useful latitude range of the simple conic
projection can be increased by using a secant cone intersecting the earth at two standard
parallels (fig. 314). The area between the two standard parallels is compressed, and that
beyond is expanded. Such a projection is called a secant conic or conic projection with
two standard parallels.

If, in such a projection, the spacing of the parallels is altered so that the distortion LEE

is the same along them as along the meridians, the projection becomes conformal.
This is known as the Lambert conformal projection, after its eighteenth century Alsatian
inventor, Johann Hcinich Lambert. It is the most widely used conic projection for
navigation, though its use is more common among aviators than mariners. Its appear-
ance is very much the same as that of the simple conic projection. If the chart is not.

-= I
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I _ _ •_ _. ., ,,,,IA,
FwuGE 314.-A secant cone fo, a conic projection with two stand- -

ard parallels.

carried far beyond the standard parallels, and if these are not a great distance apart,
the distortion over the entire chail t is small. A straight line on this projection so nearly
approximates a great circle that the two can be considered identical for many purposes
of navigation. Radio bearings, from signals which are considered to travel great circles,
can be plotted on this projection without the correction needed when they are plotted
on a Mercator chart. This feature, gained without sacrificing conformality, has made
this projection popular for aeronautical charts, since aircaft make wide use of radio
aids to navigation. It has made little progress in replacing the Mercator projection for
marine navigation, except in high latitudes. in a slightly modified form this projection
has been used for polar charts (art. 321).

315. Polyconic projection.-The latitude limitations of the secant conic pre0:2t;.en ,
can be essentially eliminated by the use of a series of cones, resulting in a polyconic I
projection. In this projection each parallel is the base of a tangent cone (fig. 315a).
At the edges of the chart the area between parallels is expanded to eliminate gaps. The
scale is correct along any parallel and along the central meridian of the projection.
Along other meridians the scale increases with increased difference of longitude from
the central meridian. Parallels rppear as nonconcentric circles and meridians as curved

.. lines converging toward the pole and concave to the central meridian.
The polyconic projection is widely used in atlases, particu'larly for areas of large

range in latitude and reasonably large range it longitude, as for a continent such as
North America (fig. 315b). However, since it iq not conformal, this projection is not -

customarily used in navigation, except for boat sheets used in hydrographic surveying.

Z



CHART PROJECTIONS 77

I'A.
MR1
wt

Six-

I1a- oyoiiroecton



78 CHART PROJECTIONS

Wor~h2

75 t4 Pole 75N

1 4

N

Eq or _ 0 6

I -Zo ' w 1 0 5 f 6 0 ° W

Fwi(ta, 315b.-A polyconic real; of North An,-rica.

Azimuthal Projections

316. Features.-If points on the earth are projected directly to a plane surface: a
map is formed at once, without cutting and flattening, or "developing." This can be

I considered a special case of a conic projection in which the cone has zero heighit. _

The simplest case of the azimuthal r-ojection is one in which the plane is tangent -
i at one of the poles. The meridians are straight lines intersecting at the pole, and the T -

i- parallels are concentric circles with their common center at the pole. Their spacing
depends upon the method of transferring points from the earth to the plane.

If the plane is tapgent at some point other than a pole, straight lines through the

point of tangency are great circles, and concentric circles with their common center at
the point of tangency connect point. of equal distance from that point. Distortion, 7

, which is zero at the point of tangeney, increases along any great circle through this -

_ , poin:. Along any circle whose center is the point of tangeny, the distortion is constant.
The b3earing of any point from the point of tangency is correctly represented. It is for
this reason that the~e projections are called azimuthal. They are also called zenithal.

, Several of the common azimuthal projections are prespective.
• . 317. Gnomonic projection.-If a plane is tangent to the earth, and points are '-

' projected geometrically from the center of the eafth, the result is a gnomonic projection
(fig. 317a). This is probably the oldest of file projections, believed to have been devel-

,5
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FwunE 317a.-An oblique gnomonic projection.

oped by Thales about 600 BC. Since the projection is perspective, it can be demon-
strated by placing a light at the center of a transparent terrestrial globe and holding a
flat surface tangc - t to the sphere.

For the oblique case the meridians appear as straight lines converging toward

the nearer pole. The parallels, except tWe equator, appear as curves (fig. 317b). As in
all aiimutlial projections, bearings from the point of tangeney are correctly represented.
The distance scale, however, changes rapidly. The projection is neither conformal nor !

equal area. Distortion is so great that shapes, as well as distances and areas, are very
poorly represented, except near the point of tangency. 

M

The usefulness of the projection rests upon tme one feature that any great circle
appears on the map as a straight line. This is apparent when it is realized that a great
circle is the fine of intersection of i. sphere and a plane through the center of the sphere,
this cenucr being the origin of the projecting rays for the map. This plane intersects
any other nonparallel plane, including the tangent l)lane, in a straight line. It is this one
useful feature that gives charts made on this projc- 'ion the common name great-circle

Gnoinonic clhrts published by tht Defense Mapping Agency Hydrographic Center
bear instructions for determining direc ion and dlistance on the charts. The principal

I "
FIGUiti: 317b.--A gnomonic mao with point of
tangency at latitude 300 N, longitude 900 W.
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navigational use of such charts is for plotting the great-circle track between points,
for planning purposes. Points along the track are then transferred, by latitude and
longitude, to the navigational chart, usually one on the Mercator projection. The great
circle is then followed approximately by following the rhumb line from one point to the
next (art. 813).

318. Stereographic projection.-If points on the surface of the earth are projected
geometrically onto a tangent plane, from a point on the surface of the earth opposite
the point of tangency, a stereographic projection results (fig. 318a). Tt is also called an
azimuthal orthomorphic projection.

The scale of the stereographic projection increases with distance from the point
of tangency, but more slowly than in the gnomonic projection A.n entire hemisphere
can be shown on the stereographic projection without excessive distortion (fig. 318b).
As in other azimuthal projections, great circles through the point of tangency appear as
straight lines. All other circles, including meridians and parallels, appear as circles or
arcs of circles.

The principal navigational use of the stereographic projection is for charts of the
polar regions and devices for mechanical or graphical solution of the navigational
triangle (art. 2122).

319. Orthographic projection.-If terrestrial points are projected geometrically
from infinity (projecting lines parallel) to a tangent plane, an orthographic projection
results (fig. 319a). This projection is neither conformal nor equal area and has no
advantages as a map projection. Its principal navigational use is in the field of naviga-
tional astronomy, where it is useful for illustrating or graphically solving the naviga-i
tional triangle and for illustrating celestial coordinates. If the plane is tangent at a
point on the equator, the usual case, the parallels (including the equator) appear as
straight lines and the meridians as ellipses, except that the meridian through the point
of tangency appears as a straight line and the one 900 away as a circle (fig. 319b).

320. Azimuthal equidistant projection.-An azimuthal projection in which the
distance scale along any great circle through the point of tangency is constant is called
an azimuthal equidistant projection. If a pole is the point of tangency, the meridians
appear as straight radial lines and the parallels as concentic circles, equally spaced. AII

tq

Fu, UR 318a.-An equatorial stereographic pro-
jection.
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Fiac-RE 319a.-An equatorial orthographic projection.
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FIG UR. 3191.-An orthographic map of thcwesternhemnisphere.

If the plane is tangent at some point other than a pole, the concentric circles represent

distance from the point of tangency. In this case meridians and parallels appear as '

curves. The projection can be used to portra3 the entire earth, the point 1800 from I
-=I the point of tangency appcaring as the largest of the concentric circles. The projection £

is neither conformal nor equal area, nor is it perspective. Near the point of tangency i
the distortion is small, but it increases with disLance until shapes near the oppositeI side of the earth are unrecognizable (fig. 320).

The projection is useful bemuse it combines the three features of being azimuthal, 

having a constant distance scale from the point of tangency, and permitting the entire

earth to be shown on one map. Thus, if an important harbor or airport is selected as the I

point of tangency, the great-circle course, distance, and track from that point to any

other point on the earth are quickly and accurately determined. For communication

work at a fixed point, the point of tangency, the path of an incoming signal is at once
~apparent . if the direct*-on of arrival has been determ-ined. The direction to train a

directional antenna for desired results can be determined easily. The projection is also

used for polar charts and for the familiar star finder and identifier, No. 2102-D (art.

Polar Charts

321. Polar projecions.-Special consideration is given to the selection of pro-

jections for polar charts, principally because the familiar projections become ;pecial
cases with unique features.

In the case of cylindrical projections in which the axis of the cylinder is parallel I
to the polar axis of the earth, distortion becomes excessive and the scale changes rapidly.

Such projections cannot be carried to the poles. However, both the transverse and I
I . oblique Mercator projections are used.

Conic projections xvith their axes parallel to the earth's polar axis are limited in

their usefulness for polar charts because parallels of latitude extending through a full

3600 of longitude appear as arcs of circles rather than full circles. This is because a

.-
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FtounE 320.--An azimuthal equidistant map of the world with the point of tangency at latitude
400 N, longitude 1000 W.

cone, when cut along an element and flattened, does not extend through a full 360 °

without stretching or resuming its former conical shape. The usefulness of such pro-
jections is also limited by the fact that the pole appears as an arc of a cirele instead
of a point. However, by using a parallel very near the pole as the higher standard
parallel, a conic projection with two standard parallels can be made which requires
little stretching to complete the circles of the parallels and eliminate that of the pole.
Such a projection, called the modified Lambert conformal or Ney's projection, is useful

rN for polar charts. It is particularly acceptable to those accustomed to using the ordinary
Laibert conformal charts in lower latitudes. - -

Azimuthal )rojections arc in thiir simplest form when tangent at a pole, since the
meridians are straight lines intersecting at the pole, and parallels are concentric circles
with their common center at the pole. Within a few degrees of latitude of the pole
they all look essentially alike, but, as the distance becomes greater, the spacing of the

,.. ~ parallels becomes distinctive in each projection. In the polar azimuthal equidistant F
it is uniform; in tile polar stereographic it increases with distance from the pole until

:: %;
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Stereographic, Azimuthal Ejuidistanr

0 %

Orthographic SGnomonic

FIGURF. 321.-Expansion of polar azimuthal projections.

the equator is shown at a distance from the pole equal to twice the length of the radius
of the earth, or about 27% too much; in the polar gnomonic the increase is considerably
greater, becoming infinity at the equator; in the polar orthographic it decreases with
distance from the pole (fig. 321). All of these but the last are used for polar charts.

322. Selection of a polar projection.-The principal considerations in the choice
of a suitable projection for polar navigation are:

1. Conformality. It is desirable that angles be correctly represented so that plotting
can be done directly on the chart, without annoying corrections.

2. Great-circle represen-"ion. Since great circles are more useful than rhumb
lines in high latitudes, it is desirable that great circles be represented by straight lines.

3. Scale variation. Constant scale over an entire chart is desirable.
4. Meridian representation. Straight meridians are desirable for convenience 1

and accuracy of plotting, and for grid navigation (art. 2510).
5. Limits of wtility. Wide limits are desirable to reduce to a minimum the number

of projections needed. The ideal would be a single projection for world coverage.
The projections commonly used f.r polar charts are the transverse Mercator,

modified Lambert conformal, gnom,nic, stereographic, and azimuthal equidistant.
&' Near the pole there is little to choose betwteen them. Within the limits of practical

navigation all are essentially conformal and cn all a great circle is nearly a straight line.
As the distance from the pole increases, however, the distinctive features of each

projection become a consideration. The triansverse Mercator is conformal and its type
of distortion is familiar to one accut,tnuwed to using a Mercator chart. Distances can
be measured in the same manner as on any Mercator chart. The tangent meridian
and all straigiht lines perpendicular to it are great cir les. All other great circles, including
the meridians, are curwv. rhe departure of a great circle from a straight line becomes
a maximum at the outer edges parallel to the tr.ngent meridian, where the straight

hz
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lines are nearer the pole than the arcs of great circles between the same points. A slight
inconvenience in measurement of angles may result from the cu-vature of the meridians
(fig. 322). The projection is excellent for a narrow band along the tangent meridian
and for use with automatic navigation equipment generating transverse latitude and
transverse longitude.

The modified Lambert conformal projection is virtually conformal over its entire
extent, and the amount of its scale distortion is comparatively little if it is carried only to
about 250 or 30' from the pole. Beyond this, the distortion increases rapidly. A great A*
circle is very nearly a straight line anywhere on the chart. Distances and directions
can be measured directly on the chart in the same manner as on a Lambert conformal
chart. However, for highly accurate work this projection is not suitable, for it is not
sdictly conformal, and great circles are not exactly straight lines.

The polar gnomonic projection is the one polar projection on which great circles I
are exactly straight lines. The excessive distortion and lack of conformality of this
projection make it unsuitable for ordinary navigation.

The polar stereographic projection is conformal over its entire extent, and a great
circle differs but little from a straight line. The scale distortion is not excessive for a
considerable distance from the pole, but is greater than that of the modified Lambert
conformal projection.

165*W IS0* 1650E
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FIGURE 322.-A polar transverse Mercator map with the cylinder tangent
at the 900 E-90* W meridian.
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The polar azimuthal equidistant projection is useful for showing a large area such
as a hemisphere, because there is no expansion along the meridians. However, the I

projection is not conformal, and distances cannot be measured accurately in any but :
a north-south direction. Great circles other than the meridians ciiffer somewhat from
straight lines. The equator is a circle centered at the pole.

The three projections most commonly used for charts for ordinary navigation
near the poles are the transverse Mercator, modified Lambert conformal, and the
polar stereographic. When a directional gyro is used as a directional reference, the track
of the craft is approximately a great circle. A desirable chart is one on which a great
circle is represented as a straight line with a constant scale and with angles correctly
represented. These requirements are not met entirely by any single projection, but
they are approximated by both the modified Lambert conformal and the polar stereo-
graphic. The scale is more nearly constant on the former, but the projection is not
strictly conformal. The polar stereographic is conformal, and its maximum scale
variation can be reduced by using a plane which intersects the earth at some parallel
intermediate between the pole and the lowest parallel, so that that portion within
this standard parallel is compressed, and that portion outside is expanded.

The selection of a suitable projection for use in polar regions, as in other areas,
depends upon the requirements, which establish relative importance of the various
features. For a relatively small area, any of several projections is suitable. For a large
area, however, the choice is more critical. If grid directions (art. 2510) are to be used,
it is important that all units in related operations use charts on the same projection,

. •with the same standard parallels, so that a single grid direction exists between any
two points. Nuclear powered sut-- arine operations under the polar icecap have in-
creased the need for grid directi. arine navigation. j

.,ting Sheets

323. Definition and use.-A position plotting sheet is a plotting sheet designed
primarily for plotting the dead reckoning and lines of position obtained from celestial
observations or radio aids to navigation. It has the latitude and longitude graticule,
and it may have one or more compass roses (art. 516) for measuring direction, but
little or no additional information. The meridians are usually unlabeled by the
publisher so the plotting shx.:_" can be used for any longitude.

Plotting sheets are less expensive to produce than charts and are equally suitable
or superior for some purposes. They are used primarily when land, visual aids to
navigation, and depth of water are not important.

Any projection can be used for constructing a plotting sheet, but that used for
the navigator's charts is customarily employed also for his plotting sheets. 6

324. Small area plotting sheets.-A Mercator plotting sheet can be constructed
by the method explained in article 307. For a relatively small area a good approxima-
tion can be more quickly constructed by the navigator by either of two alternative
methods besed upon a graphical solution of the secant of the latitude, which approxi-
mates the e. pansion.

First method (fig. 324a). Step one. Draw a series of equally spaced, vertical lines
at any spacing desired. These are the meridians; label them at any desired interval, as
1', 2', 5', 10', 30', 1 *, etc.

Step two. Through the center of the sheet Iraw- a horzontal line to represent tile ---W
l)arallel of the mid latitude of the area to be covered, and label it.

Step three. Through any convenient point, such as tile intersection of the central
meridian and the parallel of the mid latitude, draw a line making an angle with the

. horizontal equal to the mid latitude. In figure 324a this angle is 35*. _
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FIGURE 324a.-Small area plotting sheet with selected longitude scale.

Step four. Draw in and label additional parallels. The length of the oblique line

b~tween consecutit:e meridians is the perpendicular distance between consecutiveI parallels, as shown by the broken arc. The number of iminutes of arc between consec-
utive parallels thus drawn is the same as that between the meridians shown.

Step five. Graduate the oblique line into convenient units. If 1' is selected, this
scale serves as both a latitude and mile scale. It can also be used as a longitude scale
by measuring horizontally from a meridian instead of obliquely along the line.

Second method (fig. 324b). Step one. At the center of the sheet draw a circle
with a radius equal to 1 0 (or any other convenient unit) of latitude at the desired scale.
If a sheet with a compass rose is available, as in figure 324b, the compass rose can be
used as the circle and will prove useful for measuring directions. It need not limit the
scale of the chart, as an additional concentric circle can be drawn and desired gradua-
tions extended to it.

Step two. Draw horizontal lines through the center of the circle and tangent at : 

the top and bottom. These are parallels of latitude; label them accordingly, at the
selected interval (as every 10, 30', etc.).

Step three. Through the center of the circle draw a line making an angle with
the horizontal equal to the mid latitude. In figure 324b this angle is 400.

Step four. Draw in and label the meridians. The first is a vertical line through
the center of the circle. The second is a vertical line through the intersection of the
oblique line and the circle. Additional meri(lians are drawn the same distance apart-
as the first, two.

Step five. Graduate the oblique line into convenient units. If 1' is selected, this
scale serves as a latitude and mile scale. It call also be used as a longitude scale by
measuring horizontaily from a meridian instead of ,bliquely along the line.

2 -,,
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FIUVRE 324b.-Small area plotting sheet with selected latitude scale.

The same end result is produced by either method. The first method, starting with
the selection of the longitude scale, is particularly useful when the longitude limits of the
plotting sheet determine the scale. When the latitude coverage is more importan- the
second method may be preferable. If a standard size is desired, part of the sheet can be
printed in advance, forming what is called a universal plotting sheet. This is done by the
Defense Mapping Agency Hydrographic Center. In either method a central compass
rose might be printed. In the first method the meridians may be shown at the desired
interval and the mid parallel may be printed and graduated in units of longitude. In
using the sheet it is necessary only to label the meridians and draw the oblique line
and from it determine the interval and draw in and label additional parallels. If the
central meridiai. is graduated, the oblique line need not be. In the second method the
parallels may be shown at the desired interval, and the central meridian may be printed
and graduated in units of latitude. In using the sheet it is necessary only to label the
parallels, draw the oblique line and from it determine the interval and draw in and label
additional meridians. If the central meridian is graduated, as shown in figure 324b, the -

oblique line need not be.
Both methods use a constant relationship of latitude to longitude over the entire

sheet and both fail to allow for the ellipticity of the earth. For practical navigation these
are not important considerations for a small area. If a larger area is to be shown or if
more precise results are desired, the method of article 307 should be used.

- ...- , .
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Grids

325. Purpose and definition of grid.-No system has been devised for showing
the surface of the earth on aflat surface, without distortion. Moreover, the appearance
of any portion of the surface varies with the projection and, in many cases, with the
location of the portion with respect to the point or line of tangency. For some pur-
poses (particularly military) it is desirable to be able to identify a location or area by
rectangular coordinates, using numbers or letters, or a combination of numbers and
letters, without the necessity of indicating the units used or assigning a fname (north,
south, east, or west), thus reducing the possibility of a mistake. This is accomplished
by means of a grid. In its usual form this consists of two series of lines which are mutually
perpendicular on the chart, with suitable designators.

326. Types of grids.-A grid may use the rectangular graticule of the Mercator
projection, or a set of arbitrary lines on a particular projectien. The most widely used
system of the first is called the World Geographic Referencing System (Georef). It
is merely a method of designating latitude and longitude by a system of letters and
numbers instead of by angular measure, and therefore is not strictly a grid, except on a
Mercator projection. It is particularly useful for operations extending over a wide area.
Examples of the second type of grid are the Universal Transverse Merctor (UTM) grid,
the Universal Polar Stereographic (UPS) grid, and the Temporary Geographic Grid
(TGG). Since hese systems are used pS)marily by military forces, they are sometimes
called military grids.
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CHAPTER IV

VISUAL AND AUDIBLE AIDS TO NAVIGATION

401. Introduction.-The term aid to navigation, as used herein, means any device
external to a vessel intended to be of assistance to a navigator in his determination of
position or safe course, or to provide him with a warning to dangers or obstructions to
navigation. This term includes lighthouses, beacons, lightships, sound signals, buoys, -T
marine radiobeacons, racons, and the medium and long range radionavigation systems.
The discussion of the various aids to navigation in this chapter is limited to the visual
and audible aids established in the navigable waters of the United States and its
possessions.

Aids to navigation are placed at various points along the coast and navigable
waterways as markers and guides to mark safe water and to provide navigators with I
means to determine their position with relation to the land and to hidden dangers. I
Within the bounds of actual necessity, each aid is designed to be seen or heard so that it I

provides the necessary system coverage to enable safe transit of a waterway.
As all aids to navigation serve the same general purpose, structural differences,

such as those between an unlighted buoy and a lightship, are solely for the purpose of -
meeting the conditions and requirements of the particular location at which the aid is i
established.

The maintenance of marine aids to navigation is a function of the United States *
Coast Guard. This responsibility includes the maintenance of lighthouses, lightships, I
radiobeacons, racons, Loran, sound signals, buoys, and beacons upon all navigable i
waters of the United States and its possessions, including the Atlantic and Pacific -coasts of the continental United States, the Great Lakes, the Mississippi River and its

tributaries, Puerto Rico, the U.S. Virgin Islands, the Hawaiian Islands, Alaska, Trust
Territory of the Pacific Islands, and such other places where aids to navigation are
required to serve the needs of the armed forces.

Lights on Fixed Structures

402. Lights on fixed structures vary from the tallest lighthouse on the coast, flash-
ing with an intensity of millions of candlepower, to a simple battery-powered lantern
on a wooden pile in a small creek. Being in fixed positions enabling accurate charting, .lights provide navigators with reliable means to determine their positions with relation "

to land and hidden dangers during daylight and darkness. The structures are often
distinctively colored to facilitate their observation during daylight.

A major light is a light of high intensity and reliability exhibited from a fixed
structure or on a marine site (except range lights). Major lights include primary sea-
coast lights and secondary lights. Primary seacoast lights are those major lights estab-
lished for the purpose of making landfalls and coastwise passages from headland to -

headland. Secondary lights are those major lights, other than primary seacoast lights,
established at harbor entrances and other locations where high intensity and relia-
bility arc required. Major lights are usually located at manned or monitored automated
stations.
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A minor Ught is an automatic unmanned (unwatched) light on a fixed structure
showing usually low to moderate intensity. Minor lights are established in harbors,
along channels, rivers, and isolated locations. They usually have the same numbering,

. coloring, and light and sound characteristics as the lateral system of buoyage (art. 411).

MASONRY STRUCTURE CYLINDRICAL TOWER SQUARE
HOUSE ON CYLINDRICAL BASE

I

>F

2."4i

CYLINDRICAL CAISSON STRUCTURE SKELETON IRON STRUCTURE

Fiouaz 402A.-Typical light structures.
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Lighthouses (fig. 402a), all of which exhibit major lights, are placed where they will
be of most use: on prominent headlands, at entrances, on isolated dangers, or at other i
points where it is necessary that mariners be warned or guided. Their principal purpose"
is to support a light at a considerable height above the water. In many instances, sound1
signals, radiobeacon equipment, and operating personnel are housed in separate build-
ings located near the towei Such a group of facilities is called a light station. I

Many of the lighthous.s which were originally tended by resident keepers are now
operated automatically. There are also many automatic lights on smaller structures I
maintained through periodic visits of Coast Guard cutters or of attendants -- charge
of a grocp of such aids. The introduction of new automatic apparatus means that the
relative importance of lights cannot he judged on the basis of whether or not they have
resident keen-=.

IS

I!

J -A

_ FiGURE 402b.-Typicail offsho~re light station.
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Offshore light stations and large navigational buoys (art. 408) are replacing light-
ships (art. 407) where practicable. The offshore light stations in U. S. waters, such as the

= one shown in figure 402b have helicopter landing surfaces. In the 1975 Light List, the
CHMSAPEAKE LIGHT station is described as a blue tower on a white square superstructure
on four black piles. "CHESAPEAKE" is on sides; the piles are floodlighted sunset to sunrise.

Range lights (fig. 402c) are pairs of lights so located as to form a range in line with
the center of channels or entrance to a harbor. The rear light is higher than the front
light and a considerable distance in back of it, thus enabling the mariner to use the -

range by keeping the lights in line as lie progresses up the channel. Range lights are
sometimes used during daylight hours through the use of high intensity lights. Otheruise,
the range light structures are equipped with daymarks (art. 412) for ordinary daytime
Use.

Range lights are usually white, red, or green, and display various characteristics to
differentiate them from surrounding lights.

LEFT Of NG
RANGE LINE 0, RANG 'I NE RANE LINE

FiGurE 402c.-Range lights.

A directional light is a single light which projects a beam of high intensity, separate

color, or special characteristic in a given direction. It has limited .se for those cases .

where a two-light range may not be practicable or necessary, and for special appli- --

cations. The directional light is essentiallv a narrow sector light with or without ad-
jacent sectors which give information as t-. the direction of and relative displacement
from the narrow sector.

Aeronautical lights, which are lights of high intensity, may be the first lights
observed at. night from vessels approaching the coast. Those situated near the coast
are accordingly listed in the List of Lights (art. 1301) in order that the navigator may
be able to obtain more complete information concerning their description. These lights
are not listed in the U. S. Coast Guard Light List.

Aeronautical lights are placed in geographic sequence in the body of the text
of the List of Lights along with lights for marine navigation. It should be borne in mind,
however, that these lights are not designed or maintained for marine navigation, and
tat they are subject to changes off which neither lighthouse authorities nor the marine
navigator may rere prompt notification.

!6
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Brdge across navigable waters of the United States are generally marked with red,
green, and white lights for nighttime navigation. Red lights mark piers and other parts
of the bridge. Red lights are also used on drawbridges to show when they are in the closed
position. Green lights are used to mark the centerline of navigable channels through
fixed bridges. The preferred channel, if there ara two or more channels through the
bridge, is marked by three white lights in a vertical line above the green light.

Green lights are also used on drawbridges to show when they are in the open
position. Because of the variety of drawbridges, the position of the green lights on the I
bridge will vary according to the type of structure. Navigational lights on bridges are --

prescribed by regulaion.
Bridges infrequently used may be unlighted. In unusual cases the type and method

of lighting may be different than normally found.
Drawbridges required to be operated for passage of vessels operate upon sound and

light signals given by the vessel and acknowledged by the bridge. These signals are pre-
scribed by regulation.

In addition to lighting, certain bridges may be equipped with sound signals and
radar reflectors where unusual geographic or weather conditions require them.

Light Characteristics

403. Characteristics-Lights are given distinctive characteristics so that one I
light may bc distinguished from another navigational light or from the general back-
ground of shore lights or as a means of conveying certain definite information. This
distinctiveness may be obtained by giving each light a distinctive sequence of light and
dark intervals, having lights that burn steadily and others that flash or occult, or by -

giving each light a distinctive color, or color sequence. In the light lists, the dark I
intervals are referred to as eclipses. An occulting light is a light totally eclipsed at I
regular intervals, the duration of light always being greater than the duration of j - -

darkness. A flashing light is a light which flashes at regular intervals, the duration of
light always being less than the duration of darkness. An equal interval light is a light I
which flashes at regular intervals, the duration of light alwa's being equal to the dura-j
tion of darkness. This light is also called an isophase light. j

404. Light phase characteristics (fig. 404) are the distinctive sequences of light
and dark intervals or distinctive sequences in the variations of the luminous intensity
of a light- "The light phase characteristics of lights which change color do not differ
from those of lights which do not change color. A continuous steady light which shows
periodic color change is described as an alternating light. The alternating characterisic
is also used with other light phase -characteristics as shown in figu 404.

A Light List entry for an alternating fixed and flashing light may be given as:

Alt. F.W., F.R. and Fl. R.
90' (F.W., 59-, F.R., 14', IC

Fl. R. 3- (high intensito-),
F.R. 14').

With each 9C' period the light is first fixed white for 59", then fixed red for 149, then
there is a flash of brillant red for 3', and finally the light is fixed red for 14'.

A Light List entry for a group flashing light may be given as:

L Gp. Fl.W., 15' •
0.2' fl., 3.0' ec.
0.2' fl., 11.6' ec.
2 flashes.

I
IN
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Within each 158 period, there is first a wvhite flash of OT2 duration, the light is eclipsed
(extinguished) for 38, then there is a wvhite flash of 0!2 duration, and then the light
is eclipsed for 11%6 before the sequence begins again.

L
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A Light List entry for a composite group flashing light may be given as:

Gp. FI.W. (1-+2), 15'
0.21fl., 5.8" ec.
0.2'f%., 2.8' ec.
0.2'f%., 5.8' ec.
3 flashes.

Within each 15' period, there is first a white flash of 0!2 duration, the light is eclipsed
for 5!8, then there is a white flash of 0!2 duration, the light is eclipsed for 2!8, and I
then there is a 0!2 duration white flash followed by a 5!8 eclipse. Thus, the first group
consists of a single flash; the second group consists of two flashes. This is indicated by
the (1+2) notation.

Most lighted aids to navigation are automatically extinguished during daylight
hours by switches activated by daylight. These switches are not of equal sensitivity.
Therefore, all lights do not come on or go off at the same time. Mariners should take
this fact into account when identifying aids to navigation during twilight periods
when some lighted aids are on while others are not.

405. Sectors of colored glass or plastic are plac-d in the lanterns of certain lights
to mark shl.as or to warn mariners off the nearby land. Lights so equipped show one A
color from most directions and a different color or colors over definite arcs of the horizon
as indicated in the light lists and upon the charts. A sector changes the color of a light, I -N
when viewed from certain directions, but not the characteristic. For example, a flashing I
white light having a red sector, when viewed from within the sector, will appear flashing
red.

Sectors may be but a few degrees in width, marking an isolated rock or shoal, or .
of such width as to extend from the direction of the deep water toward shore. Bearings
referring to sectors are expressed in degrees as observed from a vessel toward the light. 3t

In the majority of cases, water areas covered by red sectors should be avoided,
the exact extent of the danger being determined from an examination of the charts.
In some cases a narrow sector may mark the best water across a shoal. A narrow sector
may also mark a turning point in a channel. 110

The transition from one color to the other is not abrupt, but changes through I - -

an Lrc of uncertainty of about 2' or less, which depends upon the optical design of
the components of the lighting apparatus.

406. Factors affecting visual range and apparent characteristics.-The condition
of the atmosphere has a considerable effect upon the distance at which lights can be
seen. Sometimes lights are obscured by fog, haze, dust, smoke, or precipitation which
may be present at the light or between it and the observer, but not at the observer

and possibly unknown to him. On the other hand, refraction may often cause a light
to be seen farther than under ordinary circumstances. A light of low intensity will be
easily obscured by unfavorable conditions of the atmosphere and less dependence can
be placed on its being seen. For this reason, the intensity of a light should always be
considered when e.N lecting to sight it in thick weather. Haze and distance msfy reduce
the apparent duratkun of the flash of a flashing light. In some conditions of t .e atmflos-
phere white lights may have a reddish hue. In clear weather green lights may have a
whitish hue.

It should be remembered that lights placed at great elevations are more frequently
obscured by clouds, mist, and fog than those near sea level.

In regions where ice conditions prevail in the winter, the lantern panes of un-
attended lights may become covered with ice or snow, which will greatly reduce the * 4

luminous ranges of the lights and ma.y also cause lights to appear of different color.
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The increasing use of brilliant shore lights for advertising, illuminating bridges,

and other purposes, may cause navigational lights, particularly those in densely
inhabited areas, to be outshone and difficult to distinguish from the background lighting.
Mariners are requested by the U. S. Coast Guard to report such cases as outlined above
in order that steps may be taken to attempt to improve the conditions.

The "loom" of a powerful light is often seen beyond the geographic range of the
light. The loom may sometimes appear sufficiently sharp to obtain a bearing.

At short distances, some of the brighter flashing lights may show a faint continuous
light between flashes.

It should be borne in mind that, when attempting to sight a light at night,
the geographic range is considerably increased from aloft. By noting a star immediately
over the light an accurate compass bearing may be indirectly obtained on the light
from the navigating bridge although the light is not yet visible from that level.

The distance of an observer from a light cannot be estimated by its apparent
intensity. Ahlwys check the characteristics of lights in order that powerful lights visible
in the distance shall not be mistaken for nearby lights showing similar characteristics
at lower intensity (such as those on lighted buoys).

If lights are not sighted within a reasonable time after prediction, a dangerous
situation may exist requiring prompt resolution or action to insure the safety of the
vessel.

The apparent characteristic of a complex light may change with the distance
of the observer. For example, a light which actually displays a characteristic of fixed
white varied by flashes of alternating white and red (the phases having a decreasing
range of detection in the order: flashing white, flashing red, fixed white) may, when
first sighted in clear weather, show as a simple flashing white light. As the vessel draws
nearer, the red flash will become visible and the characteristic will apparently be _
alternating flashing white and red. Later, the fixed white light will be seen between
the flashes and the true characteristic of the light finally recognized-fixed white, j
alternatina flashing white and red (F.W.Alt.Fl. W. and R.).

There ;,; always the possibility of a light being extinguished. In the case of un-
attended lights, this condition might not be immediately detected and corrected. TheI_ mariner should immediately report this condition. During periods of armed conflict,
certain lights may be deliberately extinguished without notice if the situation warrants
such action.

Lightships and Large Navigational Buoys

407. Lightships serve the same purposes as lighthouses, being equipped with lights,
sound signals, and radiobeacons. They take the form of ships only because they are
placed at points where it has been impracticable to build lighthouses. Lightships mark
the entrances to important harbors or estuaries and dangerous shoals lying in much fre-
quented waters. They also serve as leading marks for both transocean and coastwise 4
traffic. The two lightships in United States waters are painted red with the name of the
station in white on both sides. Superstructures are white; masts, lantern galleries,

- . ventilators, and stacks are painted buff. Relief lightships are painted the same as
the regular station ships, with the word "RELIEF" in white letters on the sides.

By night a lightship displays a characteristic masthead light and a less brilliant
light on the forestay. The forestay indicates the direction in which the vessel is headed,
and hence the direction of the current (or wind), since lightships head into the wind or
current. By day a lightship displays the International Code signal of the station when
requested, or if an approaching vessel does not seem to recognize it.

|q~
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It should be borne in mind that, most lightships are anchored to a very long scopen!
of chain and, as a result, the radius of their swinging circle is considerable. The chart
symbol represents the approximate location of the anchor. Furthermore, under certain
conditions of wind and current, they are subject to sudden and unexpected sheers I
which are certain to hazard a vessel attempting to pass close aboard.

During extremely heavy weather and due to their exposed locations, lightships
may be carried off station without the knowledge and despite the best efforts of their I
crews. The mariner should, therefore, not implicitly rely on a lightship maintaining itsI
precisely charted position during and immediately following severe storms. A lightship
known to be off station will secure her light, sound signal, and radiobeacon and fly
the International Code signal "LO" signifying "I am not in my correct position."

Station buoys, often.called watch buoys, are sometimes moored near lightships to
mark the approximate station should the lightship be carried away or temporarily

7
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FiGURE 408.-Large navigational buoy.
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removed and to give the crew an indication of dragging. Since these bu..ys are always
unlighted and, in f.;me cases, moored as much as a mile from the lightship, the danger
of a closely passing vessel colliding with them is always present-particularly so during
darkness or periods of reduced visibility.

Experience shows that lightships and offshore light stations cannot be safely used
as leading marks to be passed close aboard, but should always be left broad off the
course, whenever searoom permits.

408. Large navigational buoys and offshore light stations are replacing lightships
where practicable. These 40-foot diameter buoys (fig. 408) may show secondary lights
(art. 402) from heights of about 36 feet above the water. In addition to the light, these
buoys may mount a radiobeacon and provide sound signals. A station buoy (art. 407)
may be moored nearby.

Buoyage and Beaconage

409. Buoys are used to delineate channels, indicate shoals, mark obstructions,
and warn the mariner of dangers where the use of fixed aids for such purposes would
be uneconomical or impracticable. By their color, shape, number, and light or sound
characteristics, buoys provide indications to the mariner as to how he may avoid navi-
gational hazards.

There are many different sizes and types of buoys to meet the wide range of
environmental conditions and user requirements. The principle types of buoys used
by the United States are lighted, lighted sound, unlighted sound, and unlighted. Some
examples of these types are illustrated in figure 409a.

A lighted buoy consists of a floating hull with a tower on which a lantern is mounted.
Batteries to power the light are contained in special pockets in the buoy hull. To keep
the buoy in an upright stable position a large counterweight (fig. 409b) sometimes is -

extended from a tube attached to the base of the hull below the water surface. The -S
radar reflector (art. 4301), on those buoys so equipped, forms a part of the buoy tower.

Lighted sound buoys have the same general configuration as lighted buoys but
are equipped with either a gong, bell, whistle, or electronic horn. Bells and gongs on -7
buoys are sounded by tappers that hang from the tower and swing as the buoys roll in
the sea. Bell buoys produce sound of only one tone; gong buoys produce several tones.

Whistle buoys make a loud moaning sound caused by the rising and falling motions
of the buoy in the sea. A sound buoy equipped with an electronic horn will produce a
pure tone at regulr intervals and will operate continually regardless of the sea state.

Unlighted sound buoys have the same general appearance as lighted buoys (except
for old whistle buoys) but are not equipped with any light apparatus. A.

Unlighted buoys have either a can or nun shape. Can buoys have a cylindrical
shape whereas nun buoys have a conical shape usually located on top of a cylindrical
shape. Since these buoys are unlighted there is no requirement for battery pockets, M
and the hull of the buoy forms part of the shape.

Buoys are floating aids and therefore require moorings to hold them in position. -z
Typically the mooring consists of chain and a large concrete sinker (fig. 409c). Because
buoys are subjected to waves, wind, tides, and other conditions, the moorings must --
be deployed in lengths greater than the water depth. The scope of chain can be as much
as 5 times the depth of water or more but normally will be about 3 times the water
depth. For this reason the buoy can be expected to sving in a circle as the current, AN
wind, and wave conditions change.

410. Fallibility of buoys.-It is imprudent for a navigator to rely on floating aids to
navigation to always maintain their charted positions and to constantly and unerringly
display their advertised characteistics.
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Fionna 409a.-Principal types of buoys in U. S. waters.
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FIGURE 409b.-Buoy showing counterweight. FIGURE 409c.-Sinkers used to anchor bouys.

The buoy symbol shown on charts indicates the approximate position of the buoy
body and the sinker which secures the buoy to the seabed. The approximate position
is used because of practical limitations in placing and keeping buoys and their sinkers
in exact geographical locations. These limitations include, but are not limited to, in-
herent inaccuracies in position fixing methods, prevailing atmospheric and sea condi-
tions, the slope of and the material making up the seabed, the fact that buoys are moored
to sinkers with more chain than the water depth, and the fact that the positions of the
buoys and the sinkers are not under continuous surveillance but are normally checked
only during periodic maintenance visits which often occur more than a year apart. The
position of the buoy can be expected to shift inside and outside the area shown by the
the chart symbol due to the forces of nature. The mariner is also cautioned that buoys
are liable to be missing, shifted, overturned, etc. Lighted buoys may be extinguished
or sound signals may not function because of ice, running ice, natural causes, collisions,
or other accidents.

For these reasons, a prudent mariner must not rely completely upon the position
or operation of buoys, but will also navigate using bearings of charted features, struc-
tures, and aids to navigation on shore. Further a vessel attempting to pass too close 0
always risks a collision with a yawing buoy or with the obstruction which the buoy
marks.

The concept that a wreck buoy always occupies a position directly over the 40
wreck it is intended to mark is erroneous. Buoys must be placed in position by a vessel.
It is usually physically impossible for these vessels to maneuver directly over a wreck
to place the sinker without incurring serious underwater damage. For this reason, a
wreck buoy is usually placed on the seaward or channelward side of a wreck, the proxim-
ity thereto being governed by existing conditions. To avoid confusion in some situations,
two buoys may be used to mark the wreck. Both may not be located on the seaward
or channelward side of the wreck, but the wreck will lie between them. Obviously,
the mariner should not attempt to pass between buoys so placed.

I.--
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Sunken wrecks are not always static. They are sometimes moved away from their
buoys by severe sea conditions or other causes. Just as shoals may shift away from the j
buoys placed to mark them, wrecks may shift away from wreck buoys.

All buoys should, thereore, be regarded as warnings, guides, or aids but nat as infallible
navigation marks, especially those located in expos.d positio'ns. Whenever possible, a f
mariner should navigate by bearings or angles of reliable and identifiable fixed charted 15
features or landmarks and by soundings rather than by sole reliance on buoys. -

411. Buoyage systems.--Most maritime countries use either a lateral system of
buoyage or the cardinal system, or both. In the lateral system, used on all navigable
waters-of the United States, the coloring, shape, numbering, and lighting of buoys
indicate the direction to a danger relative to the course which should be followed. In
the cardinal system the coloring, shape, and lighting of buoys indicate the cardinal
direction to a danger relative to the buoy itself. The color, shape, lights, and numbers
of buoys in the lateral system as used by the United States are determined relative to
a directionfrom seaward. Along the coasts of the United States, the clockwise direction
around the country is arbitrarily considered to be the direction "from seaward."
Proceeding in a westerly and northerly direction on the Great Lakes (except Lake
Michigan), and in a southerly direction on Lake Michigan, is proceeding "from sea-ward." On the Intracoastal Waterway proceeding in a general southerly directionKalong the Atlantic coast, and in a general westerly direction along the gulf coast, isA

considered as proceeding "from seaward." On the Mississippi and Ohio Rivers and
their tributaries the aids to navigation characteristics are determined as proceeding I
from sea toward the head of navigation although local terminology describes "left -4
bank" and "right bank" as proceeding with the flow of the river. Some countries using
the lateral system have methods of coloring their buoys and lights opposite to that of
the United States. Appendix Y treats this subject in greater detail.

In United States waters the following distinctive system of identification is used:
Red nun buoys mark the right side of channels for an inbound vessel and obstruc-

tions which should be kept to starboard. They have even numbers which increase fromIseaward.
Black can buoys mark the left side of channels for an inbound vessel and obstruc-

tions which should be kept to port. They have odd numbers which increase from
seaward.

Red and black horizontally banded buoys mark junctions and bifurcations of
channels or wrecks or obstructions that can be passed on either side. The color (red or
black) of the top band and the shape (nun or can) indicate the side on which the buoy
should be passed by a vessel proceeding along the primary channel. If the topmostband is black, the primary channel will be followed by keeping the buoy oin the port ]|-- :
hand of an inbceand vessel. If the topmost band is red, the primary channel will be

followed by keeping the buoy on the starboard hand of an inbound vessel. It inay t
not be possible for an outbound vessel to pass on either side of these buoys; the naviga-
tional chart should always be consulted to determine how these buoys should be passed
by an outbound vessel.

Black and white vertically striped buoys mark the fairway or midchannel and
should be passed close aboard These nid-channel or fairway buoys can have any
shape. -

Lighted buoys, spar buoys, and sound buoys are not differentiated by shape to
indicate the side on which they should be passed. No special significance is attached
to the shapes of these buoys, their purpose being indicated only by the coloring, number-
ing, or light characteristics.

S
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All solid red and solid black buoys are numbered, the red buoys bearing even
numbers and the black buoys bearing odd numbers, the numbers for each increasing
from seaward. The numbers are kept in approximate sequence on both sides of the
channel by omitting numbers where required. Buoys of other colors are not numbered;
however, a buoy of any other color may be lettered for the purpose of identification.

Lights. Red lights are used only on red buoys and buoys with a red band at the
top, green lights are used only on black buoys and buoys with a black band at the top.
White lights are used without any color significance. Lights on red or black buoys
are always regularly flashing or regularly occulting. Quick flashing lights are used when
a light of distinct cautionary significance is desired, as at a sharp turn or constriction
in the channel. Interrupted quick flashing lights are used on red and black horizontally
banded buoys. White Morse A flashing lights are used on midchannel buoys.

Special purpose buoys. White buoys mark anchorages. Yellow buoys mark quar-
antine anchorages. White buoys with green tops are used in dredging and survey
operations. Black and white horizontally banded buoys mark fish net areas. Yellow
and black vertically striped buoys mark seadromes. White and international orange
banded, either horizontally or vertically, are used for special purposes to which neither
the lateral system colors nor the other special purpose colors apply. The shape of special
purpose buoys has no significance. They are not numbered but may be lettered. They
may display any color light except red or green. Only fixed, occulting, or Slow-Flash A
characteristics are used.

" Wreck buoys are generally placed on the seaward or channel side, as near the wreck
as conditions permit. To avoid confusion in some situations, two buoys may be used
to mark the wreck. The possibility of the wreck having shifted position due to sea
action since the buoy was placed should not be overlooked.

Station buoys are placed close to some lightships and important buoys to mark the
approximate position of the station. Such buoys are colored and numbered the same

as the regular aid, lightship station buoys having the letters "LS" above the initials
of the station. If a station is marked with an additional station buoy, and the two buoys
are not found close together, it is an indication that at least one of the buoys has moved.
However, it is not an indication as to which buoy has moved.

Minor lights and daybeacons (art. 412) used to mark the sides of channels are given
numbers and characteristics in accordance with the lateral system of buoyage.

Certain aids to navigation are fitted with light reflecting material (reflectors) to

assist in their location in darkness. The colors of such reflectors have the same lateral
significance as the color of lights.

Certain aids to navigation may be fitted with, or have incorporated in their design,
radar reflectors designed to enhance their ability to reflect radar energy. In general,
these reflectors will materially improve the aids for use by vessels equipped with radar.

412. Beacons are fixed aids to navigation placed on shore or on marine sitP3. If

unlighted, the beacon is referred to as a daybeacon. A daybeacon is identified - its
color and the color, shape, and number of its daymark. The simplest form of daybeacon
consists of a single pile with a daymark affix d at or near its top (fig. 412).

Daybeacons may be used instead of range lights (art. 402) to form a range (art.
1005).

Daymarks serve to make aids to navigation readily visible and easily identifiable '-

against daylight viewing backgrounds. For example, the distinctive color pattern and
shape of a lighthouse aid identification during the daytime as does the color and shape
of a buoy. The size of the daymark that is required to make the aid conspicuous
depends upon how far the aid must be seen. On those structures which do not by
themselves present an adequate viewing area to be seen at the required distance, the
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FIGURE 412.-Daybeacon.

aid is made more visible by affixing a daymark to the structure. These daymarks have
a distinctive shape and color depending upon the purpose of the aid. Most daymarks

. P~lso display numbers or letters so that the daym ark can be more readily identified as a
• particular aid. The numbers and letters, as well as portions of most daymarks (and

portions of unlighted buoys) are made to be retro-reflective to enhance their illumi-
nation by the mariner.

Increasing amounts of information are conveyed by a daymark as the mariner
approaches. At the detection distance, the daymark will convey only the information :
of its existence; it will be just detectable from its background. At the recognition
distance, the daymark can be recognized as an aid to navigation. At this distance
the distinctive shape or color pattern is recognizable. At the identification distance,
when the number or letter can be read, the daymark can be identified as a particular j
aid.

The detection, recognition, and identification distances vary widely for any
particular daymark depending upon the viewing conditions. This is an inherent limita-
tion of any visual signal but is especially true for passive visual signals which utilize
the sun as the source for their signal energy. The reflectivity of the daymark surface
varies with the angle of the sun relative to the daymark. This causes the luminance of
the daymark to vary. The detection, recognition, and identification distances depend
upon the relative difference between the luminance of the daymark and that of the
background, the position of the sun relative to the observer, and the meteorological
visibility.

-.- Beginning in 1975, a revised system of daymarks is gradually being implemented
in the United States. The significant changes include the following:

1. On port side daymarks, green is used in lieu of the colors black or white; green
numbers and letters are used.

2. On starboard side daymarks, red numbers and letters are used in lieu of white
numbers and letters.

3. On ICW daymarks (art. 415), a yellow horizontal reflective strip is used in
lieu of a yellow reflective border as the marking.

4. On junction daymarks, green is used in lieu of black in thv color pattern.

R ---
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Sound Signals

413. Sound signals.--Most lighthouses, light platforms, and lightships and some
minor light structures and buoys are equipped with sound-producing instruments to aid
the mariner in periods of low visibility. f

Charts and light lists of the particular area should be consulted for positive identi-
fication. Caution: buoys fitted with a bell, gong, or whistle and actuated by wave
motion may produce no sound when the sea is calm. Their positive identification is not
always possible.

Any sound-producing instrument operated in time of fog from a definite point
shown on the charts, such as a lighthouse, lightship, or buoy, serves as a useful fog
signal. To be effective as an aid to navigation, a mariner must be able to identify it and
to know from what point it is sounded.

At all lighthouses and lightships equipped with sound signals, these signals are
operated by mechanical or electrical means and are sounded during periods of low
visibility, providing the desirable feature of positive identification.

The characteristics of mechanized signals are varied blasts and silent periods. A
definite time is required for each signal to perform FL complete cycle of changes. Where
the number of blasts and the total time for a signal to complete a cycle is not sufficient
for positive identification, reference may be made to details in the Light List regarding
the exact length of each blast and silent interval. The various types of sound signals also I
differ in tone, and this facilitates recognition of the respective stations.

Diaphones produce sound by means of a slotted piston moved back and forth by
compressed air. Blasts may consist of two tones of different pitch, in which case the
first part of the blast is high and the last of a low pitch. These alternate-pitch signals are
called "two-tone." -

Diaphragm horns produce sound by means of a disc diaphragm vibrated by com-
pressed air or electricity. Duplex or triplex horn units of differing pitch produce a chime
signal.

Sirens produce sound by means of either a disc or a cup-shaped rotor actuated by
compressed air, steam, or electricity.

Whistles produce sound by compressed air emitted through a circumferential slot
in.-o a cylindrical bell chamber.

Bells are sounded by means of a hammer actuated by a descending weight, corn-
pressed gas or electricity.

414. Limitations of sound signals.-Sound signals depend upon the transmission
of sound through air. As aids to navigation, they have limitations that should be
considered. Sound travels through the air in a variable and frequently unpredictable
manner. ,

It has been clearly established that:
1. Sound signals are heard at greatly varying distances and that the distance at

which a sound signal can be heard may vary with the bearing of the signal and may be
different on occasion.

2. Under certain conditions of the atmosphere, when a sound signal has a com-
bination high and low tone. it is not unusual for one of the tones to be inaudible. In
the case of sirens, which produce a varying tone, portions of the blast may not be heard.

3. There are occasionally areas close to the signal in which it is wholly inaudible.
This is particularly true when the sound signal is screened by intervening land or other
obstruction, or the signal is on a high cliff.

4. A fog may exist a short distance from a station and not be observable from it,
so that the signal may not be in operation.

li- -.=--
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5. Some sound signals cannot be started at a moment's notiei.
6. Even though a sound signal may not be heard from the deck or 1 ridg of a shir

when the engines are in motion, it may be heard when the ship is stupped, or fron a
quiet position. Sometimes it may be heard from aloft though not on .eek.

7. The loudness of the sound emitted by a sound signal may be greater ,: t, dist.nce !
than in the immediate proximity.

All these considerations point to the necessity for the utmost caution when navi-
gating near land in a fog. Mariners are therefore warned that sound signals can never I
be implicitly relied upon, and that the practice of taking --andings of the depth of t
water should never be neglected. Particular attention should be given to placing look-
outs in positions in ihich the noises in the ship are least likely to interfere with hearing a
sound signal. Sound signads are valuable as warnings but the mariner should not place
implicit reliance upon them in navigating his vessel. They should be considered solely
as warning devices.

Emergency sound signals are sounded at some of the light and fog signal stations
when the main and stand-by sound signal is inoperative. Some of these emergency a
sound signals are of a different type and characteristic than the main sound signal.
The characteristics of the emergency sound signals are listed in the Light List.

The mariner must not assume:
1. That lie is out of ordinary, hearing distance because lie fails to hear the sound

signal.
2. That, because he hears a sound signal fimtly, he is at a great distance from it.
3. That he is near to it because lie hears the sound plainly.
4. That the distance from and the intensity of a sound on any one occaion is a

guide to him for any future occasion.
5. That, the sound signal is not sounding because he does not hear it, even Vhen

in close proximity.
6. That the sound signal is in the direction the sound appears to come from. I
415. Intracoastal Waterway aids to navigation.-The Intracoastal Waterway

(ICW) runs parallel to the Atlantic and gulf coasts from Manasquan Inlet on the I
New Jersey shore to the Mexican border. Aids marking these waters have some portion f
of them marked with yellow as shown in Chart No. 1. Otherwise, the coloring and
numbering of buoys and beacons follow the same system as that in other U. S.• : - waterways.

In order that vessels may re diiy follow the Intracoastal Waterway route where it 4
coincides with another marked waterway such as an important river, special markings
are employed. These special markings are applied to the buoys or other aids which
already mark the river or waterway for other traffic. These aids are then referred to A
as "Dual Purpose" aids. The marks consist of a yellow square or a yellow triangle,
placed on a conspicuous part. of the (hnal purpose aid. The yellow square, in outline
similar to a can buoy, indicates that the aid on which it is placed should be kept on the
left hand when following the Intracoastal Waterway down the coast. The yellow
triangle has the same meaning as a nun; it shouhl be kept on the right side. Where

such dual purpose marking is employed, til mariner following tie Intracoastal
Waterway disregards the color and shape of the aid on which the mark is placed,
being guided solely by the shape of the yellow mark.

416. Mississippi River system.-Aids to navigation on the Mississippi River and
its tributaries in the Second Coast Guard District and parts of the Eighth Coast Guard
District generally conform to the lateral system of buoyage. The following differences
are significant:

1. Buoys are not numbered.
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2. The numbers on lights and daybeacons do not have lateral significance; they

indicate the mileage from a designated point downstream, normally the river mouth.

3. Flashing lights on the left side proceeding upstream show single green or white
flashes while those on the right side show double (group flashing) red or white flashes.

4. :Crossing daymarks" are used to indicate where the channel crosses from one
side of the river to the other.

417. The Uniform State Waterway Marking System (USWMS) was developed
jointly by the U. S. Coast Guard and state boating administrators to assist the small
craft, operator in those state waters marked by larticipating states. The USWMS
consists of two categories of aids to naigation. One is a system of aids to navigation,
generally compatible with the Federal lateral system of buoyage, to supplement the
federal system in state waters. The other is a system of regulatory markers to warn the
small craft operator of dangers or to provide general information and directions.

On a well-defined channel, including a river or other relatively narrow, natural or
improved waterway, solid colored red and black buoys are established in pairs (called
"gates"), one on each side of the mvigable channel which they mark, and opposite to
each other to inform the user that the channel lies between the buoys and that he
should pass between the buoys. The buoy which marks the left side of the channel
viewed looking upstream or toward the head of navigation is colored all black; the buoy I
which marks the right side of the channel is colored all red.

On an irregularly-defined channel, solid colored buoys may be staggered on alter-
nate sides of the channel but spaced at sufficiently close intervals to inform the user
that the channel lies betweer the buoys and that he should pass between the buoys.

When there is no well-defined channel or when a body of water is obstructed
by objects whose nature or location is such that the obstruction can be approached

-: by a vessel from more than one direction, aids to navigation having cardinal meaning
may be used. The aids conforming to the cardinal system consist of three distinctly
colored buoys: 

1. A white buoy with a red top is used to indicate to a vessel operator that he

must pass to the South or west of the buoy.
2. A white buoy with a black top is used to indicate to a vessel operator that he

must pass to the north or east of the buoy.
3. A buoy showing alternate vertical red and white stripes is used to indicate

to a vessel operator that an obstruction to navigation extends from the nearest shore
to the buoy and that he must not pass between th buoy and the nearest shore.

The shape of buoys has no significance in the USWMS. -
Regulatory buoys are colored white with international orange horizontal bands

completely around the buoy circumference. One band is at the top of the buoy with
a second band just above the waterline of the buoy so that both orange bands are
clearly visible from approaching vessels.

Geometric shapes are placed on the whitc )ortion of the buoy body and are colored I

international orange. The authorized geometric shapes and meanings associated with
them are as follows:

1. A vertical open faced diamond shape means danger.
2. A vertical open faced (liamond shape having a c:os centered in the diamond

means that, vessels are excluded from thle marked area.
3. A circular shape means that vessels in the marked area are subject to certain

operating restrictions.
4. A square or rcectngular shape indicates that directions or information is con-

tained inside.
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Regulatory markers consist of square and rectangular shaped signs displayed from
a fixed structure. Each sign is white with Pn international orange border. Geometric
shapes with the same meanings as those displayed on buoys are centered on the sign I
boards. The geometric shape displayed on a regulatory marker is intended to convey
specific meaning to a vessel operator-whether or not he should stay well clear of the
inrrker or may safely approach the marker in order to read iy wording on the marker. _

418. Private aids to navigation are those aids not established and maintained ky the
U. S. Coast Guard. Private aids include those established by other federal agencies withE prior U. S. ">ast Guard approval, those aids to navigation on marine structures or other
works which the owners are legally obligated to establish, maintain, and operate as
prescribed by the TI. S. Coast Guard, and those aids which are merely desired, for one
reason or another, by the individual, corporation, state or local government, or other
body that has established the aid with U. S. Coast Guard approval.

Before any private aid to navigation consisting of a fixed structure is placed in the
navigable waters of the United States, authorization to erect such structure shall first
be obtained from the District Engincer, U. S. Army Corps of Engineers, in whose district
the aid will be located.

Private aids to navigation are similar to the aids establisied and maintained by
the U. S. Coast Guard, but are specially designated on the chart and Light List.

Although private aids to navigation are inspected periodically by the U. S. Coast
Guard, the mariner should exercise special cantion when using them ior general I
navigation. "

419. Protection by laiw.4-1l aids to navigation, including private aids, are pro-
tected by law (14 USC 83). The Code of Federal Regulations (33 CFR 70) refers.

It is unlawful to take possession of or make use of for any purpose, or build upon, i
alter, deface, destroy, move, injure, obstruct by fastening vessels thereto or otherwise,
or in any manner whatever impair the usefulness of any aid to navigation established
and mainta:ued by the United States or with approval of the U. S. Coast Guard.

Whenever any vessel collides with an aid to navigation established and maintained
by the United States or any private aid established or maintained in accordance with

33 CFR 64, 67, or 68, or is connected with an:: such collision, it shall he the duty of the
peison in eharge of such vessel to report the accident to the nearest Officer in Charge,
Office of Marine Inspection, U- S. Coast Guard.
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CHAPTER V

THE NAUTICAL CHART

General Information

501. Introduction.--A nautical chart is a conventional graphic representation, on
a plane surface, of a navigable p~ortion of the surface of the earth. It shows the depth
of water by numerous soundings, and sometimes by soundings and depth contours, the
shoreline of adjacent land, topographic features that may serve as landi,:arks, aids
to navigation, dangers, and other information of interest to navigators. It is designed

Sgas a work sheet on which courses may be plotted, and positions ascertained. It assists
the navigator in avoiding dangers and arriving safely at his destination. The nautical
chart is one of the most essential and reliable aids available to the navigator.

502. Projections.-Nearly all nautical charts used for ordinary purposes of navi-
gation are constructed on the Mercator projection (art. 305). Large-scale harbor charts I

- are sometimes constructed on the transverse Mercator projection. Charts for special
purposes, such as great-circle sailing or polar navigation, are on appropriate projections;
great-circle saiiing charts are usually on the gnomonic projection (art. 317); plsr eltxrts

are often on the polar stereographic projection (art. 318). The principal projections, with
their navigational uses, are discussed in chapter III. "

503. Scale.-The scale of a chart is the ratio of a given distance on the chart to
the actual distance which it represents on the earth. It may be expressed in various j
ways. The most common are:

A simple ratio or fraction kncown as the representative fraction. For example,
1:80,000 or means that one unit (such as an inch) on the chart represents 80,000

of the same unit on the surface of the earth. This scale is sometimes called the natural or
fractional scale.

A statement of that distance on the earth shown in one unit (usually an inch)
on the chart, or vice versa. For example, "30 miles to the inch" means that 1 inch on
the chart represents 30 miles of the earth's surface. Similarly, "2 inches to a mile"
indicates that 2 inches on the chart represent 1 mile on the earth. This is sometimes
' alled the numerical scale. P

Graphic scale. A line or bar may be drawn at a convenient place on the chart
and subdivided into nautical miles, yards, etc. All charts vary somewhat in scale
from point to point, and in some projections the scale is not the same in all directions
about a single point. A single subdivided line or bar for use over an entire chart is
shown only when the chart is of such scale and projection that the scale varies a neg-
ligible amount over the chart, usually one of about 1:75,000 or larger. Since 1 minute
of latitude is very ilearly equal to 1 nautical mile, the latitude scale serves as an
approximate graphical scale. On most nautical charts the east and west borders are
subdivided to facilitate distance measurements. j

On a Mercator chart the scale varies with the latitude. This is noticeable on a
ehnr- coveriag a relatively large distance in a north-south direction. On such a chart
the scale at the latitude in question should be used for measuring distances.
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Of the various methods of indicating scale, the graphical method is normally
available in some form on the chart. In addition, the scale is customarily stated on
charts on which the scale does not change appreciably over the chart.

The ways of expressing the scale of a chart are readily interchangeable. For in-
stance, in a nautical mile there are about 6,076.11549 feet or 6,076.11549X 12=72,913.39
inches. If the natural scale of a chart is 1:80,OOU, one inch of the chart represents
80,000 inches of the earth, or a little more than a mile. To find the exact amount,

80,000 1
divide the scale by the number of inches in a mile, or 72 913 39a

scale of 1:80,000 is the same as a scale of 1.097 (or approximately 1.1) miles to an
inch. Stated another way, there are g -=0.911 (approximately 0.9) inch to a

80,000
mile. Similarly, if the scale is 60 nautical milnis to an inch, the representative fraction .

is 1:(60X72,913.39)=1:4,374,803. Table 37 provides the scale equivalents.
A chart covering a relatively large area is called a small-scale chart and one covering

a relatively small area is called a large-scale chart. Since the terms are relative, there is
no sharp division between the two. Thus, a chart of scale 1:100,000 is large scale A
when compared with a chart of 1:1,000,000 but small scale when compared with one
of 1:25,000. 1I

504. Chart classification by scale.--Charts are constructed on many different
scales, ranging from about 1:2,500 to 1:14,000,000 (and even smaller for some world
charts), Small-scale charts covering large areas are used for planning and for offshore
navigation. Charts of larger scale, covering smaller areas, should be used as the vessel
approaches pilot waters. Several methods of classifying charts according to scale are in
use in various nations. The following classifications of nautical charts are those used
by the National Ocean Survey: A

Sailing charts are the smallest scale charts used for planning, fixing position at
sea, and for plotting the dead reckoning while proceeding on a long voyage. The scale
is generally smaller than 1:600,000. The shoreline and topography are generalized and
only offshore soundings, the principal navigational lights, outer buoys, and landmarks f.
visible at considerable distances are shown.

General charts are intended for coastwise navigation outside of outlying reefs and
shoals. The scales range from about 1:150,000 to 1:600,000.

Coast charts are intended for inshore coastwise navigation where the course may
lie inside outlying reefs and shoals, for entering or leaving bays and harbors of con-
siderable width, and for navigating large inland waterways. The scales range from
about 1:50,000 to 1:150,000.

Harbor charts are intended for navigation and anchorage in harbors and small
waterways. The scale is generally larger than 1:50,000.

In the classification system used by the Defense Mapping Agency Hydrographic
Center, the sailing charts are incorporated in the general charts classification (smaller I

than about 1:150,000); those coast charts especially useful for approaching more
confined waters (bays, harbors) are classified as approach charts.

505. Accuracy.--The accuracy of a chart depends upon: I
1. Thoroughness and up-to-dateness of the survey and other navigational inf.rmation.

Some estimate of the accuracy of the survey can be formed by an examination of the 4
source notes given in the title of th) chart. If the chart is based upon very old surveys, 11."
it should be used with caution. Maiy of the earlier surveys were made under conditions

777



THE NAUTICAL CHART 111

that were not conducive to great accuracy. It is safest to question every chart based
upon surveys of doubtful accuracy.

The number of soundings and their spacing is some indication of the completeness
of the survey. Only a small fraction of the soundings taken in a thorough survey are
shown on the chart, but sparse or unevenly distributed soundings indicate that the
survey was probably not made in detail. Large or irregular blank areas, or absence of
depth contours (commonly called depth curves), generally indicate lack of soundings
in the area. If the water surrounding such a blank area is deep, there is generally con-
siderable depth in the blank; conversely, shallow water surrounding such an area indi-
cates the strong possibility of shoal water. If neighboring areas abound in rocks or are
particularly uneven, the blank area should be regarded with additional suspicion. How-
ever, it should be kept in mind that relatively few soundings are shown when there is a
large number of depth contours or where the bottom is flat or gently and evenly sloping.
Additional soundings are shown when they are helpful in indicating the uneven character
of a rough bottom (figs. 505a and 505b).

Even a detailed survey may fail to locate every rock or pinnacle, and in waters
where their existence is suspected, the best methods for determining their presence are
wire drag surveys. Areas that have been dragged may be indicated on the chart and a
note added to show the effective depth at which the drag was operated.

Changes in the contour of the bottom are relatively rapid in areas where there
are strong currents or heavy surf, particularly when the bottom is composed principally
of soft mud or sand. The entrances to bar harbors are especially to be regarded with

-•suspicion. Similarly, there is sometimes a strong tendency for dredged channels to shoal,
especially if they are surrounded by sand or mud, and cross currents exist. Notes are
sometimes shown on the chart when the bottom contours are known to change rapidly.
However, the absence of such a note should not be regarded as evidence that rapid
change does not occur.

Changes in aids to navigation, structures, etc., are more easily determined, and
charts are generally corrected in this regard to the date of printing. However, there
is always the possibility of a change having occurred since the chart was printed.
All issues of Notice to Mariners printed after that date (art. 506) should be checked to
insure accuracy in this respact.

* 2. Suitability of the scale for the design and intended navigational use. The same
detail cannot be shown on a small-scale chart as on one of a larger scale. On small-scale
charts detailed information, including minor aids to navigation, is omitted or generalized
in the areas covered by larger scale charts. Therefore, it is good practice to use the
largest scale chart available when in the vicinity of shoals or other dangers.

3. Presentation and adequacy of data. The amount and kind of detail to be shown,
and the method of presentation, are continually under study by charting agencies.
Development of a new navigational aid may render many previous charts inadequate.
An example is radar. Many of the (?,arts produced before radar became available lack

,-" the detail needed for reliable identification of targets.

Part of the responsibility for the continuing accuracy of charts lies with the user. L
If charts are to remain reliable, they must be corrected as indicated by the Notice to M - :
A'Iariners. In addition, the user's reports of errors and changes and his suggestions
often are useful to the publishing agencies in correcting and improving their charts.
Navigators and maritime activities have contributed much to the reliability and use-
fulness of the modern nautical chart If a chart becomes wet, the expansion and sub-
sequent shrinkage when the chart dries are likely to cause distortion.

i.
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506. Dates on charts.-The system of dates now used on charts published by the
Defense Mapping Agency Hydrographic Center and the National Ocean Survey is as
follows:

First edition. The original date of issue of a new chart is shown at the top centerI margin, thus:

1st Ed., Sept. 1950

New edition. A new edition is made when, at the time of printing, the corrections
are too numerous or too extensive to be reported in Notice to Mariners, making previous
printings obsolete. The date of the first edition is retained at the top ' argin. At the
lower left-hand corner it is replaced by the number and date of the new edition. The
latter date is the same as that of the latest Notice to Mariners to which the chart has
been corrected, thus:

5tb Ed., July 11, 1970

Revised print. A revised print published by the National Ocean Survey may
contain corrections which have been published in Notice to Mariners but does not
supersede a current edition. The date of the revision is shown to the right of the edition
date, thus:

5th Ed., July 11, 1970; Revised 4/12/75. I

Reprint. A reprint is initiated by a low stock situation and is a reprint of the chart
with a limited number of corrections from Notice to Mariners. The magnetic variation
data on a reprint published by the Defense Mapping Agency Hydrographic Center is
updated to the latest epoch at the time of printing. j

Chart Reading

507. Chart symbols.-Much of the information contained on charts is shown by
conventional symbols which make no attempt at accuracy in scale or detail, but are
shown at the correct location and make possible the showing of a large amount of
information without congestion or confusion. The standard symbols and abbrevia- I
tions which have been approved for use on regular nautical charts published by the
United States of America are shown in Chart No. 1, Nautical Chart Symbols and Ab-
breviations (app. Z). A knowledge of the meanings of these symbols is essential to a full I
understanding of charts. Fictitious sample charts (figs. 507a and 507b) show some of

these symbols.
Most of the symbols and abbreviations shown in Chart No. 1 are in agreement

with those recommended by the International Hydrographic Organization (IHO).
Symbol and, abbreviation status is indicated by alphanumeric style differences in the
first column of Chart No. 1. The status is explained in the general remarks section of
Chart No. 1.

The symbols and abbreviations on any given chart may differ somewhat from
those shown in Chart No. 1 because of a change in the standards since printing of the
chart or because the chart was published by an agency having a different set of
standards.

508. Lettering.-Certain standards regarding lettering have been adopted, except
on charts made from reproducibles furnished by foreign nations.

Vertical type is used for features which are dry at high water and not affected by -

movement of the water, except for heights above water.
Slanting type is used for water, underwater, and floating features, except soundings.

'V
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The type of lettering used may be the only means of determining whether a feature
may be visible at high tide. For instance, a rock might bear the title ------- Rock"
whether or not it extends above the surface. If the name is given in vertical letters,
the rock constitutes a small irlet; if in slanting type, the rock constitutes a reef.

509. The shoreline shown on nautical charts represents the line of contact between
the land and a selected water elevation. In areas affected by tidal fluctuations, this
line of contact is usually the mean high-water line. In confined coastal waters of dimin-
is'hed tidal influence, a meai water level line may be used. The shoreline of interior
waters (rivers, lakes) is usually a line representing a specified elevation above a selected
datum. A shoreline is symbolized by a heavy line. A broken line indicates that the
charted position is approximate only. The nature of the shore may be indicated, as
shown by the symbols in part A of Chart No. 1.

Where the low-water line differs considerably from the high-water line, the low-
water line may be indicated by dots in the case of mud, sand, gravel, or stones, with the
kind of material indicated, and by a characteristic symbol in the case of rock or coral.
The area alternately covered and uncovered may be shown by a tint which is usually a
combination of the land tint and a blue water tint as shown in figures 507a and 507b.

The apparent shoreline is used on charts to show the outer edge of marine vege-
tation where that limit would reasonably appear as the shoreline to the mariner, or
where it prevents the shoreline from being clearly defined. The apparent shoreline is
symbolized by a light line. The inner edge is marked by a broken line when no other
symbol (such as a cliff, levee, etc.) furnishes such a limit. The area between inner and i
outer limits may be given the combined land-water tint or the land tint.

510. Water areas.-Soundings or depths of water are shown in several ways.
Individual soundings are shown by numbers. These do not follow the general rule for I
lettering. They may be either vertical or slanting, or both may be used on the same
chart to distinguish between the data based upon different surveys, different datums,
smaller scale charts, or furnished by different authorities.

The unit of measurement used for soundings on each chart is shown in large block I
letters at the top and bottom of the chart. When the unit of measurement is meters or
meters and decimeters, SOUNDINGS IN METERS is shown. When soundings in
fathoms or fathoms and fractions are used, SOUNDINGS IN FATHOMS is shown,
and when the soundings are in fathoms and feet, SOUNDINGS IN FATHOMS AND
FEET is shown.

A depth conversion scale is placed outside the neatline on the chart for use in con-
verting charted depths to feet, meters, or fathoms.

"No bottom" soundings are indicated by a number with a line over the top and a
do' over the line, thus: 5. This indicates that the spot was sounded to the depth

indicated without reaching the bottom. Areas which have been wire dragged (fig. 51Ca)
are shown by a broken limiting line, and the clear effective depth is indicated, with a
characteristic symbol under the numbers.

On charts of the Defense Mapping Agency Hydrographic Center, a purple tint
is shown within the limits of the swept area unless such tinting would result in excessive
use of purple, in which case a green tint is shown within the limits of the swept area.

The soundings are supplemented by a series of depth contours (fig. 510b) connecting -

points of equal depth. These lines present a graphic indication of the configuration of the
bottom. The types of lines used for various depth; are sho-n in part R of ChartNo. 1.
On sonic charts depth contours are shown in solid lines, the depth represented by each
being shown by numbers placed in breaks in the lines, as with land contours. Solid
line depth contours are derived from intensively developed hydrographic surveys.

- -- -
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The substance forming the bottom is shiown~ by abbreviations, as listed in part
S of Chart No. 1. The meaning of some of the less-well-known terms is given below:

Ooze is a soft, SHlimy, orgallic sedimnent composed prinlcipally of shells or other hard

parts of mintute organisms.
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Marl is a crumbling, earthy deposit, particularly one of clay mixed with sand,
lime, decomposed shells, etc. A layer of marl may become quite compact.

Shingle consists of small, rounded, waterworn stones. It is similar to gravel but
with the average size of stone generally larger.

Schist is crystalline rock of a finely laminated nature.
Madrepore is a stony coral which often forms an important building material for

reefs.
Lava is rock in the fluid state, or such material after it has solidified. It is formed

at very high temperature and issues from the earth through volcanoes.
Pumice is cooled volcanic glass with a great number of minute cavities caused by

the expulsion of water vapor at high temperature, resulting in a very light material.
Tufa is a porous rocky deposit sometimes formed in streams and in the ocean near

the mouths of rivers.
Scoria (plural scoriae) is rough, cinderlike lava.
Sea tangle is any of several species of seaweed, espe-aily those of large size.
Spicules are the small skeletons of various marine animals such as sponges.
Foraminifera (plural) are small marine animals with hard shiells of from one to

mmny chambers.
Globigerina is a very small marine animal of the foraminifera order, with a chain-

bered shell, or the shell of such an animal. In large areas of the ocean the cadcareous
shells of these animals are very numerous, being the principal constituent of a soft
mud or globigerina ooze, forming part of the ocean bed.

Diatom is a microscopic animal with external skeletons of silica, often found in
both fresh and salt water. Part of the ocean bed is composed of a sedimentary ooze
consisting principally of large collections of the skeletal remains of diatoms.

Radiolaria (plural) are minute sea animals with a siliceous outer shell. The i:
skeletons of these animals are very numerous, especially in the tropics.

Pteropod is a small marine animal with or without a shel and having two thin, :
winglike feet. These animals are often so numerous they cover the surface of the sea
for miles. In some areas their shells cover the bottom.

Polyzoa (plural) are very small marine animals which reproduce by budding, I
many generations often being permanently connected by branchlike structures.

Cirripeda (plural) are barnacles and certain other parasitic marine animals.
Fucus is a coarse seaweed growing attached to rocks.
Matte is a dense, twisted growth of a sea plant such as grass.
"Calcareous" is an adjective meaning "'containing or composed of calcium or one

of its compounds."
511. Chart sounding datum.-Depth.q. All depths indicated on charts are reckoned

from some selected level of the water, called the chart sounding datum. The various
chart datums are explained in chalpter XXXJ. On charts made from surveys conducted
by the United States the chart datum is selected xith regard to the tides of the region, so
that depths might be shown in their least favorable aspect. On charts based upon-
those of other nations the datum is that of the original authority. When it is known,
the datum used is stated on the chart. In some cases where the chart is based upon
old surveys, particularly in areas where the range of tide is not great, the actual chart

datum may not be known.
For National Ocean Survey charts of the Atlantic and gulf coasts of the United

States and Puerto Rico the chart datum is mean low watcr. For charts of thu. I'aeific
coast of tic United States, including Alaska, it is mean lower low water. Most Deense
Mapping Agency Ilydrographic Center chiarts- aire based upon inean low tr.ater, mfmn

--

A-



THE NAUTICAL CHART 117

lower low water, or mean low water .Qprings. The chart datum for charts published by
other countries varies greatly, but is usually lower than mean low water. Onl charts of
the Baltic Sea, Black Sea, the Great Lakes, and other areas where tidal effects are small
or without significance, the datum adopted is an arbitrary height approxim.ttinhg the
mean water level.

The chart datumn of the largest-scale charts of an area is generally the same as the
reference level from which height of tide is tabulated in the tide tables.

The height of a chart datum is usually only an approximation of the actual mean
value specified, for determination of the actual mean height usually requires a longer
series of tidal observations than is available to the cartographer, and the height changes
somewhat over a period of time.

Since the chart datum is generally a computed mean or average height at some
state of the tide, the depth of water at any particular moment may be less than shown
on the chart. For example, if the chart datun is mean lower low water, the depth of water
at lower low water will be less than the charted depth about as often as it is greater.
A lower de)th is indicated in the tide tables by a mins sign (-).

Ileight6. The shoreline shown on charts is the high-water line, generally the level of
mean high water. The heights of lights, rocks, islets, etc., are generally reckoned from
this level. However, 4eights of islands, especially those at some distance from the
coast, are often taken from sources other than hydrographic surveys, and may be
reckoned from some other level, aften mean sea level. The plane of reference for topo-
graphic detail is frequently not stated on the chart.

Since heights are u,. ally reckoned from high water and d-pths from some form of
low water, the reference levels are seldom the same. This is generally of little practical
significance, but it might be of interest under some conditions, particularly where the
range of t:-le is large.

512. vangers are shown by appropriate symbols, as indicated in part 0 of Chart
No. 1.

A rock that uncovers at mean high water m. y be shown as an islet. If an isolated,
offlying rock is known to uncover at the chart datum but to be covered at, high water,
the appropriate symbol is shown and the height above the chart datum, if known, is
usually given, either by statement, such as "Uncov 2ft" or by tu figure indicating the

inumber of feet above the chart, daturn underlined and usually enclosed in parentheses,
thus: (2). This is illustrated in figure 512a. A rock which does not uncover is shown by
the appropriate symbol. If it is considered a danger to surface vessels, the symbol is
enclosed by a dotted curv, , r emphasis.

A distinctive symbol is used to show a detached coral reef which uncovers at the
chart datum. For a coral or rocky reef which is submerged at chart dnumn, the sunken
rock symbol or an appropriate statement is used, enclosed by a dotted or broken line
if the limits have been determined.

Several different symbols are used for wrecks, depending upop. the nature of the
wreck o: scale -f the chart. The usual symbol for a visible wrck i. shown in figure 512b.
A sunken wreck with less than 11 fathoms of water over it . considered da:gerous and
its symbol is surrounded by a (lotted curve. The safe c.earancE loeth found over a
wreck is indicated by a stani.ard sounding number placc I at the wreck, (fig. 512c).
If this (lepth is determined by a wire drag, the sounding is andescored by the wire

L . drag syml,ol (art. 510). An unsurveved wreck over which the exact depth is unknown, -
but is considered to have a safe clearance to the depth shown is depicted as shown in
figure 512c.

Tide rips, eddies, and kelp are shown by symbol or lettering.

-_22
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Piles, tolphins (clustersofplssgsstmset.arshwbymllires-
and labl idntifing t ype of obstruction. If such dangers are submerged, the,
lettes "Sbm" eced thelabel.

shstaesandtrps reshown when known to be permanent or hazardous to

The mpotane ofknoingthe chart symbols for dangers to navigation cannot be
empasied troglyenogh.Most dangers are emphasized with a blue tint and dotted =
lin srrondng h, dngr.Some oftedanger symbols are showvn in figure 512e. -

513. Aids to navigation are shown by symbol, as given in Chart. No 1, usually sup-
plemented by abbreviations and sometimes by additional descriptive text. In order to
render the symbols conspi. "ous it jq necessary to show them in greatly exaggerated size
relative to the scale of the chart. It is t.ierefore important that the navigator know which

part of the symbol represents the actual position of the aid. For floating aids (lightships

and buoys), the position part of the symbol marks the approximate location of the
anchor or sinker, the aid signinan orbit around this apiproximate position.

The principal charted aids to navigation are lighthouses, other lights on fixedstructures, beacons, lightship~s, radiobeacons, and buoys. The number of aids showvn andthe amount oi information concerning them varies with te scale ef the chart. Unless --otherwise indicated, lights whiich do not alternate in color are white, and alternatinglights are red andi white. Light lists give complete navigational information concerning ;.
Lighthouses and other lights on. fixed structures arc showvn as black dots surrounded _by nautical purple disks or as black (lots with purple flare symbols. The center of theblack dot is the position of the light.-On large-scale charts the characteristics of lights are shown in the following order: _Gha,'i'teristic Example M ftanirg

i. Cha,.cter Gp Fl grorp flashing,2. Color R red|.3. Period (2) 10 sec two flashes every 10 seconds -"-4. Height 1611 ft 160 feet -
6.Nmbr "" ih nme5. Range 19M 19 nautical miles (See article 1307)

, . he lgen for hisligt, wuldappear on the chart: .
Gp F1R()10 sec 160 ft 19 M "6"

'.
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"t' Sunken wreck dangerous to surface navigation (less than
11 fathoms over wreck).

..*.: Sunken rock dangerous to navigation.

3! Wk Wreck over which depth is known.
Wk Wreck with depth cleared by wire drag.

....k. Unsurveved wreck over which the exact depth is unknown,

Wk but is considered to have a safe clearance to the depth
shown.

:5 R: Shoal sounding on isjiated rock.

:. Coral reef covered at sounding datum.

- U) Foul ground, Foul bottom.

*(2) or 0(2) Rock which covers and uncovers with hiight above chart
sounding datum.

*0 Subm Pies Submerged pilings. -
3 Rop(974) Depth reported in 1974.

Reef Reef of unknown extent. I

4 Obstr Obstruction

2 8 Platform (lighted) Offshore platform (unnamed)
HORN

Drying (or uncovering) heights, above chart soundingdatum.

FI 12e.- ])anger symbols.

On older charts this form is varied slightly. As the chart scale becomes smaller the six
items listed above are omitted in the following order: first, height; second, period € -
(seconds); third, number (of flashes, etc.) in group; fourth, light number; fifth, visi-
bility. Names of unnumbered lights are shown when space permits.

a.- Daybeacons (unlighted beacons) are shown as depicted in Chart No. 1. When day-
beacons are shown by small triangles, the center of the triangle marks the position of the
aid. Except on Intracoastal Waterway charts and charts of state waterways the ab-
breviation Bn is shown beside the symbol, with the appropriate abbreviation for color 3
if known. For black beacons the triangle is solid black and there is no color abbreviation.
All beacon abbreviations are in vertical lettering, as appropriate for fixed aids (fig. 513a).
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[ FIGUREt 513a.-A daybeacon. FIGURE 5i3b.-A lightship with a radiobeacon.

Lightships are shown by ship symbol, the center of the small circle at the base of the
symbol indicating the approximate position of the lightship's anchor. The circle is over-prite by asml purple dikas shw nfigure 51bor a purplae emanating

from the top of the symbol. As a floating aid, the light characteristics and the name of
. the lightship are given in leaning letters.

Radiobeacons are indicated on the chart by a small purple circle, as shown in
figure 513b, accompanied by the appropriate abbreviation to indicate whether an or-
dinary radiobeacon (R Bn) or a radar beacon (Racon). The same symbol is used for a 1
radio direction finder station with the abbreviation "RDF" and a coast radar station
with the abbreviation Ra. Other radio stations are indicated by a small black circle
with a dot in the center, or a smaller circle without a (lot, and the appropriate abbrevia-
tion. In every case the center of the circle marks the position of the aid.

Buoys, except mooring buoys, are usually shown by a diamond-shaped symbol and
a small dot or small circle in conjunction with one of its points (at one of its a, ute
angles). The dot or small circle indicates the approximate position of the buoy's
sinker. A mooring buoy is shown by a distinctive symbol as indicated in part L of
Chart No. 1. The small circle ihterrupting the symbol's base line indicates the
approximate position of the sinker.

A black buoy is shown by a solid black diamond symbol, without abbreviation.
For all other buoys, color is indicated by an abbreviation, or in full by a note on the
chart. In addition, the diamond-shaped symbols of red buoys often are c. ired purple.
A buoy symbol with a line connecting the side points (ahorter axis), half of the symbol
being purple or open and the other half black, indicates horizontal bands. A line
connecting the upper and lower points (longer axis) represents vertical stripes. Two
lines connecting the opposite sides of the symbol indicate a checkered buoy.

There is no significance to the angle at which the diamond-shape appears on the
chart. Tie symbol is placed so as to avoid interference with other features of the chart.

Lighted buoys are indicated by a I)urplo flare emanating from the buoy symbol or
by a small purple disk centered on the (lot or small circle indicating the approximate Am
position of the buoy's sinker, as shown in figure 513c. -

Abbreviations for light characteristics, type and color of buoy, number of the buoy,
and any other pertinent information given near the symbol are in slanting letters. The %,.

a,, . - -
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FiGURF 513c.-A lighted buoy.

letter C, N, or S, indicates a can, nun. or spar, respectively (art. 409). The words

"bell," "gong," and "whistle," are shown as BELL, GONG, and WHIS, respectively.
'The number or letter designation of the buoy is given in quotation marks on National
Ocean Survey charts. On other charts they may be given without quotation marks or
punctuation, thus: No 1, No 2. etc.

Station buoys are not shown on small-scale charts, but are given on some large-
scale charts.

Aeronautical lights included in the light lists are shown by the lighthouse symbol, V
accompanied by the abbreviation "AERO." The completeness to which the character-
istics are shown depends principally upon the effective range of other navigational
lights in the vicinity, and the usefulness of the light for marine navigation.

Ranges are indicated by a broken or soli line. The solid line, which indicates that
part of the range intended for navigation, may be broken at irregular intervals to avoid
being drawn through soundings. That part of the range line drawn only to guide the
eye to the objects to be kept in range is broken at regular intervals. If the direction is
given, it is expressed in degrees clockwise from true north.

Sound signal apparatus is indicated by the appropriate word in capital letters
(HORN, BELL, GONG, etc.) or an abbreviation indicating the type of sound. Sound
signals of all types other than submarine sound signals are represented by three arcs of
concentric circles within an angle of 45', orientated and placed as necessary for clarity.
The letters "DFS" indicate a distance finding station having synchronized sound and A
radio signals. The location of a sound signal which does not accompany a visual aid,
either lighted or unlighted, is shown by a small circle and the appropriate word in
vertical block letters. --M

Private aids, when shown, are marked "Priv inaint(l." Some privately maintained
unhghted aids are indicated by a small circle accompanied by the word "Marker,"
or a larger circle with a dot in the center and the word "MARKER." The center of the
circle indicates the position of the aid. A )rivately maintained lighted aid has the light
symbol and is accompanied by the characteristics and the usual indication of its private
nature. Private aids should be used with caution.

A light sector is the sector or area bounded by two radii and the arc of a circle in
which a light is visible or in which it has a distinctive color different from that of ad-
joining sectors. The limiting radii are indicated on the chart by dotted lines.

Colors of the sectors are indicated by words spelled out if space permits, or by 3"2
abbreviation (W, R, etc.) if it does not.

IN
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Limits of light sectors and arcs of visibility as observed from a vessel are given in
the light lists, in clockwise order.

514. Land areas.-The amount of detail shown on die land areas of nautical
charts depends upon the scale and the intended purpose of the chart.

Relief is shown by contours and form lines.
Contours ore lines connecting points of equal elevation. The heights represented

by the contours are indicated in slanting figures at suitable places along the lines.
Heights are usually expressed in feet (or in meters with means for conversion to feet).
The interval between contours is uniform over any one chart, except that certain
intermediate contours are sometimes shown by broken line. When contours are broken, -

their locations are approximate.
Form lines are approximations of contours used for the purpose of indicating

relative elevations. They are used in areas where accurate information is not available
in sufficient detail to permit exact location of contours. Elevations of individual form
lines are not indicated on the chart.

Spot elevations are generally given only for summits or for tops of conspicuous
landmarks. The heights of spot elevations and contours are given with reference to
mean high water when this information is available.

When there is insufficient space to show the heights of islets or rocks, they are
indicated by slanting figures enclosed in parentheses in the water area nearby.

Cities and roads. Cities are shown in a generalized pattern that approximates
, their extent and shape. Street names are generally not charted except those along -

the waterfront on the largest scale charts. In general, only the main arteries and
thoroughfares or major coastal highways are shown on smaller scale charts. Occa-
sionally, highway numbers are given. When shown, trails are indicated by a light
broken line. Buildings along the waterfront or individual ones back from the water-
front but of special interest to the mariner are shown on large-scale charts. Special
symbols are used for certain kinds of buildings, as indicated in l)art I of Chart No. 1.
Both single and double track railroads are indicated by a single line wvith cross marks.
In general, city electric railways are not charted. A fence or sewer extending into
the water is shown by a broken line, usually labeled. Airports are shown on small-
scale charts by symbol and on large-scale charts by shape and extent of runways.
Breakwaters and jetties arc shown by single or double lines depending upon the scale
of the chart. A submerged )ortion and the limits of the submerged base are shown
by broken lines.

515. Landmarks are shown by symbols, as given in Chart No. 1.
A large circle with a dot at its center is used for selected landmarks that have been

accurately located. Capital letters are used to identify the landmark: HOUSE,
FLAGPOLE, STACK, sometimes followed by "(conspic)."

A small circle without a (lot is used for landmarks not accurately located. Capital
and lower case letters are used to identify the landmark: Mon, Cup, Dome. The abbre-
viation "PA," for position al)proximate, is used when necessary as a safety feature.

When only one object of a group is charted, its name is followed by a descriptive
legend in l)arenthesis, including the number of objects in the group, for example (TALL-
EST OF FOUR) or (NORTHEAST OF THREE).

Some of the accompanying labels on a chart are interpreted as follows: , -

Building or house. One of these terms, as appropriate, is used when the entire struc- M
ture is the landmark, rather than an individual feature of it. AM,

. spire is a slender pointed structure extending above a building. It is seldom
less than two-thirds of the entire height of the structure, and its lines 're rarely broken

_ , _M
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by stages or other features. The term is not applied to a short pyramid-shaped structure
rising from a tower or belfry.

A cupola (kfl'p6-IA) is a small dome-shaped tower or turret rising from a building

A dome is a large, rounded, hemispherical structure rising above a building, or a
roof of the spine shape. A prominent example is that of the Capitol of the United States,

in Washington, D.C.
A chimney is a relatively small, upright st ,icture projecting above a building for

the conveyance of smoke.

3,

FIGunE 515.-A cupola.

A stack is a tall smokestack or chimney. The term is used when the stack is more
)rominent as a landmark than accompanying buildings.

A flagpole is a single staff from which flags are displayed. The term is used when
the pole is not attached to a building.

The term flagstaff is used for a flagpole rising from a building.
A flag tower is a scaffold-like tower from which flags are displayed.
A radio tower is a tall pole or structure for elevating radio antennas.
A radio mast is a relatively short, pole or slender structure for elevating rodio

antennas, usually found in grou3.
A tower is any structure with its base on the ground and high in prolortion to its

base, or that part of a structure higher than the rest, but having essentially vertical
sides for the greater part of its height.

A lookout station or watch tower is a tower surmounted by a small house from
which a watch is kept regularly.

A water tower is a structure enclosing a tank or standpipe so that the presence of
- the tank or standpipe may not be apparent.

A standpipe is a tall cylindrical structure, in a waterworks system, the height
of which is several times ti diameter.

The term tank is used for a water tank elevated high above the ground by a tall
skeleton framework.

The expression gas tank or oil tank is used for the distinctive structures described
by these words.

I
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516. Miscellaneous.-Measured mile. A measured nautical mile indicated on a

chart is accurate to within six feet of the correct length. Most measurements in the
United States were made before 1959, when the United State., adopted the International
Nautical Mile. The new value is within six feet of the previous standard length of

6,080.20 feet, adjustments not having been made. If the measured distance differs
from the standard value by more than six feet, the actual measured distance is stated
and the words "measured mile" are omitted.

Periods after abbreviations in water areas are omitted, as these might be mistaken
for rocks. However, a lower case i or j is dotted.

Courses shown on charts are given in true directions, to the nearset minute of arc.
Bearings shown are in true directions toward (not from) the objects.
Commercial radio broadcasting stations are shown on charts when they are of

value to the mariner either for obtaining radio bearings or as lamdmarks.
Rules of the road. Lines of demarcation between the areas in which international

and inland rules apply are shown only when they cannot be adequately described inl
notes on the chart.

Compass roses are placed at convenient locations on Mercator charts to facilitate
the plotting of bearings and courses. The outer circle is graduated in degrees with
zero at true north. The inner circle is graduated in points and degrees with the arrow
indicating magnetic north.

Magnetic information. On many charts magnetic variation is given to the nearest
15' by notes in the centers of compass roses; the annual change is given to the nearest
' to permit correction of the given value at a later date. When this is done, the mag- I

netic information is updated when a new edition is issued. Thle current practice of thle
Defense Mapping Agency Hydrographic Center is to give the magnetic variation to
the nearest 1', but the magnetic information on new editions is only updated to con-
form with the latest epoch (1975.0, 1980.0, etc.). Whenever it taart is reprinted, the
magnetic information is updated to the latest epoch. On other charts the variation is I
given by a series of isogonic lines connecting points of equal variation, usually a sep- 
arate line being given for each degree of variation. The line of zero variation is called I
the agonic line. Many plans and insets show neit her compass roses nor isogonic lines,
but indicate magnetic information by note. A local magnetic disturbance of sufficienti
force to cause noticeable deflection of the magnetic compass, called local attraction, is -
indicated by a note on the chart. '

Currents are soietinms shown on charts by means of arrowN s giving the directions,
and figures giving the speeds. The information thus given refers to the usual or average
conditions, sometimes based upon very few observations. It is not safe to assume that
conditions at any given time will not (iffer considerably from those shown.

Longitudes are reckoned eastward and westward from the meridian of Greenwich,
England, unless otherwise stated.

Notes on charts should be read with care, as they may give important information
not graphically presented. Several types of notes are used. Those in the margin give
such information as the chart number and (sometimes) publication and edition notes,
identification of adjoining charts, etc. Notes in connection with the chart title include
such information as scale, sources of charted data, tidal information, the unit in which
soundings are given, cautions, etc. Another class of notes is that given in proximity to
the detail to which it refers. Examples of this type of note are those referring to local
magnetic disturbance, controlling depths of channels, measured miles, dangers, (lunp-

J. ing grounds, anchorages, etc.

°a
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Overlapping charts constructed on different horizontai geodetic datums (app. X)
may carry the following note:

CAUTION

Differences in latitude and longitude may exist between tiis and other
charts of the area; therefore, the transfer of positions from on- chart to
another should be done by bearings and distances from cummon features.

Horizontal geodetic datum shifts may be given to provide the corrections necessary
to shift to a different datum (app. X). It is the practice of the Defense Mapping Agency
Hydrographic Center to provide, if plottable, the corrections to new charts and new
editions of charts that are necessary to shift the geodetic datum to the World Geodetic
System.

Anchorage areas are shown within purple broken lines and labeled as such. Anchor-
age berths are shown as purple circles with the number or letter assigned to the berth
inscribed within the circle. Caution notes are sometimes shown when there are specific
anchoring regulations.

Spoil areas are shown within short broken black li-:es. The area is tinted blue
(National Ocean Survey charts only) and labeled SPOIL AREA.

Firing and bombing practice areas in the United States territorial and adjacent
waters are shown on National Ocean Su-vey charts and Defense Mapping Agency
Hydrographic Center charts of the same area and comparable scale. Danger areas I
established for short periods of time are not charted, but are announced locally. Danger
areas in effect for longer periods are published in the Notice to Mariners. Any aid to
navigation established to mark a danger area or a fixed or floating target is shown on

charts.
Traffic separation schemes show routes to increase safety of navigation, particularly

in areas of high density shipping. Traffic separation schemes are shoN' on standard
nautical charts of scale 1:600,000 and larger and are printed in purple. The arrows

printed on charts to indicate tracks are intended to give the general direction of traffic
only, ships need not set their courses strictly by the arrows. At points v iere several
recomnmended routes meet, circular or triangular separation zones with traffic direction
arrows are .,iown.

Recommended tracklines, portrayed in black, are used to indicate suggested courses
through particular passages and are selected Pcording to their value for oceangoing
ships.

A logarithmic time-speed-distance nomogram with an explanation of its application
is shown on harbor charts at scales of 1:40,000 and larger.

Tidal boxes (fig. 516a) are shown on charts of scales 1:75,000 and larger.

TIDAL INFORMATION

Height above datum of soundings
Position -

Place Mean High Water Mean Low Water

N. Lat. E. Long. Higher Lower Lower Higher
meters meters meters meters

Olongapo....... 1449' 12017 .. .0.9 ...... ...... 0. . ... ...

FIGURE 516a.-Tidal box.

Ii
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Tabulitions of controlling depths (fig. 516b) are shown on National Ocean Survey
harbor charts.

NANTUCKET HARBOR
Tabulated from surveys by the Corps of Engineers - report of June 1972

snd surveys of Nov. 1971
Controlline depths in channels entering frcm Protect Dimensions

seaward in feet at Mean Low Water P

Left Middle Right Date Length Depth
Name of Channel outside half of outside of Width (naut M L.W

quarter channel quarter Survey (feet) miles) (feet)

Entrance Channel 11.1 15.0 15.0 11-71 300 12 15

Note -The Corps of Engineers should be consulted for changing conditions subsequent to the above

FIGURE 516b.-Tabulations of controlling depths.

Title. The chart title may be at any convenient location, usually in some area
not important to navigation. It is composed of several distinctive parts as shown in
figure 516c.

Reproductions of Foreign Charts
517. Modified facsimile charts are modified reproductions of foreign charts pro-

duced in accordance with bilateral agreements. Such agreements serve to provide the
mariner with more up-to-date charts.

Modified facsimile charts published by the Defense 'Mapping Agency Hydro-
graphic Center are, in general, reproduced with minimal cilanges. Suclh changes may
include all or part of the following:

1. The original name of the chart is removed and replaced by an anglicized version.
2. English language equivalents of names and terms on the original chart are

printed in a suitable glossary on the reproduction, as appropriate.
3. All hydrographic information, except. bottom characteristics, is shown as de-

picted on the original chart.
4. Bottom characteristics are shown as depicted in Chart No. 1.
5. The unit of measurement used for soundings is shown in block letters outside

the upper and lower neatlinles.
6. A scale for converting charted depth to feet, meters, or fathons is added.
7. A blue tint is shown from a significant depth curve to the shoreline.
8. A blue tint is added to all dangers enclosed by a dotted danger curve.
9. A blue tint is added to dangerous wrecks, foul areas, obstructions, rocks awash, 7

sunken rocks, and swept wrecks.
10. Aids to navigation, landmarks, and special area symbols and abbreviations5 on the original clart are clanged to conform with Chart No. 1.
11. Caution notes are shown in purple Pad enclosed in a box. M
12. Restricted, danger, and prohibited areas are usually outlined in purple and __

labeled "RESTRICTED AREA," "DANGER AREA." etc.
13. Traffic separation sciemes are shown in purple.
14. A ,ote on tratifc separation scllenes, printed in purple, is alded to the chart.
15. Wire dragged (swept.) areas are shown in purple or green.
16. If plottable, suitable corrections are provided to shift the horizontal datum to

the World Geodetic System (1972).
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GENERAL GEOGRAPHIC AREA WNEST INDIES
CUBA-SOUTH COAST

SPECIFIC LOCALITY - GUANTANAMO BAY
SOUIRCE AND DATE(S) OF SURVEY IFrom U.S. Navy surveys to 1951

1with additions ano corrections to 1975

SOUNDINGS IN METERS
(Under 31 in meters and half meters)

CHART SOUNDING DATUM ------) reduced to the approximate level of Mean Sea Level

HEIGHTS IN METERS AB%.XE MEAN SEA LEVEL
Contcur interval 10 meters

For Symbols and Abbreviations, see Chart No.1
LEGNDNames and boundaries are not necessariiy authoritativef

PROJECTION 3-MERCATOR PROJECTION

HORIZONTAL DATUM oWORLD GEODETIC SYSTEM-1972 DATUM

SCALE - SCALE 1:200.000 AT LAT. 19*50'

FIGUnt: 516c.-A chart title.

518. International charts.-Thec need for mariners and chartinakers to understand
anfl use nautical charts of dlifferelit nations became increasingiy apparent (luring the c
late 19th and 20th centuries as the ma- time nations f the rd evelopedl their own 9

establishments for the compilation ard publication of na~itical charts from hivero-
grap~hic surveys. Thore followed a grjwNing awareness that international staunla~diza-
tion of symnbolIs and presentation was desn able, which ledl to twenty-two maritime

Bureau (IHB) in 'Monaco in 1921, where the seat of the International Hydrographic
Organizatio IONihaiebrApoovrfrySae enistd-

Thecomiigth thre wppans andeal peciication rtof eies of intraiousai char

of the oceans onl scales 1: 10,000,000 and 1: 3,500,000, respectively. The limits of each
of some 83 of these charts, giving worldwide snmall settle navigational cover, were agreed,
and responsibility for compiling each of these has subsequently been accepted by en
b er States' Hydrographic Offices.

Once a Member State publishes an international chart, reproduction inateriqi I
is made available to any other Memcnber State which may wish to plint the chart for
its own purposes.

By 1974 twenty-one of these international charts had been published by 12
Memcnber States, while four Mlember States had availed themselves of the right to
r;;print. This cncouraging beginning to a new era, of inte-national hydrographic coopera-
tion has ledl te the establishment of a committee to study the problems involved in ex-
tending the concept to larger scale charts.

A-
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International charts can be identified by the letters INT before the chart number
and the International Hydrographic Organization seal in addition to what other seals S
may appear on the chart.

Chart Numbering System

519. Chart numbering system.-The numbering of nautical charts produced and
issued by the Defense Mapping Agency Hydrographic Center and the National Ocean
Survey is based on a system in which numbers are assigned in accordance with the
scale range and geographical area of coverage of a chart. With the exception of certain
charts produced for military use only, one- to five-digit numbers are used. And with
the exception of one-digit numbers, the first digit identifies the area; the number of
digits establishes the scale range (fig. 519a). The one-digit numbers are used for products
in the chart system which are not actually charts, such as Chart No. 1, Nautical Chart
Symbols and Abbreviations, chart 5, National Flags and Ensigns, and foreign symbols
and abbreviations sheets for military use.

Two- and three-digit numbers are assigned to those small-scale charts which depict
the major portion of an ocean basin or a large area, with the first digit identifying the
ocean basin (fig. 519b). Two-digit numbers are used for charts of scale 1:9,000,000 and i
smaller. Three-digit numbers are used for charts of scale 1:2,000,000 to 1:9,000,000. 1

Due to the limited sizes of certain ocean basins, no charts for navigational use at iA
scales of 1:9,000,000 and smaller are published to cover these basins. The othervise 
unused two-digit numbers (30 to 49 and 70 to 79) are assigned to special world charts,
such as chart 33, Horizontal Intensity of the Earth's Magnetic Field, chart 42, Magnetic -A
Variation, and chart 76, Standard Time Zone Chart of the World.

One exception to the scale range criteria for three-digit numbers is the use of
three-digit numbers for a series of position plotting sheets which are of larger scale than I

O1:2,000,000 because they have application in ocean basins and can be used in
all longitudes. -

Number of Digits Scale

2A
1 No Scale

_ '2 1:9.000,000 and smaller.

3 1:2.000.000 to 1:9.000.000.

4 Nonnavigational and special purpose.

5 1:2.000.000 and larger.

FiGutR 519a.-Scrles ranges for number of digits in chart number.

Four-digit numbers are used for nonnavigational anti special purpose charts, such
as chart 5090, Maneurering Board, chart 5101, Gnomonic Plotting Chart Noruh Atlantic,
and chart 7707, Omega Plotting Chart.

Five-digit numbers are assigne(l to those charts of scale 1:2,000,000 and larger that
cover portions of the coastline rather than significant portions of ocean basins. These
charts are base,! on the regions of the nautical chart index (fig. 519c).

The first oi the five (liits indicates the region; the second digit indicates the
subregion; the last three digits indicate the geographical sequence of the chart within

"-I
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N ORTH ACFIC OEA2OCA

AFIC

SIUTH PACIFIC-OCAl OCEANs

the sub)region. \fany nuimbers have lbeenl left unulsedl in order that. future chiarts inly
be placed in their proper geographical sequence as thecy are produced.

In order to est ablishl a logical numbering system %%ithin the gcogrupihical subregions
(for the 1 :2,000,000 and larg-er-scale chiarts), a worldwide skeleton framework of coastal
charts was laid out at a scale I -250.000. This skeleton series was used ais basic coverage
for the numbering exceept in areas where a coordinated scrics at about this scale already
existedl. An examp~le of an e~xcep~tionI is the coast of Norway were a coordinated series of
1: 200,000 coast charts is in existence. Within each region, the geographical subregions
are numbered counterclockwise around thec continents, andl withini ch-! suibregion the
basic (1:250,000 skeleton) series also is numbered c-ounterclockwise around the con-
tinents. The skeleton coverage is assigned generally every 20th (ilit. excent that the
first 40 numbers; in each subregion aire reserved for smialler-scalea coverage. Charts
with scales. larger than thie skeleton coverage are, assigned one of the 19 numbers 1
following the number ussigllcel to tile skeleton sheiet within which it. falls. Thus, charts
on thec wesct coast of (IiC Iberian Peninsula an(I the northwest coast of Africa are
numbered as shiown in figutre 519d.

As shown in figure 519d, five-digwit. numbers are assigned to the charts produlced by
other hydrographic offices. This numbering system is applied to foreign charts so that
they can be filed in logical sequence withi the chiarts p~roducedh by the DefenseMapn
Agency IHydregraphic Center andt tile National Ocear. Survey.

Exceptions to the numbering systemi to satisfy military needl, are as follows:
1. Bottlom contour and non-submarine contact. chiarts at a scale larger tha -i

I1: 2,000,000 (1o not portray portions, of a coastline but, chiart parts of thec ocean basins.
]n view of the characterisics of these charts. they -ire idIentified with an alphabetical
;haracter plus four digits. The letter B denotes bottom contour charts with or wxithout.
L~orani-A. The letter C dlenotes b~ottom contour chiarts with Lorani-C, inforw~af ion.

- ~1..
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12, 111 T ..v

] ~ ~Coic, llt. i
51103 I

51100- 51007.

51007-N(PLAN A)

51120 -

4v-

51141

Co.d.So " n.. "t,,
31-~

I-. ZoboS5116 524 (PLAN

51007 _ _ _

Sk642 (PLAN)- .SRI03AL52043

NOTE

Pub I-N. Cat.iog of Nlv,ca C3~..i) "ot
sold by Defense Mapping Agency 124
Navy nd ~~othe.t utoed t US MOROCCO

FIGURE 519d.-Area of subregion .51 illustrating thc numerical sequence of larger-scale charts along a
coast.

The letter A' denotes non-submarine contact charts containing Loran-C, and the letter
D denotes bottom contour charts with Omega information. The first two digits of these
charts describe the longitude band and the last two digits the latitude band, which in
itself is a logical system.

2. Combat charts at a scale of 1: 50,000, which would otherwise be assigned five- AL - digit numbers, are assigned four digits separated by a letter of the alphabet. The first
two digits indicate the region and subregion; the third character is a letter of the alpha-

aa

-Z



132 THE NAUTICAL CHART

bet; the last two digits indicate the geographical sequence of the chart within the
subregion.

The Defense Mapping Agency stock number is shown in the lower right-hand corner
of the chart directly under the chart number. The letters and numbers have chart
significance as indicated in figure 519e.

Use of Charts

520. Advance preparation.-Before a chart is to be used, it should be studied
carefully. All notes should be read and understood. There should be no question of
the meanings of symbols or the unit in which depths are given, for there may not be
time to determine such things when the ship is underway, particularly if an emergency
should arise. Since the graduations of the latitude and longitude scales differ con-
siderably on various charts, those of the chart to be used should be noted carefully.
Dangers and abnormal conditions of any kind should be noted.

Particular attention should be given to soundings. It is good practice to select
a realistic danger sounding (art. 1013) and mark this prominently with a colored pencil
other than xed.

It may be desirable to place additional information on the chart. Arcs of circles
might be drawn around navigational lights to indicate the limit of visibility at the
height of eye of an observer on the bridge. Notes regarding the appearance of light
structures, tidal information, prominent ranges, or other information from the light
lists, tide tables, tidal current tables, and sailing directions might prove helpful.

The particular preparation to be made depends upon the requirements and the
personal preferences and experience of the individual navigator. The specific infor-

COMPILATION DATA

tine Chart H-157 .................... 1:25.000. Ed. 1974
laneous data

4 ofh -. 7 t, N Sl'i9C' 1
49' S4" 48'

Anchorage and Port of La Plata
SOUNDINGS IN METERS-SCALE 125.000 24 0 5

DMA STOCK NO.
24BHA24051

Region
Subregion
Portfolio
(X indicates not

in portfolio)

Chart classifcation.
CO=Coastal
HA=Harbor and Approach
OA=Operating Area
GN=General
WO=World (included in

2 or more regions)

Chart number

FIoUnE 519e.-Defense Mapping Agency stock number.
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mation selected is not important.. But it is important that the navigator familiarize
himself with his chart so that in an cnergency the information needed will be available
and there will be no question of its meaning.

521. Maintaining charts.-The print date in the lower left-hand corner of the chart
is the date of the latest Notice to Mlfa-inems used to update the chart. Responsibility for
maintaining it after this date lies with the user. An itncorrected chart is a menace. The
various issues of Notice to Mariners subsequent to the print date contain all the infornia-
tion needed for maintaining charts. The more urgent items are also given in advance
in the Daily Memorandian or by radio broadcast. A convenient way of keeping a record
of the Notice to Mariners corrections made to each chart on hand is by means of the
5x8-inch Chart/Publication Conection Record Card (DMAHC 8660/9).

Periodically the Defense Mapping Agency Ilydrographic Center publishes a
- ~Stmmary of Corrections containing lprcviotusl,3 putblish~ed Notice to Mariners corrfctiozs.

When a new edition of a chart is published, it should be obtained and the old one
retired from use. The very fact thae a new edition has been prepared generally indi-
cates that there have been changes that cannot adequately be shown by hand correction.

522. Use and stowage of charts.-Charts are among the most important aids of
the navigator, and should be treated as such. When in use they should be spread out flat
on a suitable chart table or desk, and properly secured to prevent loss or damage. Every
effort should be made to keel) charts dry, for a wet chart stretches and may not roturn
to the original dimensions after drying. The distortion thus introduced may cause inac-

* curate results when measurements are made on the chart.
Permanent corrections to charts should be made in ink so that they will not be

inadvertntlv erased. All other lines shouhl bc (rawn lightly in pencil so that they
can be easily erased without removing permanent information or otherwise danmaging
the chart. To avoid possible confusion, lines should be drawn no longer than necessary,
and adequately labeled. When a voyage is completed, the charts should be carefully

and thoroughly erased unless there has been an unusual incident such as a grounding
or collision, when they should be preserved without change, as they will undoubtedly
be requested by the investigating authoity. After a chart has been erased, it should
be inspected carefully for possible damage and for incompletely erased or overlooked
marks that might prove confusing when the chart is next used.

When not in use charts should be stowed flat in their proper -'rawers or portfolios,
with a minimum of folding. The stowed charts should be proprly indexed so that
any desired one can be found when needed. In removing or ret'lacing a chart, care
should be exercised to avoid damage to it or other charts.

A chart that is given proper care in use and stowage can have. a long and useful life.
523. Chart lighting.-In the use of charts it is importan, that adequate lighting

be provided. However, the light on the bridge of a ship underway at night should be
such as to cause the least interference with the darkness-adaptation of the eyes of
bridge personnel who watch for navigational lights, running lights, dangers, etc.
Experiments by the Department of the Navy have indicated that red light is least
disturbing to eyes which have been adapted to maximum vision during darkness. In
some instances red lights, filters, or goggles have been provided on the bridges or in
chartrooms of vessels. However, the use of such light seriously affects the appearance
of a chart. Red, orange, and buff disappear. Other colors may appear changed. This has
led to the substitition of nautical purple for red and orange, and gray for buff on
some charts. However, before a chart is used in any light, except white, a preliminary
test should be made and the effect noted carefully. If a glass or plastic top is provided
for the chart table or desk, a dim white light below the chart may provide sufficient
illumination to permit chaf t reading, without objectionable disturbance of night vision.

-7
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524. Use of small-craft charts.-Although the small-craft charts published by the
National Ocean Survey are designed primarily for boatmen, these charts at scales of
1: 80,000 and larger are in some cases the only charts available of inland waters transited
by large vessels. In other cases the small-craft charts may provide a better presenta-
tion of navigational hazards than the standard nautical chart because of scale and detail.
Therefore, it behooves 'navigators of large vessels transiting inlavd waters not to ignore
the small-craft charts.
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CHAPTER VI

INSTRUMENTS FOR PILOTING AND DEAD RECKONING

Introduction

601. Kinds of instruments.-The word "instrument" has several meanings, at
least two of which apply to navigation: (1) an implement or tool, and (2) a device by
which the present value of a quantity is measured. Thus, a straightedge and a mecian-
ical log are both instruments, the first serving as a tool, and the second as a measuring
device. This chapter is concerned with the navigational instruments used for plotting,
and those for measuring distance or speed, depth, and direction. Instruments for
measuring time are discussed in chapter XV. These quantities are the basic data in
dead reckoning (ch. VIII) and piloting (ch. X). Other instruments are discussed in
chapters XV and XXXVII.

In addition to the instruments discussed, several others are important to the
navigator. Binoculars are helpful in observing landmarks. A flashlight has many
uses, the principal one being to illuminate the scales of instruments when they are to
be read at night. Erasers should be soft, and pencils should not be so hard that they
damage the surface of the chart. The navigator's chart is discussed in chapter V.

Plotting Instruments

602. Dividers and compasses.-Dividers, or "pair of dividers," is an instrument
originally used for dividing a line into equal segments. The instrument consists essen-
tially of two hinged legs with pointed ends which can be separated to any distance
from zero to the maximum imposed by physical limitations. The setting is retained
either by friction at the hinge, as in the usual navigational dividers, or by means of a
screw acting against a spring.

If one of the legs carries a pencil or ruling pen, the instrument is called compasses.
The two legs may be attached to a bar of metal or wood instead of being hinged, thus
permitting greater separation of the points. Such an instrument is called beam com-
passes or beam dividers.

The principal use of dividers in navigation is to measure or transfer distances on
a chart, as described in article 804. Compasses are used for drawing distance circles
or any plotting requiring an arc of a circle.

The friction at the hinge of most dividers and compasses can be varied, and should
be adjusted so that the instrument can be manipulated easily with one hand, but vill
retain the separation of the points in normal handling. A drop of oil on the hinge
may be required occasionally. The points should be sharp, and should have equal
length, permitting them to be brought close together for the measurement of very short
distances.

For navigation, it is desirable to have dividers and compasses with comparatively
* ,long legs, to provide adequate range for most requirements. It is desirable to learn

to manipulate dividers or compasses with one hand.
603. Parallel rulers are an instrument for transferring a line parallel to itself. In

its most common form it consists of two parallel bars or rulers, connected in such a
137
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manner that when one is held in place on a flat surface, the other can be moved, remain-•
ing parallel to its original direction. Firm pressure is required on one ruler while the
other is being moved, to prevent slippag2. The l)rinipal use of parallel rulers in naviga-
tion is to transfer the direction of a charted line to a compass rose, and vice versa.

The edges of the ruler-s should be truly straight; and in the case of double-edged
rulers, should be parallel to eah other in order that either edge can be used. Paral-
lelism can be tested by comparison of all edges with the same straight line, as a meridian
or parallel of a Mercator chart. The linkage can be tested for looseness and lack of
parallelism by "walking" the rulers between parallel lines on opposite sides of the chart
and back again.

Some metal parallel rulers have a protractor engraved on the upper surface to
permit orientation of the ruler at any convenient meridian.

In one type of instrument, parallelism during transfer is obtained by supporting
a single ruler on two knurled rollers. Both rollers have the same diameter, and the
motion of one is transmitted to the other by an axle having a cover which provides a
convenient handle. This type of ruler is convenient and accurate, and is less likely
to slip than the linked double-ruler type. However, care is necessary to prevent its
rolling off the chart table when the vessel is rolling or pitching.

Directions cim also be transferred by means of two triangles such as are used in
drafting, or by one triangle and a straightedge. One edge of a triangle is aligned in the
desired direction and the triangle is then moved along a straightedge held firmly
against one of its other edges until the first edge is at the desired place on the chart.
Some triangles have protractors (arL. C04) engraved on them to assist in transferring
lines. Such a triangle becomes a form of plotter (art. 605).

REAb DRECTIONI W-2'4V HE
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FIGURE 605.-Two plotters having no movable parts.
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604. Protractor.-A protractor is a device for measuring angles on a chart or
other surface. It consists essentially of a graduated arc, usually of 180', on suitable
material such as metal or plastic.

A three-arm protractor consists essentially of a circular protraetr r with three
radial arms attached. This instrument is discussed in greater detail in article 1102.

605. Plotters.--The increased popularity of graphical methods in practical navi-
gation during recent decades has resulted in the development of a wide variety of
devices to facilitate plotting. In its most common form, such a device consists essen-
tially of a protractor combined with a straightedge. There are two general types, one
having no movable parts, and the other having a pivot at the center of the are of the
protractor, to permit rotation of the straightedge around the protractor. Examples
of the fixed type are illustrated in figure 605. Those shown were designed for air navi-
gation, but are applicable to many processes of marine navigation. The direction of
the straightedge is controlled by placing the center of the protractor arc and the desired
scale graduation on the same reference line. If the reference line is a meridian, the
directions shown by the straightedge are true geographic directions. If, as in some
processes of celestial navigation, it is desired to plot a line perpendicular to another
line, the direction may be measured from a parallel of latitude or its equivalent, in-
stead of adding or subtracting 90' from the value and measuring from a meridian.
Some fixed-type plotters have auxiliary scales labeled to indicate true direction if a
parallel is used as the reference.~Most plotters also provide linear distance scales, as shown in figure 605. In the

movable-arm type of plotter, a protractor is aligned with a meridian, and the movable
arm is rotated until it is in the desired direction.

606. Drafting macdine.-If a chart table of sufficient size is available, a drafting
machine (fig. 606) is probably the most desirable plot ting instrument. The straight-
edge of this instrument can be clamped so Ps to retain its direction during movement
over the entire plotting area. Straightedges of various lengths ant linear scales are
interchangeable. Some models make provision for mounting two straightedges per-

pendicular to each other. However, for most purposes of navigation, the perpendicular
is more convenienth obtained by the use of a triangle with a single straightedge. The
movable protractor also retains its orientation, and can be adjusted to conform to the
compass.rosp of a chart secured in any position on the chart table. Directions of the
straightedge can then be read or set on the protractor without reference to charted
compass roses. Use of the clamped protractor requires that charted meridians be
straight and parallel, as on a Mercator chart (art. 305). Its use is restricted with pro-
jections such as the Lambert conformal (art. 314), on which meridians converge.

'When a drafting machin- is used, the chart or plotting sheet is first secured to
the chart table. The straightedge is aligned with a meridian (or parallel) and clamped
in position. The protractor is then adjusted so that 0000 and 1800 (0900 and 2700
if a pArallel is used) are at the ruler indices, and clamped. With this setting, any sub-
sequent position of the ruler is indicated as a rue direction. If the protractor is offset

- by the amount of the compass error (ch. VIIT), true directions can be plotted by setting
the straightedge at the compass direction on the protractor, without need for applying
compass error arithmetically. However, it ;- generally preferable to keep it set to Lrue
directions.

If accurate results are to be obtained, the anchor base must be rigidly fastened to
the chart table. This should be checked from time to time, as the base may be loosened
by vibratinn or normal use. The pivots in the anchor base should be firm without
binding. The endless belts of the parallel motion mechanism should be taut if rigidity
of the ruler is to be preserved. Provision is usually made for adjusting each of the
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FIGuRZ 606.-Dcafting machine.

various rulers to uniformity of alignment so that any other ruler can be substituted
without changing tihe setting. As with parallel rulers, the device can be checked for I
parallelism by means of meridians or parallels on opposite sides of a Mercator chart.

Distance and Speed Measurement

607. Units of measurement.-.Mariners generally measure horizontal distances in
nautical miles (art. 205), but occasionally in yards or feet. Feet, meters, and fathoms are
used for measuring depth of water, and feet or meters for measuring height above water.
Nations which have adopted the metric system use meters in place of yards, feet, and
fathoms, and for some purposes they use kilometers in place of nautical miles. Con-
version factors for these and other units are given in appendix D. Naitical miles of
6,076.11549 feet (approximately) and land or statute miles of 5,280 feet can be inter-
converted by means of table 20. Meters, feet, and fathoms can be interconverted by
means of table 21.

Speed is customarily expressed in knots (art. 206), or for some purposes, in kilo-
meters per hour, or yards or feet per minute. For short distances, a nautical mile can be
considered equal to 2,000 yards or 6,000 feet. This is a useful relationship because
6,000 feet

60 minutes=10 feet per minute. Thus, speed in knots is equal approximately to

hundreds of feet per minute or, hundreds of yards per 3-minute interval.
608. Distance, speed, and time are related by the formula

distance = speed X time.
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Therefore, if any two of the three quantities are known, the third can be fo'.nd. The
units, of course, must be consistent. Thus, if speed is measured in knots, and time
in hours, the answer is in nautical miles. Similarly, if distance is measured in yards,
and time in minutes, the answer is in yards per minute.

Table 19 is a speed, time, and distance table which supplies one of the three values
if the other two are known. It is intended primarily for use in finding the distance
steamed in a given time at a known speed. Table 18 is for use in determining speed
by measuring the time needed to steam exactly one mile.

The solution of problems involving distance, speed, and time can easily be accom-
plished by means of a slide rule (art. 115 vol. II). If the index of scale C is set opposite
speed in knots on scale D, the distance in nautical miles appears on scale D opposite
time in hours on scale C. If 60 of scale C is set opposite speed in knots on scale D, the
distance covered in any number of minutes is shown on scale D opposite the minutes on
scale C. Several circular slide rules particularly adapted for solution of distance, speed,
and time problems have been devised. One of these, called the "Nautical Slide Rule,"
is wwn in figure 608.

25. 2 I$GRN-KAUTANE

SPEED

I''

SMS

NAUTICAL SLIDE RULE/

09 9 OL

FlaiuE 608.--The Nautical Slide Rule.

Ix"



142 nThSTRUMENTS FOR PILOTING AND DEAD RECKO.NNG

609. Measurement of distance to an object can be made in a variety of ways, as
by radar (art. 4301) sextant angle (table 9), range finder, or by several indirect methods.
Another method used principally for measuring distance between ships in formation,
but useful in measuring other distances, is by means of a small, hand-held instrument
called a stadimeter.

Two types of stadimeters are illustrated in figure 609a. Both the Brandon or
sextant type and the Fisk type operate on the principle used in table 9:

In a plane right triangle, ABC, having opposite sides a, b, and c,
.a

tan A=3) and b=a cot A.

This is applied to the stadimeter as shown in figure 609b. The height of the object
is set on the height scale of the instrument, and the measured subtended angle is ex-
pressed in yards on the distance (range) scale. To measure the angle, one directs the
line of sight through the instrument to the water line of the object observed, and ad-
justs the range index until the reflection of the top of the object is seen in coincidence
with the water line. If the readings are not within the scale of the instrument, some
fraction or multiple of the height can be used and a corresponding adjustment made I
to the answer. Thus, if hal the height is set on the instrument, the distance indicated -

is half the correct value.
Since the observer's eye is not at the water level, a right angle is not necessarily

formed between the line of sight and the top of the observed object. However, the
resulting error is so small that it can be neglected under ordinary circumstances.

The aspect of a ship observed should be considered in stadimeter ranges. Thus,
little error is introduced if the observer is broad on the beam of the other vessel, as in
figure 609b, but less accuracy is obtained if the other vessel presents an end-on view,
unless the water line directly below the masthead is correctly estimated. j

I

FiOurE 609a.-Stadimeters Brandon (sextanti type at left; Fisk type at right.

A stadimeter can oe used to Ladicate that a change in distance has occurred, even
when the height of the object is not known. Similar indication of a change in distance
can be obtained by a sextant (art. 1005), or the actual distance can be determined by
the measured angle and table 9 if the height is known.

..
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FIGVRE 609,-Gometry of a stadimeter measurement. The distance b=a cot A.

610. Measurement of distance traveled may be made directly, or the distance
can be determined indirectly by means of the speed and time, using the relationship
given in article 608.

One of the simplest mechanical distance-measuring devices is the taffrail log, con-
sisting of (1) a rotator which turns like a screw propeller when it is towed through the
water; (2) a braided log line, up to 100 fathoms in length, which tows the rotator and "
transmits its rotation to an indicator on the vessel; and (3) a dial and pointer mech-

* .anism which registers the distance traveled through tLe water. In some installations,
the readings of the register are transferred electrically to a dial on or near the bridge.

The taffrail log is usually streamed from the ship's quarter, although it may be
carried at the end of a short boom extending outboard from the vessel. The log line
should be sufficiently long, and attached in srch position, that the rotator is clear of
the disturbed water of the wake of the vessel; otherwise an error is introduced. Errors "
may also be introduced by a head or following sea; by mechanical wear or damage, such
as a bent fin; or by fouling of the rotator, as by seaweed or refuse. -

An accurately calibrated taffrail log in good worling order provides information
of sufficient reliability for most purposes of navigation. Its readings should be checked
at various speeds by towing it over a known distance in an area free from currents.
Usually, the average of several runs, preferably in opposite directions, is more accu-
rate than a single one. If an error is found, it is expressed as a percentage and applied
to later readings. The calibration should be checked from time to time.

Although a taffrail log is included in the equipment carried by many oceangoing
vessels, the convenience and rciability of other methods of determining distance or
speed have reduced the dependence formerly placed upon this instrument. 4--

611. Measurement of speed.-Speed can be determined indirectly by means of 1
distance and time, or it can be measured directly. -ll instruments now in common
use for measuring speed determine rate of motion through the water. This is done (1)
by electromagnetic induction, (2) by differential pressure or .neasurement of the water
pressure due solely to the forward motion of the vessel, (3) by measuring the resistance
to the motion of the vessel, (4) by means of a small screw propeller having a speed of
rotation proportional to the speed of the vessel, and (5) by determining the relationship
between vessel speed and speed of rotation of its screw or screws. Instruments for
measuring speed, like those for measuring distance, are called logs.

Before the development of modem logs, speed was determined in a number of
ways. Perhaps the most common primitive device is the chip log (art. 112), although a

S!
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ground log (a weight, with line attached, which was thrown overboard and rested on
the bottom in shallow water) and a Dutchman's log (art. 112) have also been used.
These devices are rarely used by modern navigators.

Speed over the bottom can be determined (1) by direct measurement as by doppler
sonar speet, log (ch. XLVI) and sensing accelerations (cli. XLVII); (2) by measuring on
the chart or plotting sheet the distance made good between fixes, and dividing this by
the time; or (3) by finding the vector sum of velocity through the water and velocity
of the current.

612. Problems of water-speed measurement.--Speed measured relative to water
is not a stable well-defined quantity because of the mriou , 'he water itself. Most
speed logs now used to measure speed through the water measure speed relative to
water within the hydrodynamic influence of the vessel's hull and in the immediate
vicinity of the motion sensor itself. Speed measured with respect to a small volume of
the water disturbed bv a vessel's hull may vary significantly from speed with respect
to a nearby volume of water. In addition, the motions of a vessel, such as yaw and pitch, -
introduce variations in the speed over ground. These speed variations combined with
sensor response charazteristics can generate appreciable errors in the speed measure-
ment. Many of the uncertainties and errors in the measurement of a vessel's speed are
functions of the ocean environment and of the characteristics of the vessel carrying
the Zpeed sensor. These causes of measurement uncertainty limit the ultimate accuracy
of a speed log installation irrespective of the accuracy of the instrumentation itself.

The potential flow field represents the changes in the water velocity and pressure
distributions caused by the shape. size, and orientation to the flow of the vessel carrying
the speed sensor. As water changes its flow direction to pass around the underwater body
of a vessel of a given configuration, the resulting accelerations and decelerations gen-
erate water velocities near the hull that are significantly different from the velocity of
water relative to the vessel far from the influence of the vessel's hull.

Since each hull configuration experiences different local velocities, each system -
(hull and sensor) must. be calibrated to remove the system errors inherent in the eom-
bination of hull and sensor. The usefulness of measured-mile calibrations in calibrating -

out system errors is limited by the water depth. Many of the available measured-mile
courses are too shallow for accurate calibration. The viscosity of the water results in a
f-ction boundary layer or layer of water carried along with the hull. The thickness of
this boundary layer varies from fractions of inl-c-z at the bow to the order of feet near
the stern. In this layer, the water velocity changes from zero at the hull to a value
within several percent of free-stro'ia velocity at the outer edge of the boundary layer. I
As a consequence, sensing elements usually have to extend beyond the boundary layer.

Appendages, such as sonar domes, create wakes that cause error in speed sensors
located downstream. For optimum oper.tion, speed sensors should not be mounted near
wakes of appendages. However, it is not always possible to place a sensor entirely out
of the wake of an appendage and the resulting error must be accepted.

Shallow water effect is a particular aspect of the potential-flow problem that occurs
when a vessel is in shallow water. The closeness of the bottom changes the potential- - --
flow velocity distribution by restricting the region in which the water can flow around
the hull, causing an increase in the speed reading of a bottom-mounted sensor. The spe
problem is compounded because shallow water increases the drag of a vessel causing a
decrease of actual speed. It is postible that the speed-reading error coupled with the ac-
tual speed decrease may result in no change in indicat:d speed, while, in fact, the vessel

has actually slowed. The precise effects of shallow water on the speed reading are
difficult to determine for any specific vessel, and there is no rule of thumb that is
applicable to all types and sizes of hulls.

i- °
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The speed sensor is usually rigidly attached to and undergoes the motions of
the vessel carrying it. The vessel may be considered a rigid bode .- ith six degrees of
freedom, three translation degrees ef the vessel's eenter of gravity and three rotational
degrees about the center of gravity. The speed sensor or sensing region is seldom located A
at the vessel's center of gravity; therefore, the sensor undergoes additional lint -Ir dis-
placements proportional to the distance from the ccnter of gravity and the rotatic n rate.

Average motion errors resuiz from static or dynamic orientation difference from
the designed sensor orientation. Speed sensors are usually orientated to measure the
water velocity component parallel to the longitudinal axis of the vessel. Neglecting the
effects of vessel trim on the water flow near the hull, a change in the static trim from the
design trim could reauce the sensed velocity by the cosine of the trim angle through the
geometric effects alone. Also, the vessel is normally pitching, yawing, and rolling. The
instantaneous pitch and yaw angles cause similar cobine function reductions because the
vessel's actual velocity vector is not parallel to the longitudinal axis, and the sensor -

signal is always reduced by these effects. A more significant error results when the vessel
has a drift component due to wind. The speed sensor will not measure this leeway.
Most of the average motion errors are quite small (less than a few tenths of 1 percent)
and can be neglected. Leewaydue to wind may be several knots and cannot b3 neglected
if accurate velocity sensing is required.

Osc;llatory errors are the differences between the instantaneous speed reading and I
the vessel's speed caused by its motion. The oscillatory errors tend to average out
over a period of scveral minutes but mc~y cause appreciable errors in applications
requiring a continuous speed input. While almost all of the vessel's motions affect the I
instantaneous speed reading, the primary caise of the oscillatory error is the pitching
motion. For example, for a vessel pitching with an amplitude of only 2Y degrees and
a period of 5 seconds with the sensor mounted 10 feet below the center of gravity, the
oscillatory error is ± 1/3 knot.

Maneuvering errors are those speed-sensing errors caused by controlled motions
of the vessel. For example, when a vessel turns, a drift angle is developed between the
heading and the actual water velocity vector at the sensor. The speed sensor only
measures the longitudinal velocity component, and the speed is reduced by the cosine
of the drift angle at the sensor.

VariabiliRy is one of the primary char cteristics of water movement in the ocean.
This allows prediction of only average values, with the possibility that at any particular
time the actual current may be quite different in both direction and magnitude. For
example, in the Gulf Stream off Florida, there is 72 percent probability that the current
will be toward the northeast with a strength greater than 2 knots. However, there is a
4 percent probability of no current, and a 7 percent probability that the current will

be toward the southwest with a -',r -.gth of 2/3 to 1 knot. In the Sargasso Sea there is
almost equal probability of any tent direction with magnitudes of 1/3 to 2/3 knot.
Thus, it becomes obvious that in correcting for current, average values can be predicted,
but large errors are possible unless currents can be accurately measured.

Problems of water-speed r %asurement by doppler sonar speed logs are discussed
in chapter XLV.

613. The electromagnetic underwater , mmonly called the EM log, consists
essentially of a rodmeter, sea valve, indie k -.t.ansmitter, and remote control unit
(fig. 613a). The rodmeter is a strut of streamlined cross section. A sensing device near

L.. its tip develops a signal voltage pr%,ortional to the speed of the water past it. Of the
two general types of rodmeters, one is fixed hull mounted and the other is retractable
through a sea valve. The sea valve is mounted in the hull of the vessel and provides a
watertight support through which the retractable rodmeter protrudls. it aalu seals

-$1
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Fiaun 613a.-Cornponents of electromagnetic underwater log.
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the vessel's hull when the rodmeter is removed. The indicator-transmitter houses all
moving parts of the equipment and performs the following functions: (1) It indicates
the vessel's speed in knots on a dial, (2) it operates synchro transmitters to generate
corresponding synchro signals for transmission of speed signals to receivers, (3) it
registers on a counter the distance in nautical miles that the vessel has traveled through
the water, and (4) it develops a synchro signal representing distance for transmission
to receivers. The remote control unit may be used to set speed into the indicator-
transmitter. in this mode the underwater log is being used as a dummy log.

The flxed rodmeter is designed for submarines, mounts on the exterior of the
hull, and does not reouire a sea valve. The hull penetration is small since only the
connector end of th( aodmeter passes into the hull. There may be two or three rods
installed, depending on the submarine. One is usually mounted topside. A fixed rodmeteri has also been developed for use on surface vessels.

The principle of the electromagnetic log is that any conductor will produce a
voltage when :., is moved across a magnetin field o7 when a magnetic field is moved
with rcspect to the conductor. Figure 613b illustrates this in elementary form. Note
that the direction of the field, the direction of motion, and the direction of khe inducedIvoltage are all at right angles to each other. If the magnetic field remaius constant, the
magnitude of the voltage will be proportional to the speed of movement in thedirection
indicated.

MAGNETIC
FIELD

=J INDUCED VOLTAGE

IN CONDUCTORSMOTION

FIGURE 613b.-Voltage induced by relative movement between magnetic field and conductor.

In the electromagnetic log system, a magnetic field produced by a coil in the
sensing unit at the outer end of the rodmeter is set up in the water in which the vessel "'
is floating. The sensing unit's outer surface is an insulating layer or boot, except for twoI Monel (nickel-copper alloy) buttons, one on each side of the rodmeter. As shown in
the inset at the upper left of figure 613c, the horizontal plane in which the buttons
are located is in the water. The axis of the coil in the sensing Vnit is perpendicular to
this plane, and so are its magnetic flux lines where they cut the plane If the vessel is
moving in the direction indicated by the white arrow, the flux lines cut the water inI , this plane and induce a voltage in it. Since the plane is cut by the insulating boot of
the rodmeter, the induced voltage, sometimes called electromotive force (emf), appears
-t the lft.tns in the boot.

I A better understanding of this effect can be obtained by comparing the inset
of figure 613c with the main part of the figure. The main part shows the coil, its flux

Li
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field, and one possible symmetrical "water circuit" (the broken white line from button
to button) in which the voltage is induced. The inset shows the plane in which the
"water circuit" (one of the many that are possible) exists.

The voltage induced by the vessel's motion is- in general proportional to the
rodmeter's speed with respect to the water. The induced voltage is affected by the
flow characteristics of the water past the rodmeter (whether laminar (smooth) or
turbulent). The sensor and electronics are designed so that no significant current is
drawn from the induced voltage and normal variations of water conductivity do not
affect the sensor accuracy.

The vessel's motion other than forward speed, such as pitch and roll, will also
produce output signals from the rodmeter.

In order to accurately measure the precise speed signal generated by the sensing
unit, most electromagnetic log systenmz employ a "null-balance" type of electronic
voltmeter. For systems currently in naval service, this voltmeter employs an electro-
mechanical servo and dial indicator system such as the one illustrated in figure 613d.
Newer syster- use all electronic instrumentation and have digital displays. Typical
system char c ristics include: (1) sensor output signal of 325 microvolts per knot;
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FIGURE 613c.-Scnsing principle of clectromagnetic log.

I

- -N---,



INSTRUMENTS FOR PILOTING AND DEAD RECKONING 149

REMOTE CONTROL

DISTANCEDIAL SIGNAL To
SHIP'S

WIRING
SYNCHRO

TRANSMITTER

VOTNETEGRATOR -

SERVOO
..SUPPLY"" \\

TIME MOTOR

SIGNAL _1
~~~~TO SHIP'S--11 1oo

RODMETER MILES COUNTER
FIVE SYNCHRO =--I

TRANSMITTERS --a --

FIGURE 613d.-Electromagnetic log speed measuring system.

(2) instrument speed accuracy of 0.05 knot; (3) sensitivity to speed changes of 0.01
knot; (4) instrument distance accuracy of better than 1 percent of water distance
traveled; and (5) capability to compensate for different hull flow characteristics.
Several commercial electromagnetic logs provide slightly less precision.

614. Speed measurement by dynamic water pressure.-When an object is moving

through a fluid such as water or air, its forward side is exposed to a dynamic pressure
which is proportional to the speed at which the object is moviaig, in addition to the
static pressure due to depth and density of the fluid above the object. Therefore, if
dynamic pressure can be measured, this principle can be used for determining speed.

One of the most widely used means of measuring dynamic pressure is by a Pitot
tube. This device consists of a tube having an opening on its forward side or end.
If the tube is stationary in the water, this opening is subject to static pressure only.
But when the tube is in motion, the pressure at the opening is the sum of static and
dynamic pressures. This is called Pitot pressure or total pressure. The Pitot tube is
surrounded by an outer tube which has openings along its athwartship sides. Whether
the tube is stationary or in motion, these openings are subject to static pressure only.

In the Pitot-static log the Pitot tube is in the form of a N'ertical "rodmeter" which
extends through and is supported by a sea valve in the the vessel's bottom. The tube
extends 24 to 30 inches belowv the bottom of the vessel, into water relatively undisturbed
by motion of the hull. The two pressures, Pitot and static, are led to separate bellows

- attached to opposite ends of a centrally pivoted lever. This lever is electrically con-
nected to a mechanism which controls the speed of a pump. When the vessel is dead
in the water, the pressures are equal, and the pump is stopped. When the ship is moving,
the pump speed is regulated so that the presslires in the two bellows are equalized.

J. Thus, the pump speed is proportional to the ship speed.
Various less accurate instruments have been devised for determining speed by

measuring water pressure due to forward motion of the vessel. These are relatively
simple, inexpensive instruments intended primarily for use by small craft. One instru-
ment, the force log, has a strut which the water pressure forces aft against a calibrated
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spring. A flexible hydraulic cable transmits the motion to a speed indicator. The force j
log is probably the oldest of the speed logs used today. The principle of this log is that
the resistance (drag) force on a drag strut is proportional to the square of the vessel's
speed. Another instrument uses a small scoop attached to the hull of the vessel. The
pressure of tht, water scooped up is transmitted by tubing to the speed indicator, which
is essentially a pressure gage graduated in knots. A third type measures the drag of a
small towed object. The accuracy of such devices depends to a large extent upon the
refinements of design, manufacture, installation, maintenance, and calibration.

615. Impeller log.-The impeller log may be a hull-mounted or a towed log. The
impeller (propeller) rotates as it moves through the water. The number of its revolu-
tions is proportional to the distance traveled through the water, and its speed of rota-
tion is proportional to the vessel's speed. These logs usually employ a magnetic-
induction type of pulse frequency generator so that no physical contact, other than
bearing surface, is required between the rotor and the body of the instrument. This
design permits the use of simple and accurate instrumentation. The characteristic
curve of output frequency versus speed for this log is quite linear, except at very low
speeds. The nonlinear curve at low speeds is the result of bearing drag on the otherwise
freely rotating impeller.

616. Speed by engine revolution counter.-Tho number of turns of a propeller
shaft is proportional to the distance traveled. If the element of time is added, speed
can be determined. If the screw were advancing through a solid substance, the dis-
tance it would advance in one revolution would be the pitch of the screw. Thus, if a !
propeller having a pitch of ten feet turns at 200 revolutions per minute, it advances
2,000 feet in one minute. equivalent to a speed of 19.75 knots. It does not do so in

, water because of slip, the difference between the distance it would advance in a solid j
substance and actuai distance traveled, expressed as a percentage of the former. For
example, if slip is 18 percent, both the ship's speed and distance covered are reduced
by this percentage. Thus, instead of 19.75 knots, the speed is only 19.75X0.82= 16.2

rknots. itihe
Slip depends upon the type and speed of rotation of the propeller, the type of

ship, the condition of loading and ship's bottom, the state of the sea and the ship's~~course relative to it, and the apparent wind. Despite the many variables, slip can be :

determined with sufficient accuracy for practical navigation. This is usually accom-
plished by steaming a known distance and noting the time of passage. The speed
corresponding to the number of revolutions being used can then be determined by
means of the formula of article 608, in the form

distance
speed= tm

or by reference to table 18 (if the distance is exactly one mile). Thus, speed can be
determined directly, without computing slip, and a table or curve of ship speed for
various engine revolution speeds can be made. Appendix U provides guidelines for
determining speed in this manner. Any suitable distance can be used, but a distance
of one nautical mile has been measured at various convenient locations. Each such
measured mile is suitably marked en the beach, and shown on the chart, with the
course to steer.

This method of determining speed is widely used in the merchant marine. By means
of an engine revolution counter the number of revolutions during any suitable time
interval can be measured. If a tachometer is available, the rate of shaft revolution is
determined, usually in revolutions per minute. For best results, allowance should be
made for condition of the bottom, draft and trim of the vessel, and the state of the sea.

1|..
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Depth Measurement

617. Importance.-Accurate knowledge of the depth of water under a vessel is
of such navigationd importance that there is a legal requirement that American
merchant vessels of 500 gross tons or more engaged in ocean and coastwise service
"shall be fitted with an efficient mecbanical deep-sea sounding apparatus in addition
to the deep-sea hand leads."

618. The lead (ld) is a device consisting of a suitably marked line having a
weight attached to one of its ends. It is used fo7 measuring depth of water. Although
the lead is probably the oldest of all navigational aids, it is still a highly useful device,
particularly in periods of reduced visibility. Although its greatest service is generally
in the shoal water near the shore, it sometimes can provide valuable information when
the vessel is out of sigh' of land.

Two types of lead are in common use, the hand lead, weighiL r from 7 to 14 pounds
and having a line marked to about 25 fathoms; and the deep-sea (dipsey) lead, weighing
from 30 to 100 pounds and having a line marked to 100 fathoms or more in length.
The markings commonly used on lead lines are as follows:

Distance Distance
from lead from lead
infathons Marking in fathoms Marking

2 two strips of leather 20 short line with two knots
3 three strips of leather 25 short line with one knot
5 white rag (usually cotton) 30 short line with three knots I
7 red rag (usually wool) 35 short line with one knot

10 leather with hole 40 short line with four knots
13 same as three fathoms 45 short line with one knot
15 same as five fathoms 50 short line with five knots
17 same as seven fathoms etc.

Fathoms marked on the lead line are called marks. The intermediate whole fathoms .
are called deeps. In reporting depths it is customary to use these terms, as "by the
mark five," "deep six," etc. The only fractions of a fathom usually reported are halves
and quarters, the customary expressions being "and a half, eight," 'less a quarter,
four," etc. A practice sometimes followed is to place distinctive markings on the hand
lead line at each foot near the critical depths of the vessel with which it is to be used.
The markings should be placed on the lead line when it is wet, and the accuracy of
the marking should be checked from time to time to detect any changes in the length
of the line. The distance from the hand of the leadsman to the surface of the water
under various conditions of loading should be determined so that correct allowance
can be made when the marking nearest the surface cannot be observed.

The lead itself has a recess in its bottom. If this recess is filled with tallow or other
suitable substance, a sample of the bottom can s.ometimes be obtained. This informs- li
tion can prove helpful in establishing the posit:on of the vessel. If tallow is not avl-
able, some other substance can be used. Soap suitable if it is replaced from time to-
time. When the recess is filled for obtaining a ;ample, the lead is sqid to be armed 1%
with the substance used. I

619. Echo sounder.--Most soundings are made by means of an echo sounder. In
this instrument a pulse of electrical energy is converted periodically to sound c.:ergy
and transmitted downward by a transducer. When the energy strikes the bottom (or
any other object having acoustic properties different from those of water), a portion
is reflected back to the transducer as an echo. This energy is reconverted to electrical

I2
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energy for presentation. Because the speed of sound in water is nearly constant, the
amount of time which elapses between the transmission of a pulse and the reception I
of its echo is a measure of the distance traveled, or in this case, depth.. 

Depth information is presented in either of two ways; namely, an indicator -on-
sisting of a cathode-ray tube or a recorder which r-.ords depth on calibrated paper.

There are many forms of echo sounder. A typical installation (fig. 619a) consists
essentially of a receiver-transmitter, transducer, and interconnecting cables. The
receiver-transn " ter includes all components and subassemblies of the system, except
the transducer and interconnecting cables. The recorder performs the function of
recording depth versus time on a paper roll visible through a window in the cabinet's
front door. When the recorder is used, it keys the transmitter at a predetermined rate.

i:-- The cathode-ray tube indicator, mounted below the recorder, indicates depth on a

cathode-ray tube; a calibrated circular dial overlays the cathode-ray tube providing
a means for reading the depth through an opening in the cabinet's front door. When
the indicator is used, it keys the transmitter at a predetermined rate. The transducer
converts the electrical energy to sound eiergy, transmits the sound into the water,
receives returned echoes, and converts the returned energy to electrical energy.

When the recorder of the typical installation (fig. 619a) is energized by placing
the depth range switch in one of the three recorder positions (600 feet, 600 fathoms,
6000 fathoms), a specially treated recording paper, held between two rollers, is moved I
at a uniform speed horizontally in front of a grounded plate. At the same time a stylus i
assembly is moved at a uniform speed vertically across the face of the paper. The rate I
of movement depends on the range selected, and is so fixed that one of the two stylii 
appears at the top of the recording paper (0 depth) when the transmitter is keyed and
reaches the bottom of the paper at the same time as an echo would be received from j
the maximum depth of the selected depth range. a

The recording paper is marked by the application of a voltage between the stylus 's
and the grounded plate when the echo is received. I

In the same installation, depth indication on the 100 feet and 100 fathom scalesI
is given on the face of a cathode-ray tube by radial modulation of a circular sweep.
The illuminated trace follows a circular course at a constant angular velocity. The time I
to complete one revolution is the time required for an echo to return from 100 feet or
100 fathoms at the assumed speed of sound in water. The transmitted pullse and the
returned echoes cause radial modulations. Beams of light thus appear behini a cali- I
brated screen covering the indicator tube face, one at position zero (transmitted pulse)
and the others at positions corresponding to the echoes (fig. 619b).

The transmitter is keyed mechanically by the recorder or electronically by the
cathode-ray tube indicator circuit, depending on the depth range scale in use. Keying I
may be automatic or manual.

The operator must observe certain precautions in his use of this typical installation. i
He must change depth range scales when conditions warrant. For example, a depth of
300 feet can be recorded on the 6000-fatom scale, better on the 600-fathom scale,
but best on the 600-foot scale. If a range is selected which is less than the water depth,
the echo will return either after the stylus that keyed the transmitter has left the paper
(resulting in no indication) or after the other stylus has reached the paper (resulting in
a false indication). Similarly, if an indicator range is selected which is less than the
water depth, the result will be no indication or a false indication.

Examples of how false echoes can be produced follow. Suppose the water depth -19
beneath the vessel is 1.300 feet and the 600-foot recorder scale is in use. Refzr to figure
619c. Stylus A marks the paper at zero and travels downward while stylus B travels
upward. Stylus B must travel a distance corresponding to 1,200 feet before it appearsI?"
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SONAR RECE I VER-TRANSM ITTER

SONAR TRANSDUCER
FIGURlE 619a.-Echo sounder.
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FIGURE 619b.-Cathode-ray tube indicator. FIGURE 619c.-Sid view of stylus belt.

at the zero line. If the water depth is 1,300 feet, stylus B will mark the paper at 100 feet.
It is obvious that if the water depth is from 600 to 1,200 feet, no echo will appear on i
the paper.

If the water depth is 120 feet and the 100-foot indicator scale is in use, a false echo i
will appear at 20 feet.

In either case, the false indications can be avoided by starting on the highest scale j
and then switching to the scale best suited to give optimum presentation.

The receiver gain must be set for optimum response. Too high a gain will result in
reverberation which manifests itself as an elongation of the transmitted pulse. Too I
high a gain may also result in multiple echoes. Multiple echoes are caused by the re- (
turning echo striking the vessel's keel or the water surface, reflecting back to the bot- |
tom, and again returning to the transducer. Very often, several of these multiple
echoes can be seen. In shallow water, multiple echoes may produce a straight line
the full length of the recorder paper or, if operating on the indicator ranges, produce a
solid mass of echoes which merges with the initial pulse. Since multiple echoes are
considerably attenuated with respect to the original echo, they may be eliminated by
operating with a lower gain setting. Too low a gain, on the other hand, will not
develop enough voltage from an otherwise suitable echo to mark the paper.

Echo sounders of American manufacture are calibrated for a speed of sound of .
4,800 feet per second. The actual speed varies primarily with the temperature, pressure,
and salinity, as discussed in article 3503, but in the ocean is nearly always faster than
the speed of calibration. The error thus introduced is on the side of safety unless the
water is fresh or very cold. Soundings shown on charts are those obtained by an echo
sounder without correction, and can therefore be compared directly with the readings
obtained aboard ship since the variation in speed from mean conditions is r A great.
Only in precise scientific work should it be necessary to correct the readings for actual
sound speed under prevailing conditions. Accurate adjustment can be made only if
information is available on conditions at various depths.

Errors are sometimes introduced by false bottoms. If soft mud covers the ocean
- floor, some of the sound-A-ve energy may penetrate to a harder layer beneath, resulting

in indication of two b.,ttoms. It is unusual in deep water to receive a strong return
at a depth of about 200 fathoms c -,--g the day, and somewhat nearer the surface at
night. This is calleu the phantom bottom or deep scattering layer. It is believed to be
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due to large numbers of tiny marine animals. Schools of fish return an echo sufficiently
strong to make the echo sounder a valuable aid to commercial fishermen.

In modern equipment the sound waves, whether sonic or ultrasonic, are produced
electrically by means of a transducer, a device for converting electrical energy to sound
waves, or vice versa. The transducer utilizes either the piezo-electric properties of
quartz or the magnetostriction properties of nickel and its alloys.

Early models produced sound signals by striking the ship's hull with a mechanical
hammer in the forward part of the vessel. The echo was received by a microphone in
the after part of the vessel, depth being determined by the angle at which the signal
returned.

Direction Measurement

620. Reference directions.-A horizontal direction is generally expressed as an
angle between a line extending in some reference direction and a line extending in the
given direction. The angle is numerically equal to the difference between the two
directions, called the angular distance from tie reference direction. Unless th-2 reference
direction is stated or otherwise understood, the intended direction is in doubt. Thus,
to a navigator, direction 1350 is southeast. To an astronomer or surveyor, it may be
northwest.

A number of reference directions are used in navigation. If a direction is stated in
three figures, without designation of reference d;icction, it is generally understood that
the direction is related to true (geographical) north. When grid navigation (art. 2510)
is being used, particularly in high latitudes, grid north is generally used as the reference
direction. The reference direction for magnetic directions is magnetic north, and that
for compass directions is compass north. For relative bearings it is the heading of the
ship. For amplitudes, the reference direction is east or west, usually 0900 of 270 ° true," ° but agnticcompssor eenrid cast or west may be used. In maneuvering situa-

tions, the heading of another vessel inight be used as the reference direction.
The primary function of an instrunent used for measuring direction is to determine

the reference direction. This having been done, other directions can be indicated by a
compass rose oriented in the reference direction. North is established by some form of
compass. A compass rose is attached to the north-seeking element so that other direc-
tions can be det,,mnined directly. However, if one always keeps in mind that the primary
function of the instrument is to indicate a reference direction, he should be able to avoid
some of the mistakes commonly made in the application of compass errors.

621. Desirable characteristics of a navigational compass.-To adequately serve
its purpose, a navigational compass needs to have certain characteristics to permit it
to meet requirements of accuracy, reliability, and convenience.

The most important characteristic is accuracy. No other quality, however im-
portant or to whatever extent it may be possessed, compensates for the lack of accuracy.
This does not mean that the compass need be without error, but that such errors as it
may possess can be readily determined. Provisions should be made for removing

- d deviation or reducing it to a minimum (ol. VII). If accurate horizontal directions
re 'be deterained, fte uumpass needs to be provided with some type of compass

rose maintained in a horizontal position (art. 303, vol. II). Adequate sighting equipment
is needed if bearings are to be observed, and an index is needed to mark the forward

t. direction parallel to tile keel if hecading is to be measured. Accurate readings cannot

be expected from a compass that hunts (oscillates) excessivcly. A characteristic closely
related to accuracy is precision (art. 103, re,. 11). The amount of precision required
varies somewhat with the use and depends as niuch upo the steadiness of the compass

pand its design as upon its inherent qualities.

- , ... .. . . .. U
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A compass is reliable when its operation is not often interrupted; when its indica-
tions are relatively free from unknown or unsuspected disturbances; when it is little
affected by extremes of temperature, moisture, vibration, or the shock of gunfire; and
when it is not so sensitive that large errors are introduced by ordinary changes in condi-
tions or equipment near the compass.

The value of a compass is dependent somewhat upon the convenience with which
it can be used. Accuracy, too, may be involved. Thus, a compass should not be installed
in such a position that one must be in an unnatural or uncomfortable position to use
it. A compass intended for use in obtaining bearings is of reduced value if it is installed
at a location that does not permit an unobstructed view in most directions. The com-
pass graduations and index should be clean, adequately lighted if the instrument is to
be used at night, and clearly marked.

622. Kinds of compasses.-The compasses conunonly used by the mariner are
(1) magnetic and (2) gyroscopic. The magnetic compass tends to align itself with the
magnetic lines of force of the earth, while the gyrocompass seeks the true (geographic)
meridian. The word "compass" is also applied to instruments which do not contin-
uously indicate some form of north. Thus, the free gyro (art.. 630) tends to remain
approximately aligned with any great circle to which it is set.

A compass may be designated to indicate its principal use, as a standard, steering,
or boat compass. The compass designated as standard is usually a magnetic compass
installed in an exposed position having an unobstructed view ii most directions, per-
mitting accurate determination of error. Preferably, it is locatd at a magnetically
favorable position near the bridge. Before the development of . reliable gyrocom-
pass, the standard compass was used for navigation of the vessel ah-l for determining
the error of the steering compass.

Although the modern, reliable gyrocompass has largely superseded the magnetic
compass for most purposes, directional information is so important to a vessel that the
availability of a second method is considered justified. It is wise to understand both
types, keep a record of errors and the performance of all compasses, and to compare
the indications of magnetic and gyrocompasses at frequent intervals, as every half
hour when underway.

623. Magnetic compasses.-If a small magnet is pivoted at its center of gravity
in such manner that it is free to turn and dip, it will tend to align itself with the magnetic
f eld of the earth (art. 706). It thus provides a directional reference and becomes a
simple compass. However, such a compass would not be adequate for use aboard
ship. For this purpose a compass should have a stronger directive element than that
provided by a single, pivoted magnet, should have provision for measuring various
directions, should have some means of damping the oscillations of the directive element,
should be approximately horizontal, and should have some means of neutralizing local
magnetic influences.

In a mariner's compass, several magne's are mounted parallel to each other. To
them is attached a compass card having a compass rose to indicate various directions
(art. 624). Both magnets and compass card are enclosed in a bowl having a glass top
through which the card can be seen. The bowl is weighted at the bottom and is sus-
pended in gimbals in such manner that it remains nearly horizontal as the vessel rolls -
and pitches. In nearly all modern compasses the bowl is filled with a liquid that sup- *
plies a buoyant force alost equal to the force of gravity acting upon the directive
element and card. This reduces the friction on the pivot (a metal point in a jeweled
bearing), and provides a means of damping the oscillations of the compass card. The -

card is mounted in such" manner as to remain in an essentially horizontal position.
A mark called a lubber's line is placed on the inner surface of the bowl, adjacent to
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the compass card, to indicate the forward direction parallel to the keel when the bowl
is correctly installed. The gimbals used for mounting the compass bowl are attached
to a stand called a binnacle, which in most installations is permanently and rigidly AC

attached to the deck of the vessel, usually on its longitudinal center line. Most bin-
nacles provide means for neutralization of local magnetic influences due to magnetism
within the vessel. A cover or "hood" is provided to protect the compass from the
elements, dust, etc.

Directional information is of such importance that selection and installation of a
suitable compass should be made carefully, seeking such guidance as may be needed.
In the U. S. Navy this is covered by systems command directives. For merchant vessels
and yachts, one would do well to consult a dependable compass adjustor before se-
lecting and installing a compass or making any alteration in the vicinity of the coin-
pass. Common errors are the use of a compass designed for a different type craft (as
an aircraft compass in a boat), permitting chrome plating of a binnacle by someone
who does not know how to do this without creating a magnetic field, authorizing elec- 4
tric welding of steel near the compass, improper installation of magnetic equipment' or electric appliances near the compass, allowing short circuits to occur in the vicinity

of the compass, etc.
After the compass has been selected and installed, proper adjustment and com-

pensation (ch. VII) are important, and future care of the instrument should not be
neglected. It should be checked and overhauled at regular intervals, and any indica-
tion of malfunctioning or deterioration, however slight, should not be overlooked.Discoloration of the liquid or the presence of a bubble, for instance, indicates a condition j

! , that should be investigated and corrected at once. If it becomes necessary to add

liquid, one should be certain that he has the correct substance, and should attempt to
determine the source of the leak. Except as a temporary expedient, this is best done
by a professional. Some compasses should be pr,. ected from prolonged exposure to
sunlight, to prevent discoloration of the card and liquid.

624. The compass card is composed of light, nonmagnetic material. In nearly
all modem compasses the card is graduated in 3600, increasing clockwise from north
through east, south, and west. An older system still used somewhat is to graduate
the card through 900 in each quadrant, increasing from both north and south. Some
compass cards are graduated in "points," usually in addition to the degree gradua-
tions. There are 32 points of the compass, 1! U4 apart. The four cardinal points are noi th,
east, south, and west. Midway between these are four intercardinal points at north-
east, southeast, southwest, and northwest. These eight points are the only ones ap-
pearing on the cards of compasses used by the U. S. Navy. The eight points between
cardinal and intercardinal points are named for the two directions between which

.0iey lie, the cardinal name being given first, as north northeast, east northeast, east 4 4M

southeazt. etc. The remaining 16 points are named for the nearest cardinal or inter-
cardinal point "by" the next cardinal point in tie direction of measurement, as north
by east, northeast by north, etc. Smaller graduations are provided by dividing each
point into four "quarter points," thus producing 128 graduations altogether. There
are several systems of naming the quarter points. That used in the U. S. Navy when
quarter points were used is given in table. 2.

The naming of the various graduations of the compass card in order is called
boxing the compass, an important attainment by the student mariner of earlier gener-
ations. The point system of indicating relative bearings (art. 1004) survived long
after degrees became almost universally used for compass and true directions. Except
for the cardinal and intercardinal points, and occasionally the two-point graduations,
all of which are used to indicate directions generally (as "northwest winds," meaning
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winds from a general northwesterly direction), the point system has become largely I
historical.

625. The U.S. Navy 7A-inch compass has a liquid-filled bowl in which a 73%-inch
aluminum card is pivoted. There is provision for either one or two pairs of magnets,
symmetrically placed. The card and magnet assembly is provided with a central I
float or air chamber to reduce the weight on the pivot to between 60 and 90 grains
(0.14 and 0.21 oz.) at 60"F when the correct compass fluid is used. Older compasses
use a fluid consisting of 45 percent ethyl alcohol and 55 percent distilled water. Newer
compasses use P highly refined petroleum distillate similar to varsol. Use of this oil
increases the stability and efficiency of the compass. A hollow cone extends into the

Refi underside of the float. The bottom of this cone is open. The pointed top has a jewel
bearing of synth6tic sapphire. The card-float-magnet assembly rests on an osmium"
iridium tipped pivot at the jewel center. This pivot extends upward from the bottom
of the bowl. This compass is illustrated in figure 625.

The compass bowl is made of cast bronze, and has a tightly gasketed glass top
cover to prevent leakage of the liquid. A bellows-type expansion chamber is pro-
vided to allow for changes in volume of the liquid as the temperature changes. The
top rim or bezel of the bowl is accurately machined so that an azimuth or bearing
circle can be placed over it. The compass is equipped with a gimbal ring for keeping
the compass level when mounted in a binnacle. In addition to providing support for
the compass, the binnacle has provision for housing the correctors used to partially
neutralize local magnetic effects within the vessel.

626. The U. S. Navy 5-inch compass is lighter in weight hand requires less space
than the 7%-inch compass. This U. S. Navy No. 3 compass has a brass compass card 1
with photo-etched perforations which permit underlighting with red light to meet
darkness adaptution requirements. When such a card is used with both transmitted and
reflected light in all combinations, there is a "twilight zone" in which the intensity of the '!X

F~uvr. 625.-U. S. -y 7-.ineh comping.

-. .
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FIGURE 626a.-Binnacle for U. S. Navy 5-inch magntic compass.

light transmitt, ,d through thu perforations is equal to that of the reflected light fror the I
surroundinv area. In the U. S. Navy No. 3 compass this problem is overcemu oy the in-
stallation r ,a shaded lanip iusiie the binnacle hood. The light from this lamp is directed
at the lubber's line and adjacent compass card area. This light enables daylight viewing
of the compass card. The red illumination is required only when pr- tically complete
darkness prevails.

a1 addition to providing support for the compass, the binnacle illustrated in
figure 26a lias provi-ion for housing ti , correctors used to partially neutralize local
magnetic effects within the vessel. The correctors consist of a tube assembly with

4heulfing magnet, qaadrantai correctois, fixed fore-and-aft and atlhwartship permanentmagnetic correctors, and permanent magnet correctors rotatable about fore-and-aft

and athwarnship axes.
The fi .ed permanent magnets are in the form of wire ragnet bundles of up toseven magnets each and are containee in three magnet tubes as shown in figure 626a.

The athwartship tube is fixed to thie after sid of the binnacle. One fore-and-aft tube
is on the porb side of the binnacle; the other is on the starboard side.

The fixed fore-and-aft and athwartship magnets are used to obtain a '"coarse"
correction; the rotatable vorr-ctors are used to ol'tain a "fine" correction. Normally
the coarse correction reduces the devi.1tion from its original value to about 5, the fine
correction redices the deviation to its residual value.

Except 'gr the heeling magnet the various correctors are shown in schematic
form in figr,'e 626b. When the rotatable magnets on either uxis lie in a plane parallel
to the plane of the compass card, the associated magnetic field has no effect on the
.ompass card magnets. This magnetic field is shown sclematically in figure 626c for
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ROTATABLE
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FIGURE 626b.-Correcting system of U. S. Navy 5-inch magnetic compass.
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FIGURE 626c.-Coarse and fine adjustments of U. S. Navy 5-inch magnetic compass.

the magnets rotatable about the athwartship axis. When the rotatable magnets are
inclined to the plane of the compass card, the effect on the compass card magnets
varies with the sine function of the angle of inclination, the maximum effect being
when the plane of the rotatable magnets is inclined 90' to the plane of the compass
card.

Figure 626d illustrates the fine adjustment control used to rotate the magnets.
The fine adjustment should be limited to approximately the last 50 of deviation cor-
rection or to the range in which the sine function is more nearly linear.

627. Other magnetic compasses.-The U. S. Navy No. 5 magnetic boat compass
(fig. 627a) is a top reading, flat glass topped unit. The 3-inch compass card is made
of sheet aluminum and incorporates an annular float to obtain a degree of buoyancy
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FIGUuE 626d.-Fine adjustment control.

in the Vars 1 compass fluid. The card is supported on a jewel post without the use of
gimbals. The compass bowl employs a bellows expansion chamber which permitsvoltimitric changes of the compass fluid without bubble formiation,

The correctors consist of quadrantal correctors, fore-and-aft and athwartship

permanent magynet correctors.
A wide variety of magnetic compasses are used in merchant ships and yachts.

The basic principles of operation of all magnetic compasses are the banie, the various
types differing only in details of construction. A feature which is widely used in corn-
mercial compasses is a hemispherical top (fig. 627b) which providet. magnification of
the graduations.

Reflection binnucles providing a periscopic readout in the wheelhouse enable
mounting of the compass where it is usually less subject to the vessel's magnetic field
and the installed electrical and electronic equipment than a wheelhouse installation.
Lo,.itn on the flying bridge also serves to facilitate compass adjustment and bearing
observation-.

628. Magnetic compass liiitations.-Because of its cssential simplicity, a mag-
netic compass (toes not easily become totally inoperative. Being independent of any
power supply or other service, a magnetic compass may survive major damage to its
ship without losing its utility. Small boat compasses often remain serviceable under
the most rigorous conditions.

Despite its great reliability, however, a magnetic (ompass "- subject to some
limitations. Since it responds to any magnetic field, it is affected b- any change in
the local magnetic situation. Hence, the undetected presence or change of position
of magnetic material near the compass may introduce an unknown error. Thus, an
error might be introduced by a steel wrench or )aint, can left near the compass, or "y
i change in l)osition of a steel boom or gun in the vicinity of the compass. Even such
small amounts of magnetic material as might be included in a pocketknife or steel keys

* are sufficient to affect the compass if brought a close as they are when on the person
of tn ildividual standing by a compass. Nylon clothing may also introduce error in
a magnetic coml)ass. As distance from the compass increases, the strength of the mnag-

- 125_
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Fiounsz 627a.-15 S. Navy No. 5 magnetic boat compass.

am 7

Courtesyof Danforth ivLn of The Eastern Company, a Connecticut Corporation.

FiGuRn 627b.-A compass with a hemispherical top.

netic field nzoied to introduce an crror ijicreases. A cargo of large amounts of iron
or steel may be sufficient to affect thc compass. Tfle compass niay a's,) be affected by 1
changes of the miagnetic characteristi.b of the vesel itself. Such clianges may occur
during a protracted (locking period, during a long, sea Vol -age Onl Substantially the
Sam~e course, whet repairs or changes of equipment are made, if tie ship sustains heavy!
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shock as by gunfire or riding out a heavy sea, if the vessel is struck by lightning, or if
a short circuit occurs near the compass.

The directive force acting upon a magnetic compass is the horizontal component
of the earth's magnetic field. This component is strongest at or near the magnetic
equator, decreasing to zero at the magnetic poles (ch. VII). Near the magnetic poles,
therefore, the magnetic compass is useless (art. 2513), and in a wider area its indications
are of questionable reliability. The magnetic field of the earth has a number of local

anomalies due to the presence of magnetic material within the earth. During magnetic
storms (art. 2526) it may be altered considerably. Changes in the magnetic field sur-
rounding a vessel, due either to changes of the field itself or to change of position of
the vessel within the field, affect the magnetism of Lhe vessel and the correctors used
to neutralize this effect, with a possible disturbance of the balance set up between them.

For these and other reasons, frequent determination of compass error is necessary
for safe navigation. Methods of determining and correcting compass error are discussed
in chapter VII.

629. Magnetic compass acce.sories.-Compass heading is indicated by the
lubber's line. Compass bearings may be measured by sighting across the compass,
bringing the object and the vertical axis of the compass in line. Accuracy in making
this alignment is increased by the use of a device to direct the line of sight across the
center of the compass. Perhaps the simplest device of thie kind is a bearing bar, con-
sisting of two vertical sighting vanes mounted at opposite ends of a horizontal bar
having a small pivot which fits into a hole drilled part way through the glass cover of
the compass, at its center. The "near" vane (nearer the eye of the observer) has a
very thin, open, vertical slot through which the line of sight is directed; the "far"
vane has a thin, vertical wire or thread mounted on a suitable frame. The ,ar is rotated
until the object is in line with the two vanes. The bearing is the reading of the compass
in line with the vanes, on the far side from the observer. If a reflecting surface is pivoted
to the far vane to permit observation of the azimuth (art. 1428) of a celestial body,

the device is called an azimuth instrument. Bearing bars and azimuth instruments
are usually used only with smaller compasses, and never with an after-reading com-
pass (art. 627).

Larger compasses or repeaters (art. 643) are usually provided with a bearing circle
or azimuth circle (fig. 629). These devices take a variety of forms, but consist essen-
tially of two parts: (1) a pair of sighting vanes attached to a ring which fits snugly
over the compass, and (2) a mirror to reflect the compafs graduation into the line of
sight. The use of these devices is similar to that o, the bearing bar and azimuth instru-
ment. The azimuth circle has a pi'.ct.d reflecting surface attached to the far vane,
to permit observation of celestial bodies. In most cases it also has a reflecting mirror
and prism - unted on opposite sides of the ring, midway between the vapes. The 41-
prism is covu.-ed with opaque material except for a thin, vertical slot at its center.
The surface of the mirror is curved so that reflection of sunlight falling upon it is in
the form of a slender vertical line (at the distence of the prism) of about the same
width as the slot. When the azimuth circle is adjusted so that this line of light falls A
upon the slot, a thin, bright line appears on the compass card graduations at the bearing A
of the sun. Most bearing and azimuth circles are provided with reverse compass rose
graduations to permit reading of relative bearings or azimuths (by the vanes) at a
mark on top of the compass bowl, in line with the lubber's line; bubbles for indicating
the level position during observation; means for adjusting the snugness of the fit over
the compass bowl; and handles for turning the device.

If a bearing or azimuth circle does not fit snugly over the compass bowl, an error
might be introduced. Inaccuracy may also result from tilting of the reflecting surface

• I'
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FIGURE 629.-An azimuth circle.

of an azimuth circle with respect to the vertical plane through the line of sight. This
can be checked by comparing an azimuth of the sun observed by means of the prism I
with one observed with the sighting vanes (with suitable protection being provided for
the eyes). If the prism attachment. is not available, a check can be made by comparing
observed (compass) azimuths at different altitudes with computed (true) values at the
time of observation. If both observed and com)uted azinmths are correct, the difference
between them will be constant (if the compass error remains constant throughout the
observation)

None of the bearing or azimuth instruments described above can be used with a
compass not designed for it, as one having a hemispherical top, or an after-reading I
compass.

- Some modern magnetic compasses are provided with elecirical pick-offs of sufficient
sensitivity that the instrument, can be used to colil rol such devices as remote indicators,
automatic steering equipment, course recorders, and dead reckoning equipment without
disturbing the reliability of the compass. However, these devices are morp voimmonlyF o controlled by a gyrocompass andi henc" are conside"1 later in the chapter, after a
discussion of this type compass.

630. The gyroscope.-Leon Foucault, a French physicist, first demonstrated the
rotation of the earth by means of a pendulumn. However, the pendulum was not entirely
acceptable as proof of rotation because it required tie earth's gravity for operation .
In 1852, he gave the name gyroscope to a toy to) which had been known for a quarter of

0
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a century as a "rotascope." By means of the gyroscope, Foucault illustrated the earth's
rotation without the use of gravity.

A conventional gyroscope consists of a comparatively massive, wheel-like rotor
balanced in gimbals which permit rotation in any direction about three mutually
perpendicular axes through the center of gravity. The three axes are called the spin
axis, the horizontal axis, and the vertical axis, as shown in figure 630a.

Since the rapidly spinning rotor is balanced at its center of gravity, it is in a state
of neutral rotational equilibrium. If the gimbal bea'-ugs were completely frictionless,
the spin axis would retain its direction in space despite any motion applied to the
system as a whole, as by the rotation of the earth. This p) -perty is called gyroscopic
inertia. Thus, if the spin axis were directed toward a star, the axis would continue to
point toward the star during its apparent motion across the sky. To an observer on
the earth, the spin axis would appear to change direction as the earth rotated eastward.

VERTICAL
AXIS

SPIN HORIZONTALAXIS .. .. AXIS ----

FiGURE 630a.-Gyroscope. FIGURE 630b.-Demonstration ofgyroscopic inertia.

This phenomenon, also known as rigidity in space, can be demonstrated by slowly
tilting the base of the gyroscope as shown in figure 630b. If the gyroscope rotor

is stationary, bearing friction will cause the rotor to tilt as the base is tilted. If the rotor
is spinning, the rotor maintains the originai plane of rotation as the gyroscope is tilted.
It will continue to maintain the original plane of rotation no matter how much the
gyroscope is tilted, as long as it continues to spin with sufficient velocity. Although
bearing friction still affects the gyroscope, it affects it to a lesser degree than when the
rotor was stauouary.

Gyroscopic inertia depends upon angular velocity, mass, and the radius at which
the mass is concentrated. For a given mass, maximum effect is obtained, therefore.
from a mass rotating at high speed with the principal part of the mass concentrated
near the periphery of the wheel.

Gyroscopic precession is that property of a gyroscope exhibited when a force is
applied which tends to change the direction in. space of the spin axis. The motion re-
sulting from such a force is not in line with the forc(, as might be expected, but per-
pendicular to it. Precession can be demonstrated by applying a torque to the spinning
gyroscope about its lorizontal axis. This is done by applying a force at point A as il-
lustrated in figure 630c. The gyroscope instead of turning about the horizontal axis as
it would if it were not spinning, turns or precesses about its vertical axis. The direction
of precession is such that it appears as though a force applied to the rotor at A is, instead,
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Fiourm 630c.-Axe. of a gyroscope, and thedirection of precssion.

applied at a point go" away in the direction of spin from point A. Similarly, if a torqueis applied about the vertal axis, the gyroscope ill precess abou its horizontal axis

in a direction such that it appears as though the force is applied at a point 90 away in

the direction of spin from the point where the foAce is applied on the rotor.A torque is defined as that which effects or the go effect rotation orsion and M

which is measured by the product of the applied force and the perpendicular distance
from the line of action of the force to the axis of rotation. It is obvious that a force
acting through or parallel to an axis cannot produce any turning effect about that axis.
In a gyroscope the three axes about which rotation is possible all in *ersect at the center
of gravity of the entire system (excluding the supporting frame). A force, therefore,
acting through the center of gravity acts through all the axes and cannot exert torque
about any axis. But a force acting at any other point will produce a torque about one
or inure axes.

Precession can be caused only by a force attempting to tilt, or turn the spin axis M

about one of the other axes. So, a force through the center of gravity of a gyroscope AN,

(or force of translation) cannot, cause the gyroscope to precess, but can only cause it
to move as a whole in the direction of the force, with its axle always pointing in the -b

- -~ same direction and the plane in which the rotor is spinning always parallel to its original-
plane of spin. -M

A torque about the spin axis of a gyroscope does uot, tuti" t to chac the plane
in which the rotor is spinning, so it cannot cause precession. The only effect such a

14 torque can have on the rotor is to increase or decrease its speed.
Any torque about either the horizontal or vertical axis of a gyroscope will cause

it to process about an axis at right angles to that about which the torque acts. This
precession will continue as long as the torque acts, but will cease when the torque is
remo ;ed. If the plane in which the torque is acting remains unchanged, the gyroscope
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will precess until the plane of the spin of the rotor is in the plane of the torque. When
this position is reached, the torque will be about the spin axis and can cause no further
precession. If. however, the plane in which the torque acts moves at the same rate and
in t-,h bamne direction as the precession it causes, the precession will be continuous.

The rotor of the conventional gyroscope previously described has three degrees of
freedom: (1' freedom to spin on its axle, (2) freedom to tilt about its horizontal axis,
and (3) freedom to turn about its vertical axis. These three degrees of freedom permit
the rotor to assume any position with respect to the supporting frame. This gyroscope
is called a free gyroscope.

The term degree-of-freedom refers to the number of orthogonal axes about which
the spin axis is free to rotate, the spin axis not being counted in one convention.

The reason for gyroscopic precession may be explained simply by considering
what happens to a single particle on the rim of the gyroscope wheel as shown in figure
630d. Assume that the wheel is spinning in the direction of arrow R. Also assume that a
force F is applied against the wheel at point B on the particular particle P, which
happens to be at the position shown at any particular instant.~Force F exerts a force upon this small particle along the vector BL and therefore

accelerates it in that direction. During a short interval of time, the acceleration will
give the particle a component of velocity BL. This velocity vector and the velocity of
the particle along the vector BJ, due to rotation of the wheel, have as a resultant the
vector BK, different in direction from DJ. This is equivalent to a rotation about axis,
YY. Therefore, the effect of a torque acting about the XX axis is to cause a rotation
of the gyroscope wheel about the YY axis. This rotation about the YY axis is gyro-
scopic precession.

If the gyroscope, or gyro as it is commonly called, is mounted at the equator with
its spin axis pointing east and west, figure 630e illustrates how it would appear from a
point in space beyond the South Pole. From the observation point in space, the earth is
seen turning from west to east at a rate of 150 per hour carrying the gyro with it. How-
ever, the spin axis of the gyro, because of gyroscopic inertia, remains in rigid space just
as it did when the base was tilted in figure 630b. To an observer on earth the same gyro
appears to rotate about its horizontal axis with an angular velocity equal but opposite
in direction to the rate of rotation of the earth. This effect, commonly referred to as
horizontal earth rate, is equal to the rate of rotation of the earth (earth rate) times the
cosine function of the latitude. It is therefore zero at the poles and increases to earth rate

at the equator.
Similarly, if the gyro is mounted at the North or South Pole with its spin axis

horizontal, as shown in figure 630f, the gyro will appear to rotate about its vertical axis.
This effect is commonly referred to as vertical earth rate. At points between the poles
and the equator, the gyro appears to turn partly about the horizontal axis and partly
about the vertical axis as shown in figure 630g, because it is affected by both horizontal
and vertical earth rates.

In general, horizontal earth rate causes the spin axis of the gyro to appear to tilt
about its horizontal axis; vertical erth rate causes the gyro to appear to rotate about
its vertical axis. The apparent motion of stars (art. 1416) can be used as a convenient
reminder of the effect of the earth's rotation on a free gyro. Being rigid in space, the
shin axis rtmninq nninfing nt the , -,e fl-ed cas the -.rth. rotates. Thus, the spi
axis describes a circle about Polaris in a counterclockwise direction as the earth rotates.

With reference to space the direction of the spin axis of the free gyro remains the
same as the earth rotates. With respect to the earth, however, the spin axis rotates as 44]
just described. It is this rotation with respect to the earth which makes it possible to
apply the force of gravity so as to convert the free gyro into a north-seeking gyrocompass.

_ 4-
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631. The gyrocompass depends upon four natural phenomena for its operation.
It is only the methods whereby these phenomena are utilized that distinguish one type
of gyrocompass from another. Of the four natural phenomena, two are inherent proper-
ties of the gyroscope, namely gyroscopic inertia and gyroscopic precession; the other j
two are the earth's rotation and gravity.

Before a free gyro can be converted into a gyrocompass, the mounting structure
must be changed slightly. As shown in figure 631a, the rotor is mounted in a sphere
(gyrosphere) and the sphere is supported in what is celled the vertical ring. The sphere
and vertical ring are, in turn, mounted in a base called the phantom. Means are pro-
vided for the vertical ring and phantom to follow the gyro as it turns about its vertical~axi s.I as.With no further additions, the gyro shown in figure 631a will, neglecting friction,
maintain its direction in space so long as no outside forces are exerted on it. To make
the gyro into a gyrocompass, the gyro has to be made to seek and maintain true -,orth.
Since north is the direction represented by a horizontal line in the plane of the meridian,
some means have to be provided tc: (1) make the gyro spin axis seek the meridian plane,
(2) make the spin axis horizontal, and (3) make it maintain its position once reached.

The first step in making a gyro a gyrocompaso is to make the gyro s'..k the meridian.
To do this, a weight 1V is added to the bottom of the vertical ring, as shown in figure
631b. This causes the vertical ring to be pendulous about the horizontal axis.

VERTICAL GYRO VTICALGYRO

RING

SPHERE SPHEREi

0 S
WEIGHT

FIGUar 631a.-AModified mode! gyroscope. FiouRr 631b.-Making the free gyro seek
north )y the addition of a weight to the
vertical ring.

If as at A of figure 631c the gyr, is at thc equator. the spin axis is horizontal
pointing east-west, and the rotor is sp.nning clockwise as vi-wed from the west, t',e
rotor and vertical ring are vertical and no torque is created by the added weight. .t
this point both properties of the gyroscope, gyroscopic inertia and precession, are
brought into play. As the earth rotates, the spin axis and, therefore, the vertical ring
become inclined to the horizontal as shown at B. The weight IV is raised against the
pull of gravity and consequently causes a torque about the horizontal axis of the gyro. 49
This torque causes precession about the vertical axis in the direction indicated at C. The
spin axis then has moved out of its original east-west direction.

As the end of the spin axis which was first pointing east (which will now be referred
to as the norti end) continues to rise, the torque on the gyro caused by the weight --
becomes greater since the moment arm through which the weight acts gets longer due
to the greater tilt. Since the speed of precession is closely proportional to the tilt, the
gyro turns about its vertical axis as shown at D at an increasing speed until the axis is
on the meridian.

121
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would take place through 180 degrees irn each direction, and at one extreme the axle

would point east. at the other, West,, In any case. the gyro never comes to rest sinceI
there is no force teniding to restore tlhe spin axis- to the horizontal position until it has
passedl the meridian.
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Trhe ratio of the movement about the horizontal axis (caused by apparent rotation)

to the precessional movement about the vertical axis caused by the swing of the weight
determines the shape of the ellipse. If the weight is increased, the speed of precession will
increase and the ellipse will be flatter. If the weight is decreased, the speed of precession
will decrease and the ellipse would, theoretically, be almost circular. The time, in
minutes, required for one complete oscillation, is called the period of oscillation. ForI. any given wheel and speed at a certain point on the earth, the period will be nearly the
same regardless of the angle through which the wheel oscillates. The period can be

changed by changing the amount of weight on the bottom of the vertical ring.
With such a gyroscope modified by hanging a weight on the vertical ring, the first

requirement to make a gyroscope into a gyrocompass, that of making the spin axis
seek the meridian, has been fulfilled. However, some means must be provided for damp-

" in- these oscillations so the gyro wheel will quiickl-- come to rest wvith its spin axis level
in the north-south position.

To damp the oscillations of the spin axis about the meridian a small weight TV,
is added to the sphere in which the rotor is housed. This weight is placed on the east side
of the sphere in a position shown in figure 631d. With the spin axis level, the torque
produced by gravity acting ul)on the weight 1" is restrained by the vertical axis bearings.
When the spin axis tilts due to earth rate, the vertical axis is no longer vertical; the
force of gravity, however, still pulls straight down on the weight. This allows the torque

to act about the vertical axis.

VERTICAL GYRO

RING/

WEIGH4T IN,

SPHERE

PHA TOM -

WEIGHT

FiGuRE 631d.-'Modified model gyroscope with
weights on the vertical ring and sl)here.

Now, with both weight.,, the spin axis will begin to tilt due to earth rate and as soon $
as it tilts, the spin axis precesses toward the meridian and downward toward the level
position. As a result of the leveling action of weight 1V1 , the spin axis is not tilted up as
much when it rea ches the meridian as it was with only weight W. Since the spin axis
is not tiltod as much, the torque produced by weight IV is not as great. Therefore, the
spin axis will not precess- as far to the west of the meridian as it was east of the meridian
when it was started.

After reaching a point where the spin axis is level and as far west of the meridian
as it is going due to the action of weight I", earth rate is still causing the spin axis to
tilt downward. As a result, the forces due to the weights are reversed and torques aro
created which precezs the gyro to the east and up. The same action takes place in the
reverse direction. Tile gyro is not precessed as far to the east as it was to the west.
Thus, the added weiglt, W1 causes the ellipse to be reduced each successive oscillation;

' - ._ - 4
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the north end of the gyro axle will follow a spiral path as shown in figure 631e instead
of an elliptical path as previously.

A careful consideration of the action of the two weights will make it apparent that
the only position of rest that the gyro can find will be with the spin axis horizontal and
on the meridian. The period of the compass can be changed by varying the weight W.
With a given period the speed with which it settles to a level position can be changed
by varying the weight W,.

With the second modification to the model gyroscope (adding a weight to the
sphere in which the gyro is housed), the second requhement to make a gyroscbpe into
a gyrocompass, that of making the spin axis horizontal, has been fulfilled. However,
when this modified gyroscope is moved. accelerations on the weights, because they are
pendulous, will cause torques on the gyroscope. Ak j any change in latitude from theI equator will result in false indications: The model gyroscope, as so far modified, does
not fulfill the third requirement, that of maintaining the level position in the plane of
the meridian once reached. Therefore, some means must be provided to eliminate the
effect of unbalanced weights hanging on the modified gyroscope; means must be pru-

vided to compensate for false indications resulting from change in latitude from theI. equator.
Practical g3roconpasses employ both pendulous and nonpendulous gyroscopes.

In addition these compasses have means of compensating for influences that might
introduce errors into their indications.

One nmethod of utilizing precession to cause the gyroscope~ of a practical gyro-
compass to seek north is illustrated in figure 631f. Two reservoirs connected by a tube
are attached to the bottom of the case enclosing the gryo rotor, with one reservoir north
of the rotor and the other south of it. The reservoirs are filled with mercury to such a

level that the weight below the spin axis is equal to the weight aboe it, so that the
gyroscope is nonpenduious. The system Gf reservoirs and connecting tubes is called a

mercury ballistic. In practice, there are usually fotlr symmetrically placed reservoirs.

Ix

: FGuEE" 631e.-Settling ou the meridian,

['° Suppose that the spin axis is horizontal but is directed to the eastward of north.

As the earth rotates eastward on its axis, the spin axis tends to maintain its direotion inm
space; that is, it appears to follow a point, such as a star rising in the northeastern sky. " -

-W I
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With respect to the earth, the north reservoir rises and some of the mercury flows under
the force of gravity into the south reservoir. The south side becomes heavier than the
north side, and a force is applied to the bottom of the rotor case at point A. If the gyro
rotor is spinning in the direction shown, the north end of the spin axis precesses slowly
to the westward, following an elliptical path. When it reaches the meridian, upward
tilt reaches a maximum. Precession cc-itinues, so that the axis is carried past the
meridian and commences to sink as the .,arth continues to rotate. When the sinking
has continued to the point where the axis is horizontal again, the excess mercury has
returned to the north reservoir and precession stops. As sinking continues, due to
continued rotation of the earth, an excess of mercury accumulates in the north reservoir,
thus reversing the direction of precession and causing the spin axis to return slowly to
its original position with respect to the earth, following the path shown at the right of
figure 631f. One circuit of the ellipse requires about 84 minutes.

-SOUTH
RESERVOIR NORTH

RESERVOIR

FIGURE 631f.-The mercury ballistic (left) and the elliptical path (right) of the axis of spin without
damping.A

iI i

,I

FIGURE 631f hemecuy alistc(et ndteelpial path(rht of the nxis of spin withoutpn. -. %
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The elliptical path is symmetrical with respect to the meridian, and, neglecting fric-

tion, would be retraced indefinitely, unless some method of damping the oscillation were
found. One method is by offsetting the point of application of tile force from the mercury
ballistic. Thus, if the force is applied not in the vertical plane, but at a point to the east-
ward of it, as at B in figure 031f, the resulting precession causes the spin axis to trace a
spiral path as shown in figure 631g, and eventually to settle near the meridian. The gyro-
scope is now north-seeking. The gyrocompass shown in figure 631h uses this method to
seek north.

Another method of damping the oscillations caused by the rotation of the earth is
pto reduce the recessing force of a pendulous gyro as the spin axis app)roaches the

meridian. One way of, complishing this is to cause oil to flow from one damping tank
to another in such a manner as to counteract somne of the tendency of an offset pendulous
weight to cause procession. Oscillations are completely damped out in ap)roximatelyIone and one-half swings.

632. Gyrocompass errors.-Gyroconpasses are subject to several systematic
errors (art. 303, vol. II). Some of these can be eliminated or offset in the design of the
compass, while others require manual adjustment for their correction.

The total combined error (the resultant error) at any tme is called gyro error (GE),
which is expressed in degrees east or west to indicate the direction in which the axis

r

44

C ourtesy of Sperry Marbe Sytems.

FIGURL 631h.-The Mark 14 Mod 2 Gyrocompass.
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of the compass is offset from true north. If the gyro error is east, the readings are too
low; and if it is west, they are too high. 'Thus, if GE is 10 W, 10 is subtracted from all
r'eadings of the compass, either headings or bearings, to determine the equivalent true
directions. One degree is added to all true directions to determine the equivalent gyro
directions. The gyro error of modern compasses is generally small. However, significant
errors can be introduced in several ways, and it is good practice to compare the gyro
heading with the magnetic heading at frequent intervals (as every half hour and after
each change of course) and to check the accuracy of the gyrocompass by celestial
observation or landmarks from time to time (as every iiorning and afternoon whenmeans are available).

The errors generally associated with the gyrocompass are speed error, tangent
latitude error, ballistic deflection error, ballistic damping error, quadrantal error, and
gimballing error. In addition, gyrocompasses are subject to the errors common to direc-
tional instruments, such as those introduced by inaccurate graduation of the compass
rose or incorrectly located lubber's line. Error may a!so be introduced, of course, by
malfunctioning of the compass.

633. Speed error.-Tho north-seeking tendency of a gyrocompass depends upon
the fact that north is at right angles to the west-to-east diiection in which the earth's
rotation carries the compass. If the gyrocompass is carried over the earth in some
direction other than west to east, it will seek a settling position at right angles to that
direction, whatever it may be.

A gyrocompass on the earth's surface is carried from west to east only when it
is stationary with respect to the earth's surface, or when it is moving east or west.
If the vessel in which the compass is installed is moving in other than an east or west

, direction the compass is, in effect, being carried in a direction which is a little to the
north or south of exactly east. It will then seek a settling position which is at right
angles to this direction, and will settle on a line at a small angle off true north.

This error, known as speed error and sometimes called speed-course-latitude
error, is westerly if any component of the vessel's course is north, and easterly if south.
Its magnitude depends upon the speed, course, and latitude of the vessel. Refer to
figure 633a. If a vessel is at anchor at any point A, it is being carried eastward by
rotation of the earth at the rate of 902.46 minutes of longitude per hour (with respect
to the stars). In terms of knots, this is equal to 902.46 times the cosine of the latitude,
approximately. Because of the ellipticity of the earth, the actual value is a little more
than this in low latitudes, and a little less in high latitudes. The actual value at any
latitude can be found by multiplying the length of a degree of longitude at that latitude

902.46(from table 6) by =15.041.60

This eastward motion due to rotation of the earth is shown in figure 633a by the
vector AB. The north-south axis of the gyrocompass settles in a direction 900 from
the direction of motion. Therefore, if the vessel is stationary with respect to the earth, 4
00 on the compass card coincides with a true meridian, and no error is introduced. This
is also true if the vessel is moving due east or due west. In this case the speed of the ship
over the surface of the earth is added to or subtracted from the motion due to rotation of
the earth, but the direction of motion is unchanged (unless the speed of the vessel is
greater than the rotational speed of the earth, and in the opposite direction). The
only effect, therefore, is to strengthen or weaken the directive force, usually by a small
amount.

If the vessel is on course north or south, as shown by the vector AC in figure 633a,
the motion in space is tilted toward the north or south of due east. In this case, it is the

- -.
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vector sum (art. 118, ... A. 1) of the motion due to rotation of the earth and the velocity
of the vessel over the surface of the earth, or AD in figure 633a. Since AD is not due
east, the perpendicular to it does not lie in the true meridian, but at some angle 6 to
it, along AM,. Since the axis of the gyro lies along AM,, the "virtual meridian," the
angle is the error introduced by the motion of the vessel along its track. Since AD is
perpendicular o AM, and AB is perpendicular to AC, angle BAD is equal to angle 5.
Therefore, the angle 6 can be found by the formula

AC
tan a-

Since ACis the speed of the vessel and AB is 902.46 cos L, approximately, the formula

can be written

tan 6ta -902.46 cos

where S is the speed and L the latitude of the vessel.
-- If the course of the vessel is not a cardinal direction, the resultant is still the

vector sum of two speed vectors, and can be found graphically or by computation.
One method is to resolve the vessel's speed vector into two components, as shown mi -5
figure 633b, obtaining the N-S component along the true meridian, and the B-' -A
component in the direction of rotation of the earth. The N-S component is equal to
S cos C, and the E-W component to S sin C, where C is the true course angle. The
total N-S motion is then S cos C. The total easterly motion is that due to rotation
of the earth plus or minus the E-W component of the ship's speed across the surface
of the earth, or 902.46 cos LtS sin C, approximately. The term S sin C is positive
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(+) for easterly courses and negative (-) for westerly courses. The formula for finding
Snow becomes t

S Cos C i

tan =902.46 cos LhS sin 0 (approx imately).

At ship speeds in latitudes less than 700, the term S sin C is much smaller than
902.46 cos L and has so little effect upon the answer that it can be ignored. The
angle a is small enough that its tangent can be considered the angle itself (expressed
in radians). That is, a tangent to a circle can be considered of the same length as an
arc of the circle over a short distance from the point of tangency. Therefore, the
formula for a can be written I 57.3 S cos C

or

5=0.0635 S cos C sec L.

As shown in this formula, the speed error a is affected by the three variables,
speed, course, and latitude. If the course has a northerly component, the error is
westerly; and if it has a southerly component, the error is easterly.

Ezample.-A ship at latitude 30°N is steaming on true course 0450, at a speed
of 20 knots.

Required.-Speed error.
k Solution.-

0.0635 log 8. 80277
S20 kn. log 1.30103
C N45E l cos 9. 84949J
L 30ON I see 10. 06247

1?04W log 10. 01576
Answer.-S 1?04W.

In some gyrocompasses this error is corrected mechanically. Speed and latitude
are set in by hand, and the cosine of the course is introduced automatically by means
of a "cosine cam" running in an eccentric groove on the underside of the azimuth gear.
In some compasses these corrections combine to offset the lubber's line by the correct
amount. Small changes in speed or latitude have relatively little effect upon the result.
Therefore, in normal operations, infrequent changes are sufficient for satisfactory
results. If no provision is made for mechanically applying this correction, a table or
curves can bt, used to indicate the correction to be applied mathematically to readitigs
of the compass. These are made up from the formula given above, and are entered
witi the speed, course, and latitude (art. 639).

634. Tangent latitude error applies only to those gyrocompassew in which damping
is accomplished by offsetting the point of application of the force from a mercury
ballistic (art. 631). It can be found from the -quation

a=r tan L

in which a is the damping error, r is the angle between the vertical through the spin
axis of the gyro rotor and a line through this axis and the point of applicatio:x of theforce from the mercury ballistic (2?7 for Sperry compasses), and L is the latitude.

The error is easterly in north latitude and westerly in south latitude.
Ezample.-A gyrocompass h& ing a value of r of 1.7 is at latitude 50*N.
Required.-The tangent latitude error.

"K.
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a=r tan L
=1?7X1.1918
=2?03E

Anewer.-a=2?03E.

As in the case of speed error, provision is made in most compasses (to which it
applies) for correcting this error. An auxiliary latitude-correction scale is provided
for this purpose. In some compasses this offsets the lubber's line. In others, it alters
the position of a small'weight attached to the casing near one end of the axle. The
first method is preferable because it is unaffected by changes of gyro speed of rotation.

If this error is not corrected mechanically, it can be combined algebraically with
speed error and a single set of tables or graphs made up. This is a method sometimes
used in polar regions, beyond the scale of the latitude corrections (arts. 639, 2514).

635. Ballistic deflecLan error.--When the north-south component of the speed
changes, an accelerating force acts upon the compass, causing a surge of mercury from
one part of the system to another, or a deflection (along the meridian) of the mass
of a pendulous compass. In either case, this is called ballistic deflection. It results in
a precessing force which introduces a temporary ballistic deflection error in the readings
of the compass unless it is corrected.

A change of course or speed also results in a change in the speed error, and unless
the correcting mechanism responds promptly to this change, a temporary error from
this source is also introduced. The sign of this error is opposite that of the ballistic
deflection, and so the two tend to cancel each other. If they are of equal magnitude
and equal duration, the cancellation is complete and the compass responds immediately
and automatically to changes of speed error. This can be accomplished by designing
the compass so that

B1=0.021! seecL
seL.

in which B is the pendulous moment of a pendulous compass and the couple per unit

angle applied by a mercury ballistic, H is the angular momentum of the gyro rotor,
and L is the latitude.

B.
Gyrocompasses using the fluid ballistic are often designed so that the ratio ir

correct for some particular latitude (as 410 pr 450) and accept the small residual error
that is temporarily present at other latitudes. This is satisfactory for vessels which
remain within relatively narrow limits of latitude, or which are seldom subjected to I -

large accelerating forces. However, where these conditions are not met, provision is
made for varying the ratio with latitude. In a compass having a mercury ballistic,

this is customarily accomplished by moving the mercury reservoirs radially toward
or away from the center of the compass, thus altering the value of B. In a pendulous
gyro, th- value of H is changed by altering the rotational speed of the gyro.

B.
When the ratio F is rs given in the equation above, the period of oscillation about

the vertical axis is given by the equation

T=-!

301A
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in which T is the period in minutes, R is the radius of the earth in feet (approximately
20,900,000) and g is the acceleration due to gravity (approximately 32.2 feet per second).
Substituting in the formula,

T=0. 107, 20,900,000 ,

=84 minutes (approximately).

This is sometimes stated as the period of a pendulum having a radius equal to
the radius of the earth, since the equation for a short pendulum is the same as that
given above with I (length) being substituted for R. More accurately, it is the period
of a pendulum of infinite length with its bottom at the surface of the earth, or the
largest period that a simple pendulum can have when acting under the gravitational
force of the earth. When a device is adjusted so as to have this period it is said to be"- "Schuler tuned," after Max Schuler, a German scientist who discovered the relation-

ship. It is because of this tuning of the gyrocompass that one oscillation occurs in
about 84 minutes, and that the maximum effect of certain disturbing forces occurs
about 21 minutes (one-fourth cycle) after application of the force.

636. Ballistic damping error is a temporary oscillatory error of a gyrocompass
introduced during changes of course or speed as a result of the means used to damp the
oscillations of the spin axis.

During a change of course or speed the fluid in the ballistic of the nonpendulous i
compass or in the damping tanks of the pendulous compass (art. 631) is accelerated.
As shown in figure 636, during the turn from the westerly to the northerly direction
the centrifugal force acting on the mercury causes an excess of mercury to accumulate
in the south tanks of the ballistic at A. Because of the offset connection of the mercury
ballistic, the excess mercury in the south tanks exerts a torque about the vertical axis
in addition to the one being exerted about the horizontal axis during the turn. This j
torque about the vertical axis produces a downward tilt of the north end of the gyro
axle at B as a result of precession. This tilt of the gyro axle causes an oscillation of the
spin axis to start as the centrifugal force diminishes to zero at C. This oscillation on a
compass with a damped period of about 84 minutes becomes a maximum at D. 21
minutes after the change of course is completed, and ends in about 2 hours.

The liquid in the damping tanks of the pendulous compass is subjected to the same
centrifugal force on change of course. An excess of liquid collects in one tank. This action
causes a torque and consequent movement of the spin axis from the meridian.

The ballistic damping error is eliminated in the nonpendulous compass by automat-
ically moving the point of application of the mercury ballistic from the offset positi6n
to the true vertical axis of the gyro whenever rates of change of course or speed exceed
certain limits. Moving the po-int of application of the mercury ballistic to the true verti-
cal axis eliminates the torque about this axis caused by the centrifugal force and pre-
vents the compass from going through a damped oscillation.

In the pendulous gyrocompass, the ballistic damping error is eliminated by auto-
matically closing a valve in the pipe line between the damping tanks whenever rates of
change of course or speed exceed certain limits.

637. Quadrantal error.--If a body mounted in gimbals is not suitably balanced, a -:

disturbing force causes it to swing from side to side. A swinging body tends to rotate
so that its long axis of weight is in the plane of the swing. The rolling of a vessel intro-
duces the force needed to start a gyrocompass swinging. The effect reaches a maximum
on intercardinal headings, midway between the two horizontal axes of the compass,

* "
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n:-URE 636.-Ballistic damping error.

and changes direction of error in consecutive quadrants. This is called quadrantal I
error, or sometimes intercardinal rolling error. It is corrected by the addition of weights
to balance the compass so that the weight is the same in all directions from the center.
Without a long axis of weight, there is no tendency to rotate during a swing.

A second cause of quadrantal error is more difficult to eliminate. As a vessel rolls,
the apparent vertical is displaced first to one side and then to the other, due to the
accelerations involved. The vertical axis of the gyrocompass tends to align itself with
the apparent vertical. If the vessel is on a northerly or southerly course, the pivot of
the compass is displaced from the vertical, resulting in a precession first to one side,
then to the other. The effect is negligible and would be exactly balanced if successivei rolls on opposite sides were equal. On ca easterly or westerly heading, the pivot re-

mains under the gyro axle, but the dynamic effect of the roll, acting upon the damping
Rmechanism, introducez a precessing force which causes an error. However, the period

is short and the error is in opposite directions on opposite rolls, so the effect is negligible.
On noncardinal headings, both effects are present, and the relationship is such that the

- -- i.error is in the same direction regardless of the direction of roll. Thus, a persistentI
error is introduced, which changes direction in successive quadrants. This error is
generally eliminated by the use of a second gyroscope. In some compasses, this is in
the form of a small gyroscope called a floating ballistic which stabilizes the point of -
application of the mercury ballistic with respect to the true vertical as the vessel rolls.
In others, two gyroscopes are used for the directive element and these are so installed
that they tend to precess in opposite directions. Thus, they neutralize each other.

--.

- -= , . .
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Another way of eliminating this error is to design the mercury ballistic system so that
the surge of liquid-due to north-south component of the roll is diminished in amount
and delayed so that it is about a quarter of a cycle out of phase with the roli.

638. Gimbaling error is that due to tilt of the compass rose. Directions are meas-
ured in the horizontal plane. If the compass card is tilted, the projection of its outer
rim into the horizontal is an ellipse, and the graduations are not equally spaced with
respect to a circle. This error, which applies to all instruments making use of a compass
rose that can be tilted, is discussed in article (art. 303, vol. II). For normal angles of
tilt, this error is small and can be neglected. For accurate results, readings should be
made when the card is horizontal. This error applies to the reading of the compass or its
repeaters (art. 643). rather than to the compass itself. If the compass and its repeaters
are installed so that the cuter gimbals are in the longitudinal axis of the vessel, this
error is minimized.

639. Use of the gyrocompass in polar regions is discussed in article 2514. If means
are not available for determining an equivalent setting or correction, a correction graph
can be constructed. Ballistic deflection error, quadrantal error, and gimballing error are
temporary or corrected in the design of the compass, and so can be ignored. Speed error
and tangent latitude error (if it applies to the particular compass involved) (An be com-
bined into a single table or curve of corrections, using the formulas of articles 633 and
634. In high latitudes the east-west component of the vessel's speed is significant, and
the error may be too large to consider its tangent equal to the angle itself expressed in
radians. Therefore, the applicable formulas are:

S cos C
tan =902.46 cos L±S sin 0 (1)

I

a=r tan L. (2) J
The only approximation remaining is the use of 902.46, which varies slightly with lati-
tude. The error thus introduced is not significant. The U. S. Navy gyrocompass error
curves for latitude 800 are shown in figure 639. From the intersection of the appropriate
speed curve and the radial line representing the true course (interpolating if necessary)_
a horizontal line is drawn to the vertical line through the origin, where the correction is
indicated. To construct the curve for speed 35 knots, proceed as follows:

1. Compute the speed error, 5, for true courses at intervals of perhaps 30'. As an
example, the error for course 2100 (C S30°W) is:

35X0.86603
tan 5=902.46X0.17365-35X0.50000 - -

=0.21773.
5= 12!3E.

The error is easterly because the course has a southerly component (art. 633).
2. Compute the tangent latitude error. The curves of figure 639 are for a value

N. of r of 1?7:

a=1?7X5.6713=976E.

In northern latitudes tangent latitude error is easterly.

i I
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3. Combine 6 and a algebraically to obtain gyro error (GE):
TC a GE

(. 0

000 12.6W 9.6E 3.0W
030 9.9W 9.6E 0.3W
060 5.3W 9.6E 4.3E
090 0.0 9.6E 9.6E120 5.3B 9.6E 14.9E

150 9.9E 9.6E 19.5E180 12.6E 9.6B 22.2B
210 12.3E M.E 21.9E
240 M.E 9.6B 17.5E
270 0.0 9.6E 9.6E

_ -300 7.9W 9.6E 1.7EM

330 12.3W 9.E 2.7W

4. To draw the curve, select a convenient origin and label this with the value of
a. Draw a vertical line through the origin and mark off a convenient scale such that
all values of 6 can be shown both above and below the origin. The zero on this scale
is at point a units above the origin (below in the Southern Hemisphere). Label the A
scale according to GE. Through the origin draw various radial lines at any convenient
interval to represent true courses. For each computed course draw a horizontal con-
struction line from the GE on the central scale to the appropriate radial line. The
intersection of each pair of lines is one point on the curve. Connect all such points
with a smooth curve, and erase the construction lines. If a straightedge or graph paper
is used, the construction lines need not be drawn.

It is good practice w the curve for the highert speed first, to be sure that
succeeding curves will fit. paper. From such curves the gyro courses correspond-
ing to various true courst .an be determined and the radial lines labeled with these
values for converting gyro directions to true directions.

The curves described in this article are for use when all correctors are set on zero, or
if no provision is made for mechanically correcting for speed and damping errors. If
the compass does not have a mercury ballistic, the tangent latitude error is omitted
from the calculations and curves.

640. Desirable characteristics of the gyrocompass.-Since a gyrocompass is not
affected by a magnetic field, it is not subject to magnetic compass errors (ch. VII),
nor is it useless near the earth's magnetic poles. If an error is present, it is the same on
all headings, and no table of corrections is needed. The directive force is sufficiently
strong to permit directional pick-off for use in remote-indicating repeaters, automatic
steering, dead reckoning and fire-control equipment, course recorders, etc.

641. Undesirable characteristics of the gyrocompass.-A gyrocompass is dependent j t _

upon a source of suitable electric power.
-: ..- If operation of the compass is interrupted long enough to permit uncertainty

in its indications, a considerable period (as much as four hours for some gyrocompasses)
may be needed for it to settle on the meridian after it reaches operating speed. This
period can be reduced by orienting the compass in the proper direction before it is

J. [started. If this is not practicable, the settling period can be hastened by leveling the
compass when it reaches the meridian (one-fourth of a cycle or 21 minutes after starting
at ma-imum deflection) or by leveling and precessing the gyro to the approximate U

meridian after its direction and rate of precession are observed for several minutes.
Either process may need to be repeated several times and foliowed by a settling period.
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The two main elements of the master compass (fig. 642b) are the compass element
and the supporting element. The compass element includes the sensitive element (me-
ridian and slave gyros), the phantom or follower element, and the gimbal. The supporting
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FiGURE 642a.-Nbrk 19 Gyrocompass System. A

element includes the frame and binnacle which provide a shock-mount support for the
compass element..

The control cabinet contains all controls and indicators necessary for the operation

of the equipment.
The compass failure annun-niator contains two indicator lights indicate a mal-

function of the compass system or failure of the vessel's 400 Hertz power supply.
The solid state power supply provides the power necessary for operation of the

master compass, control cabinet-, com~pass failure annunciator, and cha-ging batteries
used as emergency power. All other gyroc-ompass system components must be energized

_ -from ship porver. In the event of loss of ship power, the solid state supply- will continue
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FIGURE 642b.-Mark 19 master compass.

to operate from the batteries until the ship's line is restored or the batteries are I "
discharged. :

Fluid suspension of the sensitive element provides high shoc- tolerance and greatly A
- reduces the effect of accelerations. At running temperature, the specific gravity of the

gyrosphere is the same as that of the oil in which it is immersed. Since the gyrosphere is
in neutral buoyancy, it exerts no load on the - ertical bearings which, therefore, serve
only a,,. guides for the sphere.

The Mark 19 Gyrocompass has four modes of operation. The normal mode pro-
vides optimum performance up to latitude 750 . The fast settle mode provides acceler- - -

ated settling of the compass upon starting. The high latitude mode provides optimum
performance from latitude 750 to about latitude 860. The directional gyro mode enables M
operation of the compass as a free gyro with the spin axis oriented to grid north (art.
2510).

The Mark 19 Gyrocompass consists basically of two gyros (fig. 642c) placed with
their spin axes mutually perpendicular in the horizontal plane. The spin axis of one
gyro is directed along a north-south line, and the spin axis of the second is slaved to the
first along an approximate east-west line. The north-seeking or meridian gyro and the
slave gyro are mounted one above the other in a supporting ring. This ring is made to
follow the gyros in heading and tilt by azimuth, roll, and pitch servos. These servos
also drive the synchro transmitters which serve to supply output data.

The meridian gyro is essentially a gyrocompass. It furnishes indications of headingas well as tilt about the east-west axis. The slave gyro is essentially a free gyro and

furnishes only an indication of tilt about the north-south axis. Thus, the Mark 19
Gyrocompass provides heading, roll, and pitch data. I

In the meridian gyro of the Mark 19 Gyrocompass, the tilt is detected by a gravity
reference attached to the vertical ring in such a way that it is parallel to the gyro axle.
This device (electrolytic level) is a special level which transmits an electrical signal
with magnitude and sense according to tilt. Since the gravity reference and axle are

J. parallel and rigidly fixed with respect to one another, the signal emitted by the gravity _ -
reference is a measure of thc gyro axle tilt about the east-west axis. In the more recent
modifications of the gyrocompass, higher accuracy is obtained through the use of linear
accelerometers instead of electrolytic levels to sense the direction of gravity.

" 4z

N. -. .
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FIGun 642c.-Simplified diagran of the Mark 19 compass clemcnt,

The tilt signal, after amplification, is applied to the control fields of electrical I
torquers, as shown in figure 642d, whic'i cauze torques about the vertical and horizontal
axes. The torquers located about the horizontal axis are known as the azimuth torquers.
They apply a torque about the horizontal axis proportional to the amount of tilt of
the spin axis and cause the gyro to piecess in azimuth. The effect of this torque is the
same as making the gyro pendulous by attaching a heavy weight to the bottom of the
'vertical ring. When one end of the axis is tilted up, the rebulting torque about the lori-
zontal axis precesses the gyro in azimuth, i.e., about its vertical axis. z

The leveling torquer, located about the vertical axis of the gyro, applies a torque
about the vertical axis proportional to tilt and causes the gyro to precess about the
horizontal axis to reduce the tilt to zoro. The effect of this torque is the same as attaching
a weight to the east side of the sphere (art. 631). When one end of tie gyro axle is tilted
up, the asulting torque about the vertical axis precesses the high 3nd down. Thus, the
effect oi zhese two torques is to continually precess the axis to thu meridian and make
t- level.

The Technical Manual for the Mark 19 Gyrocompass should be referred to for
an explanation of the means used to control the compass.

The Mark 27 Gyrocompass (fig. 642e) consisting of two major components-the '",
naster compass imit and the compas electronics tinit-is designed for both military
and commercial, small to medium class vessels. The cquipment is powered by an internal
400 Hz solid state supply (inverter) operating from a 24 volt DC battery source or

,'~ .Q
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FtounE 642d.-Simplified diagram of electrical azimuth and leveling controls for meridian gyro.
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unit is an oil-filled sealed unit containing the sensitive element, fluid ballistic, and the
supporting gimibals and servo drive. The compass electronics unit contains the compass
controls, supporting solidzat electronics, and a, solid state power supply. A direct-
reading heading ind~icationl dial on the master compass has red illumination for night
viewing. The master compass can be provided with various types of electrical trans-
dlucers for transmission of the hoading data to remiote repeatcrs. The internal static
power supply has the capability to power either two step repeaters or two servo Sv'nchro
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repeaters. Additional repeaters can be accomodated with externally supplied power.
The master compass unit can be mounted on top of the compass electronics unit, or in a
remote location.

Fluid suspension of the sensitive element provides high shock tolerance and greatly
reduces the effect of accelerations. The sensitive element can be caged when not in use
prevent damage. The manually operated caging element is on top of the master.compass.

A fluid ballistic (art. 631) provides the gravitational torques to make the gyro seek
north. This ballistic consists of two interconnected brass tanks, partially filled with a
20 centistoke silicone fluid. The small bore of the tubing connecting the tanks retards
the free flow of fluid between the tanks. Because of the time it takes for the fluid to flow, 3
the disturbing effects of ship maneuvers and roll and pitch motion are minimized.

To compensate for the effect of changes in vertical earth rate due to change of
latitude, a manual latitude dial and a North/South switch is incorporated on the control
unit for producing an electrical torque on the gyrosphere. The switch and dial should
be properly positioned by the operator.

The Mark 227 Gyrocompass (fig. 642f) utilizes the basic Mark 27 design in a
configuration designed primarily for large commercial and auxiliary naval vessels.
The master compass, which is identical to the Mark 27 master compass except for
mounting facilities, is mounted in gimbals atop a deck-mounted console. All of the
controls, except for the caging control, power supplies, and repeater switches (for up to

oI

CWuTICeY of SperrY Marine Syctems.

FIGUIW. 642f.-Mnrk 227 Gyrocompass System.
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8 repeaters) are contained in the console. Standard units are equipp, with a step
transmitter and au: ,iary equipment to power 8 step repeaters. Synchros, either 60 or
400 Hz, can be added to supply single or single and 36-speed data. Input power to this
unit is 115 volt 60 to 400 Hz. Speed correction has been added and is set with a front
panel knob. The additional gimbals enable transmission of azimuth data free of error
due to deck tilt.

643. Gyrocompass repeaters.-A gyrocompass is customarily located at a favorable
position below decks, and its indications transmitted electrically to various positions
throughout the vessel. Each repeater consists of a compass rose on a suitable card so
mounted that the direction of the ship's head is indicated at a lubber's line. Although
the repeater may be mounted in aiy position, including vertically on a bulkhead, it is
generally placed in gimbals in a bowl, similar to the mounting of a compass, which it
resembles (fig. 643). This is true particularly of repeaters used for obtaining bearings.
A gyro repeater used primarily to indicate the gyro heading is sometimes called a
ship's course indicator.

Gyrocompass indications are also used in automatic steering devices, direction-
stabilized radarscopes, wind indicators, fire control equipment, etc.

A compass used to control other equipment, particularly repeaters, is sometimes
called a master compass. In the ease of a gyrocompass, it is usually called a master

- I
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Courtesy ofthrendt Instrument Co.

FiovUR 643.-A gyro repeater used as a ship's course indicator (Mark 2 Mod 5).

1
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gyrocompass. It is good practice to chck all repeaters periodically with the iraster
conipass to insure continued synchronization.

644. Gyro repeater accessorles.-Tho bearing circle and azimuth circle (art, 620)
are also used with tile gyro repeater for bearing and azimuth observations. A Okl,;.4cople
alidade (fig. 044) may also be provided for bearing observations from repeaters. ''ie
telescopic alidade is basically similar to tie beating circle, except that it is fitted with a
telescope instead of sighting vanes. The telescope of the telescopic alidade shown in
figure 644 is mounted on a ring that fits on the gyro repeater. The erecting telescope is
fitted with crosshir, level vial, polarizing light filter, and internal focusing. T'ihe optical
r:ystein projects the irnage of approximately 25 ° of the coimpass card together with it
view of the level vial onto the optical axis of the telescope. By this lMlans, both the
observed object and its bearing can be viewed at tile same time through the eyepiece.

Fiouitr 044.-Telexcopi aildade.

645. Pelorus.-Although it is desirable to have a colnpass, a c,teais repeater, or

an alil(lde for obtaining bearings, satisfactory results can )be obtainccl by means of an
inexpensive device known as a pelorus (fig 645). In appearance and iise this device
resembles a compass or compass repeater, with sighting vanes or a sighting telescope 
attached, but it has no directive properties. 'hat is, it remains at any rdative direction
to which it is set. It is generally used by setting 0000 at the lubber's line. Relative
bearings are then observed. They can be converted to bearings true, magnetic, grid,
etc., by addiny the appropriate heading. [he direct use of relative bearings is somietimes
of value. A l)clorut is useful, for iihstance, in deterrnining the moment at which an aid
to navigation is broad on the bearn. It is also useful in measuring pairs of relative
bearings for use with table 7 or for determining distance oir and distance aboaur without
a table.

If tile true heading is set at the lubber's line, true, bearings are observed directly.
Similarly, comipass hearings canm be observed if the compass heading is sot at the lb- I,
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FiGURE 645.-A pelorus.

her's line, etc. However, the vessel must be on the heading to which the pelorus is set
if accurate results are to be obtained, or else a correction must be applied to the
observed results. Perhaps the easiest way of avoiding error is to have the steersman
indicate when the vessel is on course. This is usually done by calling out "mark, mark,

__ mark" as long as the vessel is ithin a specified fraction of a degree of the desired zi
heading. The observer, who is watching a distant object across the pelorus. selects

19F an instant when the vessel is steady and is on course. An alternative method is to have
the observer call out "mark" when the relative bearing is steady, and the steersman
note the heading. If the compass is swinging at the moment of observation, the observa-
tion should be rejected. The number of degrees between the desired and actual headings
is added if the vessel is to the right of the course, and subtracted if to the left. Thus, if _
the course is 0600 and the heading is 0620 at the moment of observation, a correction
of 2' is added to the bearing.

Each observer should determine for himself the technique that produces the most
reliable results.

646. Course recorder.-A continuous graphical record of the headings of a vessel
can be obtained by means of a course recorder (fig. 646). In its usual form, paper
with both heading and time graduations is slowly wound from one drum to another,
its speed being controlled by a spring-powered clockwork mechanism. A pen is in
contact with the paper, tracing a line to indicate the heading at each moment. The
pen i,; attached to an arm controlled by indications from a compass, usually the master If'

gyrocompass.
647. Dead reckoning equipment.-The primary navigational functions of dead

reckoning equipment (DRE) are to (1) provide continuous indications of the vessel's
present latitude and longitude, and (2) provide a graphical record of the vessel's dead - -

reckoning trF-ck. In addition, most types of dead reckoning equipment provide means
for tracking one or more other craft, to obtain a graphical record of the other craft's
course and speed. This equipment is generally installed only on warships.

Dead reckoning equipment consists in general of four components: (i) an analyzer;
(2) latitude and longitude indicator dials; (3) a desk-size unit called a dead reckoning
tracer (DRT); and (4) a glass plotting surface over the dead reckoning tracer.

The analyzer receives directional signals from the vessel's gyrocompass, and dis-
tance signals from the underwater log. The course and distance data are transformed

I



192 LMSTRUMENTS FOR PILOTING AND DEAD RECKONING

-
E

Coutmai of Sp-yniin Mfse *m.

FIouRE 646.-A course recorder.

automatically to electrical signals proportional to the north-south and east-west com-
ponents of the vessel's movement. These distance signals are transmitted to the
latitude and longitude indicators, changing their readings by the correct amount to
indicate the new latitude and the new longitude in degrees and minutes. Since the
number of miles the north-south component of distance traveled is nearly equal to the
change in latitude expressed in minutes, the latitude indicator is fed directly. Depar-
ture (art. 204) is automatically tranformed to difference of longitude before being
registered on the longitude indicator dials. If the indicator dials are correctly set tolatitude and longitude, they continuously show subsequent dead reckoning positions

of the vessel.
The north-south and east-west component signals from the analyzer are also

transmitted to the DRT (fig. 647), where they control the motion of a pencil which
moves across a chart or plotting sheet attached to the DRT base. The pencil draws
a line which conforms to the maneuvers of the vessel. The mechanism can be set to
plot the track at any scale from Y mile per inch (Ko mile on some) to 16 miles per inch.

- A clock-controlled contact lifts the pencil from the paper for 15 seconds of each minute
and for a longer period each 10 minutes, thus providing automatic time measurement.
The penui! carriage can be moved manually to any part of the chart for initial setting
and the direction of travel can be adjusted so that the chart can be placed with any
cardinal direction "up."

The cover of the DRT is a sheet of glass to which a plotting sheet or blank paper
can be fastened. An electric lamp on the top of the pencil carriage throws a spot of
light. through the paper directly over the carriage, thus providing a moving reference
scaled to the course and speed of the vessel. If the position of the spot of light is marked
periodically on the paper, a e-cond record of the vessel's track is obtained. However,

- t.
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FiOURP 647.-A dead reckoning tracer. Courtesy of Atrendt Instrument Co.

the principal use of this sheet is for plotting successive positions of another craft, using
the spot of light as the origin. A polar grid centered on the light may be projected onto
the paper to facilitate measurement. The course of the other vessel can be measured
directly from the plot, and its speed can be determined by means of the time needed to
travel any distance measured on the plot. This process is called tracking. If the ranges
and bearings are plotted from a fixed point, relative movement is determined, a practice
commonly followed in connection with radar.

While dead reckoning equipment is a great convenience, particularly when changes
of course or speed are numerous, its indications should be checked by graphical plot
on the chart or plotting sheet. Reliable dead reckoning is too important I be left

- entirely to mechanical equipment without an independent check.

II
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CHAPTER VII -

~~COMPASS ERROR

Magnetism

701. Theory of magnetism. -The fact that iron can be magnetized (given the
ability to attract other iron) has been known for thousands of years, but the explanation
of this phenomenon has awaited the recently acquired knowledge of atomic structure.

According to present theory, the magnetic field around a current-carrying wire and
the magnetism of a permanent magnet are the same phenomenon-fields created by
moving electrical charges. This occurs whether the charge is moving along a wire,
flowing with the magma of the earth's core, encircling the earth at high altitude as a
stream of charged particles, or rotating around the nucleus of an atom.

It has been shown that microscopically small regions, called domains, exist in
iron and other ferromagnetic substances. In each domain the fields created by electrons
spinning around their atomic nuclei are parallel to each other, causing the domain to
be magnetized to saturation. In a piece of unmagnetized iron, the directions of the
various domains are arranged in a random manner with respect to each other. If the
substance is placed in a weak magnetic field, the domains rotate somewhat toward the
direction of that field. Those domains which are more nearly parallel to the field increase
in size at the expense of the more non parallel ones. If the field is made sufficiently
strong, entire domains rotate suddenly by angles of as much as 900 or 1800 so as to
become parallel to that "crystal axis" which is most nearly parallel to the direction of
the field. If the strength of the field is increased to a certain value depending upon
individual conditions, all of the domains rotate into parallelism with the field, and the
iron itself is said to be magnetically saturated. If the field is removed, the domains
have a tendency to rotate more or less rapidly to a more natural direction parallel to 1
some crystal axis, and more slowly to random directions under the influence of thermal I -

agitation.
Magnetism which is present only when the material is under the influence of an

external field is called induced magnetism. That which remains after the magnetizing
force is removed is called residual magnetism. That which is retained for long periods j
without appreciable reduction, unless the material is subjected to a demagnetizing I
force, is called permanent magnetism.

Certain substances respond readily to a magnetic field. These magnetic materials I
are principally those composed largely of iron, although nickel and cobalt also exhibit
magnetic properties. The best magnets are made of an alloy composed mostly of iron,
nickel, and cobalt. Aluminum and some copper may be added. Platinum and silver,
properly alloyed with other material, make excellent magnets, but for ordinary purposes

- the increased expense is not justified by the improvement in performance. Permanent
magnets occur in nature in the form of lodestone, a form of magnetite (an oxide of iron)
possessing magnetic properties. A piece of this material constitutes a natural magnet.

702. Hard and soft iron.--In some alloys of iron, the crystals can be so arranged
and internally stressed that the domains remain parallel to each other indefinitely, and
the metal thus becomes a permanent magnet. Such alloys are used for the ntgnets of
a compass. In other kinds of iron, the domains reorient themselves rapidly to conform
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to the direction of a changing external field, and soon take random directions if the field
is removed. A ferromagnetic substance which retains much of its magnetism in the
absence of all external field, is said to have high remanence or retentivity. The strength
of a reverse field (one of opposite polarity) required to redi.ce the magnetism of a magnet
to zero is called the coercivity or coercive force of the magnet. Hence, a compass magnet.
should have high remanence in order to be strong, and high coercivity so that stray fields
will not nateriallv affect it. For convenience, iron is called "hard" if it has high rema-
nence, and "soft" if it has low remanence. Permeability (pA) is the ratio of the strength
of the magnetic field inside the metal (B) to the strength of the external field

B
(H), or =--H

703. Lines of force.-'rhe direction of a magnetic field is usually represented by
lines, called lines of force. Relative intensity in different parts of a magnetic field is
indicated by the spacing of the line- of force, a strong field having the lines close together.
If a piece of umnagnetized iron is l)laced in a magnetic field, the lines of force tend to
crowd into the iron, following its long axis, and the field is stronger in the vicinity of the
iron, somewhat as shown in figure 703a. If the iron becomes l)ermanently magnetized
and is removed from this field, the lines of force around the iron follow paths about as
shown in figure 703b. _4

-- --

-I- -

FIGURE 703a.-LineE of force crowd
into ferromagnetic material placed FmGFU 703b.-Ficld of a permanent A
in al magnetic field. nagnet.

704. Magnetic poles.-The region in which the lines of force enter the iron is called
the south pole, and the region in which they leave the iron is 'alled the north pole.
Thus, the lines of force are directed from south to north within the magnet, and from
north to south in the external field. Every magnet has a north pole and a south pole.
If a magnet is cut into two pieces, each becomes a magnet with a north pole and south
pole. A single pole cannot exist independently. If two magnets are brought close to-
gether, unlike poles attract each other and like poles repel. Thus, a north pole attracts a
south pole but repels another north pole.

The earth itself has a magnetic field (art. 706), with its magnetic poles being some
distance from the geographical poles. If a permanent bar nmagnet is supported so that
it can turn freely, both horizontally and vertically, it aligns itself with the magnetic
field of the earth, which at most places is in a general north-south direction and inclined j..
to the horizontal. Since the north pole of the magnet points in a northerly direction, the

I earth's magnetic pole in the Northern Hemisphere has south magnetism. Nevertheless, 71

it is called the north magnetic pole because of its geographical location. For a similar
reason, the pole in the Southern Hemisphere, although it has north magnetism, is called
the south magnetic pole. To avoid confusion, north magltism is usually called "red,"
and south magnetism, "blue." The red (north) pole of a magnet is usually painted red,

A
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and in some cases the south (blue) pole is painted blue. The n. gnetic pole of the
earth is a blue pole, and the south magnetic pole is a red pule.

705. The magnetism of soft iron, in which remanene is tow, depends vron the
position of the iron with respect to an external field. It i, sty igest ;U the i--ig axis is
parallel to the lines of force, and decreases to a minimum if ihe n. '4,d i, rotated so
that the long axis is perpendicular to the lines of force. Figure 70,; sb r" ree positions
of a bar magnet with respect to a magnetic field. At position A the pole at the upper
end of the bar is red and relatively strong. As the bar is rotated toward position Y, the
upper end remains red, but its strength decreases. At position Y, no pole is apparent at
either end, but a red pole extends along the entire left. side of the bar, and a blue pole
along the right side. Poles are strongest when c.,icentrated into a small area. Hence,

when spread over an entire side, as at position Y, they are relatively weak. At position
Z. the upper end is blue.

FIGuRy 705.-The polarity of a soft iroln bar in :i
inagnetir field.

The change in polarity as a bar of soft iron is rotated in a magnetic field can easily
be demonstrated. If a bar of soft iron is placed vertical in northern magnetic latitudes "
(as in any part of the United States), the north (red) end of a compass magnet brought
near it will be attracted by lie upper end of the bar, and repelled by the lower end. If
the bar is inverted, so that its ends are interchanged, the upper end (which as the lower
end previously repelled the compass needle) will attract the north end of the needle,
and the lower end will repel it. Thus, the polarity of the rod is reversed, either end
having blue magnetism if it is at the top. This changing polarity of soft iron in the
earth's field is a major factor affecting the magnetic compasses of a steel vessel.

706. Terrestrial magnetism.-The earth itself can be considered to be a gigantic
magnet. Although man has knou for many centuries that the earth has a magnetic
field, the origin of the magnetism is not completely understood. Nevertheless, the 41
horizontal component of this field is a valuable reference in navigation, for it provides
the directive force for the magnetic compass, which indicates the ship's heading in
relation to the horizontal component of this field.

The world-wide pattern of the earth's magnetism is roughly like that which would
result from a short, powerful, bar magnet near the earth's center, as shown in figure 706. -
The geographical poles are at .he top and bottom, and the magnetic poles are offset
somewhat. from them. This representation, however, is greatly simplified. The actual
field is more complex, and requires measurement of its strength and direction at many
places (art. 707) before it can be defined accurately enough to be of practical use to the
navigator. Not only are the magnetic poles offset from the geographical poles, but the

A_.
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magnetic poles themselves are not 1800 apart and, in general, a magnetic compass
aligned with the lines of force does not point toward either magnetic pole. In 1975, the
north magnetic pole was located at latitude 76? IN, longitude 100.0W, approximately,
to the northward of Prince of W-iles Island; and the south magnetic pole was at. latitude
65?7S, longitude 139?4E, approximately, off the coast of the northeastern part. of
Wilkes Land. However, the magnetic poles are not stationary. The entire magnetic
field of the earth, including the magnetic poles, undergoes a small daiiv or diurnal

change, and a very slow, progressive secular change. In addition, temporary sporadic
changes occur from time to time during magnetic storms (art. 2526). During a severe
storm, variation may change as much as 50, or more. However, such disturbances are
never so rapid as to cause noticeable deflection ,of the compass card, and in most navi-
gable waters the change is so little that it. is not significant in practical navigation. Even
when there is no temporary disturbance, the earth's field is considerably more intricate
than indicated by an isomagnetic chart (art. 708). Natural magnetic irregularities oc-
curring over relatively small areas are called magnetic anomalies by the magneticians,
but the navigator generally refers to these phenomena as local disturbances. Notes
warning of such disturbances are shown on charts. In addition, artificial disturbances
may be quite severe when a vessel is in close prodmity to other vessels, piers, machinery,
electric currents, etc.

- / /

+ - -

FIGRE 706.-The magnetic field of the earth.

The elements of the earth's field are as follows: 
Total intensity (F) is the strength of the field at any point, measured in a direction

I,. rallel to the field. Intensity is sometimes measured in oersteds, one oersted being equal
to a force of one dyne acting on a unit pole. The range of intensity of the earth's field
is about 0.25 to 0.70 oersted. For convenience in geomagnetic surveying, a small unit
is used, called the gamma. One oersted equals 100,000 gammas, so that the range of
intensity of the earth's field is about 25,000 to 70,000 gammas.

Horizontal intensity (H) is the horizontal component of the total intensity. At
the magnetic equator, which corresponds roughly with the geographic equator, the field
is parallel to the surface of the earth, and the horizontal intensity is the same as total
intensity. At the magnetic poles of the earth, the field is vertical and there is no
horizontal component. The direction of the horizontal component at any place defines

qr
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the magnetic meridian at that. place. This component provides the desired directive
force of a magnetic compass.

North component (X) is the horizontal intensity's component along a geographic
(true) meridian.

East component (Y) is the horizontal intensity's compo- int perpendicular to the
north component.

Vertical intensity (Z) is the vertical component of the total intensity. It is zero
at the magnetic equator. At the magnetic poles it is the same as the total intensity.
While the vertical intensity has no direct effect upon the direction indicated by a
magnetic compass, it does induce magnetic fields in vertical soft iron, and these may
affect the compass.

Variation (V, Var.), called declination (D) by magneticians, is the angle between
the geographic and magnetic meridians at any place. The expression magnetic variation
is used when it is necessary to distinguish this from other forms of variation. This
element is measured in anglar uits and named east or west to indicate the side of true
north on which the (magnetic) northerly part of the magnetic meridian lies. Fo
computational purposes, eas'erly variation is sometimes designated positive (+)
and westerly variation negative (-). Grid variation (GV) or grivation is the angle
between the grid and magnetic meridians at any place, measured and named in a me r-er
similar to variation.

Magnetic dip (I), called inclination (I) by magneticians, is the vertical angle,
express ed in angular units, between the horizontal at any point and a line of fo~rce
through that point. The magnetic latitude of a place is the angle having a tangent
equal to half that of the magnetic dip of the llace.

At a distance of several hundred miles above the earth's surface, the magnetic field
surrounding the earth is believed to be uniform, as it appears in filure 706, and centered
around two geomagnetic poles. These do not coincide with cither the magnetic poles -

(art. 704) or the geographical poles. However, they are 180' apart, the north geo-
magnetic pole being at latitude 7805N, longitude 69*W (near Etah, Greenland) and
the south geomagnetic pole being at latitude 78?5S, longitude I 1*1E. The great circles
through these poles are called geomagnetic meridians. That geomagnetic meridian 1
psnthrough the south is the origin for meastirement of gee-
magnetic longitude, which is measured eastward through 3600. The complement of the
are of a geomagnetic meridian from the nearer geomagnetic pole to a place is called the
geomagnetic latitude. When the sun is over the upper branch of the geomagnetic merid-
ian of a place, it is geomagnetic noon there, and when it is over the lower branch of the
geomagnetic meridian, it is geomagnetic midnight. Theangle between the lower branch
of the gcomagnetic meridian of a place and the geomagnetic meridian over which the
sun is located is called geomagnetic time. The diurnal change is related to geomagnetic
time. The auroral zones (art. 2526) are centered on the geomagnetic poles.

707. Measurement of the earth's magnetic field is made continuously at about 70
permanent magnetic observatories throughout the world. In addition, large numbers
of temporary stations are occupied for short periods to add to man's knowledge of the
earth's field. In the past, measurements at sea have been made by means of nonmagnetic
ships constructed especially for this purpose. However, this is a slow and expensive

t mettiod, and quite inadcquate to survey properly the 71 percent of the e-rth's surface
covered with water. Since World War II, a satisfactory airborne magnetometer has
been developed by the U. S. Navy. By means of this instrument, continuous readings
can be recorded automatically durng long overwater flights.

708. Isomagnetic charts showing lines of equality of some magnetic element are
published by the Defense Mapping Agency Hydrographic Center. The magnetic d'ita
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are compiled by the United States Geological Survey with the assistance of the National
Oceanic and Atmospheric Administration and in collaboration with the U. S. Naval
Oceanographic Office. The three charts of each element consist of one on the Mercator
projection (art.. 305) covering most of the world, and one on a polar projection (azi-
muthal equidistant (art. 320) or stereographic) for each of the two polar areas. All
charts now included in the series are published at intervals of 10 j ears, showing the
values for the beginning of each year ending in five. Charts showing variation are also
published for the years ending in zero (1950, 1960, etc.).

The isomagnetic chart of most concern to a navigator is chart 42, Magnetic Varia-
tion, a simplified version of which is shown in figure 708a. The lines connecting points
of equal magnetic variation are called isogonic lines. These are not magnetic meridians S
(lines of force). The line connecting points of zero variation is called the agonic line.
Variation is also shown on nautical charts. Those of relatively small scale generally
show isogonic lines. Those of scale larger than 1:100,000 generally give the "nformation
in the form of statements inside compass roses placed at various places on the chart,
and sometimes, also, by a magnetic compass rose within the true compass rose and offset
from it by the amount of the variation. By means of this arrangement, true dirctions can
be plotted without arithmetically applying variation to magnetic directions, or magnetic
directions can be read directly from the chart. The magnetic compass rose is genefally
graduated in both degrees and points. Variation is given to the nearest 15', and the
annual change to the nearest 1'. However, since the rate of change is not constant, a
very ol chart should not be used, even though it has been corrected for all changes
shown in ATotirQ to Mariners.

Another isomagnetic chart of value to the mariners is chart 30, M1agnetic Incli&
nation or Dip, figure 708b. Lines connecting points of equal magnetic dip are called
isoclinal lines. The line connecting points of zero dip is called the magnetic equator.

Other isomagnetic charts are chart 33, showing horizontal intensity in gammas
(art. 706); chart 36, showing vertical intensity in gammas; and chart 39, showing
total intensity in gammas. Lines connecting points of equal intensity on any of these
charts are called isodynamic lines.

Other isomagnetic charts show (1) magnetic inclination in north and south polar
areas; (2) horizontal intensity, including horizontal intensity in north and south polar
areas; (3) vertical intensity, including vertical intensity in north and south polar areas;
(4) total intensity, including total intensity in north and south polar areas; (5) magnetic
variation in north and south polar areas; and (6) magnetic grid variation.

All of the isomagnetic charts also show isopors, in a distinctive color, connecting
points of equal annual change of the element at the epoch of the chart.SThe charts are as accurate as can be made wvith available information, except that _A
the lines are smoothed somewhat, rather than depicting every small irregularity.

The larger irregularities are reflected in the information shown on nautical charts,
but local disturbance is indicated by warning notes at appropriate places. In areas
where measurements of tile magnetic field have not been made for a long period,
the previous information is altered in accordance with the best information available
on secular change, with some adjustment to provide continuous smooth curves. When
information is thus carried forward for many years, errors may be introduced, particu-
larly in 'ireas where the rate c^ change is large and variable. Magneticians have not
detected a recognizable wvordv'ide 1)attern in secular change, such as would occur if it
were due only to shifting of the positions of the magnetic poles. Rather, these shifts
are part of the general complex, little-understood secular change.

i\." -
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The Compass Error

709. Magnetic compass error.-Directions relative to the northerly direction
along a geographic meridian are true. In this case, true north is the reference direction.
If a compass card is horizontal and oriented so that a straight line from its cent,r to
0000 points to true north, any direction measured by the card is a true direction and
has no error (assuming there is no calibration or observational error). If the card
remains horizontal but is rotated so that it points in any other direction, the amount
of the rotation is the compass error. Stated differently, compass error is the angular

difference between true north and compass north (the direction north as indicated by
a magnetic compass). It is named east or west to indicate the side of true north on
which compass north lies. Z

if a magnetic compass is influenced by no other magnetic field than that of the
earth, and there is no instrumental error, its magnets are aligned with the magnetic
meridian at the compass, and 0000 of the compass card coincides with magnetic north.
All directions indicated by the card are magnetic. As stated in article 706, the angle
between geogral)hic ad magnetic meridians is called variation (V or Var.). Therefore,
if a compass is aligne with the magnetic meridian, compass error and variation are
the same.

When a compass is mounted in a vessel, it is generally subjected to various mag- 41
netic influences other thn that of the earth. These arise largely from induced mag-
netism in metal decks, bulkheads, masts, stacks, boat davits, guns, etc., and from
electrompgnetic fields associated with direct current in electrical circuits. Some metal
in the vicinity of the compass may have acquired permanent magnetism. The actual
magnetic field at the compass is the vector sum, or resultant (art. 118, vol. II), of all
individual fields at that point. Since the direction of this resultant field is generally 1
not the same as that of the earth's field alone, the compass magnets do not lie in the
magnetic meridian, but in a direction that makes an angle wif 1 it. This angle is called
deviation (D or Dev.). Thus, deviation is the angular difference between magnetic
north and compass north. It is expressed in angular units and named east or west to :
indicate the side of magnetic north on which compass north "es. Thus, deviation is
the error of the compass in pointing to magnetic north, and all directions measured
with compass north as the reference direction are compass directions. Since variation
and deviation may each be either east or west, the effect of deviation may be to either
increase or decrease the error due to variation alone. The algebraic sum of variation and

deviation is the total compass error.
For computational purposes (art. 727), deviation and compass error, like variation,

may be designated positive (+) if east and negative (-) if west.
Variation changes with location, as indicated in figure 708a. Deviation depends

upon the magnetic latitude and also upon the individual vessel, its trim and loading,
whether it is pitching or rolling, the heading (orientation of the vessel with respect to ;.

the earth's magnetic field), and the location of the compass within the vessel. Therefore,
deviation is not published on charts.

710. Deviation table.--In practice aboard ship, the deviation is reduced to a
minimum, as explained later in this chapter. The remaining value, called residual
deviation, is determined on various headings and recorded in some form of deviation
table. Figure 710 shows both sides of the form used by the United States Navy. This
table is entered with the magnetic 'ieading, and the .leviation on that heading is deter-
mined from the tabulation, separate columns being given for degaussing (DG) off and
on (art. 740). If the deviation is not more than about 20 on any heading, satisfactory "--
results may be obtained by entering the values at intervals of 450 only.

T\.
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FIGURE 710.--Deviation table.

If the deviation is small, no appreciable error is introduced by entering the table
with either magnetic or compass heading. If the deviation on some headings is large,
the desirable action is to reduce it, but if this is not practicable, a separate deviation
table for compass heading entry may be useful. This may be made by applying the
tabulated deviation to each entry value of magnetic heading, to find the corresponding
compass heading, and then interpolating between these to find the value of deviation
at each 15' tompass heading. Another method is to plot the values on cross-section
paper and select the desired values graphically.

A nomogram especially designed for interconversion of magnetic and compass
headings is called a Napier diagram, having been devised by James Robert Napier
(1821-79). It consists of a dotted, vertical centerline graduated from 0000 to 3600
(usually in two parallel parts of 1800 each), with two series of crosslines making angles
of 60' with the dotted vertical line and with each other. If magnetic headings are used,
deviation is measured along a solid crossline; and if compass headings are used, devia-
tion is nleasured along a dotted crossline. A deviation curve is drawn through the
various points. To convert a magnetic heading to a compass heading, one finds the

II
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magnetic heading on the vertical centerline, moves parallel to a solid crossline until
the curve is reached, and returns to the centerline by moving parallel to a dotted line.
The compass heading is the value at the point of return. The reverse process is used
for converting a compass heading to a magnetic heading. This nomogram is of par-
ticular value where the deviation is lsrge and changing rapidly. It is now possible,
however, to reduce deviation to such small values that the Napier diagram has lost

much of its appeal and is seldom used.
Another solution is to make a deviation table with one column for magnetic

heading, a second column for deviation, and a third for compass heading. Still an-
other solution, most l)opular among yachtsmen, is to center a compass rose inside a
larger one so that an open space is between them, and a radial line would connect points
of the same gi araduition on both roses. Each lnagnetic heading for which deviation
has been (letermined is located on the outer rose, and a straight line is drawn from
this l)oint, to the corresponding compass heading on the inner rose.

A variation of this method is to draw two )arallel lines a short distance apart, and
graduate each from 0 to 360 so that a perl)endicular between the two lines connects
points of the same graduation. Straight lines are drawn from magnetic directions on
one line to the corresponding compass directions on the other. If the lines are hori-
zontal and the upper one represents magnetic directions, the slope of the line indicates
the direction of the deviation. That is, for westerly deviation the upper part of the 1
connecting line is left (west) of tile bottom paart, and for easterly deviation it is right.

An important point, to remember regarding deviation is that it varies with the I
rheadig. Therefore, a deviation table is never entered with a bearing (art. 1004). If the

& deviation table converts directly from one type heading to another, deviation is foundI

by taking the difference betwee'n the two values. On the compass rose or straight-linc
type, the deviation call be written alongside the connecting line, aod the intermediate 1
values determined by estimate. If one has trouble determining whether to add or
subtract deviation when bearings are involved, lie has only to note which heading, l
magnetic or compass, is larger. The same relationship holds between the two values
of bearing. -_

The devii.tion table should be protected from (amage due to handling or weatherA
and placed in i position where it will always be available when needed. A method -
commonly used ; to mount it on a board, cover it with shellac or varnish, and attach
it to the binnacle. Another method is to post it under glass near the compass. It is good
practice for the navigator to keep a second copy available at a convenient place for
his use. I

711. Applying variation and deviation.-As indicated in article 709, a single diree-
tion may have any of several numerical vfalues depending upon the reference direction
used. One should keel) clearly in mind the relationship between tile various expressions
of a direction. Thus, true and magnetic directions differ by the variation, magnetic -

and compass directions differ by the deviation, and true and compass directions differ
by the compass error. Other relationships are also useful. Thus, grid (art. 2510) and
magnetic directions (liffer by the grid variation or grivation, and true and relative -A
diroetions differ by the true heading. The use of variation and deviation is considered -
here. Other relationships are discussed elsewhere in this volume. MP

If variation oi deviation is easterly, the compass card is rotated in a clockwise
direction. This brings smaller numbers opposite the lubber's line. Conversely, if
either error is westerly, the rotation is counterclockwise and larger numbers are broughti opposite the lubber's line. Thus, if the heading is 0900 true (fig. 711, A) and variation
is 60E, the magnetic heading is 090 0-6 0 =084' (fig. 711, B). If the deviation on this
heading is 20W, the compass heading is 084o+2°=086* (fig. 711, C). Also, compass -

- .
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error is 6°E-2 0 W=4°E, and compass heading is 090-40=086°. If compass erroi
easterly, the coipass reads too low (in comparison with true directions), and if it i,
westerly, the reading is too high. Many rules-of-thumb have been devised as an aid
to the memory, and any which assist in applying compass errors in the right direction
are of value. However, one may forget the rule or its neethod of application, or may
wish to have an independent cheek. If he understands the explanation given above,
he can determine the correct sign without further information. The same rules apply
to the use of gyro error. Since variation and deviation are compass errors, the process
of removing either from an indication of a direction (converting compass to magnetic
or magnetic to true) is often called correcting. Conversion in the opposite direction
(inserting errors) is then called uncorrecting.

90 90

o oo 931
03 0

0Q

900

80 9 0 0 80 90 80 90

FIGUr 711.-Effect of variation and deviation on the compass card.

Example.-A vessel is on co'mrse 2150 true in an area where the variation is 7°W.
The deviation is as shown in figire 710. Degaussing is off. The gyro error (GE) is I E.
A lighthouse bears 30615 b- tmignetic compass.

Required.-(1) Magnede heading (MH).
(2) Deviation.
(3) Compass heading (CH).
(4) Compass error.
(5) Gyro heading. -
(6) Magnetic bearing of the lighthouse.
(7) True bearing of the lighthouse.
(8) Relative bearing (art. 904) of the lighthouse.
Solution.-

TH 2150
\V 70W --

(1) MH 2220
(2) D 1?SW
(3) CH 223?5

"- .. .. ... _-
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'rhe deviation is taken from the deviation table (fig. 710), to the nearest half degree.
(4) Compass error is 70W+1?5W=80 5W"

TH 2150
GE 10E
(5 ~c2140
CB 30605

D 1?5W
(6) MB 3050

V 70W
(7) TB 2980

(8) RB=TB-TH=2980 -2150=083.
Answers.-(1) MH 2220, (2) D 1?5W, (3) CH 223?5, (4) CE 8?5W, (5) H,,e 2140, 1

(6) MB 305', (7) TB 2980, (8) RB 0830.

Deviation and its Reduction

712. Magnetism of a steel vessel.--The materials of which a vessel is constructed
are not, in general, selected for their magnetic properties. As a result, many degrees
of permeabilit, remanence, and coercivity (art. 702) exist within its structure. De- -
tailed analysis of the complex field existing at a magnetic compass is a specialized
study not ordinarily required of the navigator. However, a general knowledge of the
basic principic, involved is of value to the navigator in helping him understand better
the behavior of his magnetic compasses.

For most puposes, a vessel can be considered to be composed of two types of
material: "hard iron" and "soft iron."

"Hard iron" is all material having some degree of permanent magnetism. This
magnetism is acquired largely during construction of the vessel, when the rearrangement
1)f the domains (art. 701) is facilitated by the bending, riveting, welding, and other
violent mechanical processes. Since a vessel remains on a constant magnetic heading
while it is on the building ways, a field of permanent magnetism becomes established,
the positions of the poles being dependent largely upon the orientation of the hull with
respect to the magnetic field of the earth. If a vessel is constructed on a heading of
magnetic north, at a place where the magnetic dip is 70ON (the approximate value at the
midpoint of the east coast of the United States), its field of permanent magnetism is
about as shown at the left of figure 712. The upper and stern portions are magnetically
blue, while the lower and forward portions are magnetically red. If the vessel is built
on a heading of magnetic east, the starboard and upper portions are blue, and the port
and lower portions are red, as shown by the stem view at the right of figure 712. If the
heading is magnetie northeast, the upper, starboard, and stem portions are blue, and
the lower, port, and forward portions red. The red end blue portions for any given
vessel can be visualized by drawing a sketch similar to that of figure 712, with the + AA
correct orientation.

The "permanent" magnetism thus acquired during construction is less permanentthan tha. of a permanent magnet such as one of those Used in a compass, and is modified
somewhat after launching, particularly if the vessel remains on another heading for a I
considerable time during fitting out. The change is especially rapid during the first
few days after lOu Aching, when the domains of the softer iron become reoriented. At
this stage, deviation due to permanent magnetism may change several degrees. Further 4
changes in the vessel's permanent magnetism may occur during long periods of being
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FIGumB 712.-Permanent inagnetismn of .a vessel built on heading magnetic north (left) and magnetic
east (right) at a place where the magnetic dip is 70-N.

moored on a constant heading, or during a run of several days on nearly the same
heading. This change is gradual and affects the strength, but usually not the polarity,
of the magnetic field. The permanent field may be changed quickly, in polarity as
well as in strength, if the vessel grounds, collides with another vessel, i: struck by
lightning, undergoes magnetic treatment (art. 742), fires its guns, or is struck by shells
or bombs, etc. j

The effect that the permanent magnetism of hard iron has upon a compass depends
upon the position and strength of the poles relative to the compass. When the poles
are in line with the north-south axis of the compass card, the only effect is to strengthen
or weaken the directive force of the compass. When the compass heading is approxi-
mately 900 away, so that the poles are east and west of the compass, the deviating A
effect is maximum. The direction of the deviation is the same as that of the blue pole
with respect to the compass.

"Soft iron" is all that material in which induced magnetism (art. 701) is present.
With respect to its effect upon the magnetic compass, it is classed as either vertical or
horizontal. Unlike hard iron, its magietic field changes quickly as its orientation with
respect to the earth's field changes. It also changes as the strength of the earth's field
changes. For some purposes induced magnetism can be treated as if it were concen-
trated in two bars of soft iron, one vertical and the other horizontal. The polarity
depends upon the position of the vessel relative to the earth's magnetic field, and the
strength depends upon the strength of the vertical and horizontal components of the
earth's field. This is illustrated in figure 712. In north magnetic latitude the bottom
of the vertical rod has red magnetism and the top has blue magietism. In south mag-
netic latitude these are reversed. In both north and south magnetic latitudes the
magnetic north end of the horizontal bar has red magnetism, and the magnetic south
end has blue magnetism. Thus, whatever the position of the rod, that part in the-
direction of magnetic north has red magnetism, and that part in the direction of mag-
netic south has blue magnetism. That is, each end has magnetism opposite to that of
the magnetic pole indicated by the direction in which it is pointed.

The effect upon a magnetic compass of the induced magnetism in soft iron depends
upon the strength and direction of the field relative to the compass. The cumulative
effect of the induced magnetism in vertical soft iron is generally on the centerline of the Zi

It_
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vessel (if of conventional construction), and for a compass located forward, as on
the bridge, is aft of the compass. In magnetic north latitude the effect is generally
that of a blue pole at the level of the compass card. In magnetic south latitude the
pole is red. On a heading of compass north or south the pole is in line with the magnets
of a centerline compass and serves only to strengthen or weaken the directive force.
Oi a heading of compass east or west the pole is perpendicular to the north-south
axis of the compass card, and the deviating force is greate-st.

For a compass located on the centerline of a vessel of conventional construction,
the horizontal soft iron close enough to have appreciable effect upon the compass is
arranged in a more-or-less symmetrical manner with respect to the compass. Thus,
on any cardinal compass heading, the fore-and-aft and athwartship horizontal soft iron
is either in line with the compass magnets or equally and similarly arranged on both
st:.. No error is introduced by such symmetrical horizontal soft iron because the
iron north and south of the compass magnets serves only to strengthen or weaken the
directive force, and that cast and west of the compass sets up an equal and opposite
field on each side. On intercardinal headings, the poles of the induced magnetism are
offset and a maximum deviating force occurs. That part of horizontal soft iron which
is not symmetrically arranged with respect to the compass-the asymmetrical soft
iron-produces deviation which is maximum on the cardinal headings and zero on the
intercardinal headings (by compass). This type of deviation is particularly great in a I
compass not mounted on the centerline of the vessel. It may also produce deviation -
which is eonstant on all headings,

In wooden-hulled vessels such as certain yachts and small fishing vessels, one'or -
more of these types of magnetism may be weak or entirely missing, but this does not I
justify the omission of any part of the correction procedure.

As far as its effect upon the compass is concerned, the magnetic field at a center- I
line compass located forward on a vessel of conventional construction, and on an even I-
keel, is essentially the same as that which would result from four sources: (I) the earth's j
magnetism; (2) a single blue pole the location and strength of which depends upon the
magnetic history of the vessel; (3) a single pole which is blue in north magnetic latitude F
and red in south magnetic latitude, is on the centerline aft of the compass, and increases 
in strength with higher magnetic latitude; and (4) a single blue pole on the starboard
side for easterly headings and on the port side for westerly headings, being of zero
strength on a heading of north or south and decrea-ing in strength with increased
magnetic latitudes. The single pole concept assumes that the effect of one pole pre-
dominates. The locations of the poles depend partly upon the position of the compass
to which they apply. The actual field surrounding any magnetic compass may be
considerably more complex than indicated.

713. Compass adjustment.-There are at least two possible solutions to the prob- 1
lem of compass error. The error can be permitted to remain, and the various directions
interconverted by means of variation and deviation, or compass error, as e.plained in I
article 711; or the error can be removed. In practice, a combination of both of these
methods is used.

Variation depends upon location of the vessel, and the navigator has no control
over it. Provision could be made for offsetting the lubber's line, but this would not
be effective in correcting magnetic compass bearings, and this practice is not generally
followed. Variation does not affect the operation of the compass itself, and so is not
objectionable from this standpoint. -

Deviation is undesirable because it is more troublesome to apply, and the magnetic _r
-= field which causes it partly neutralizes the directive force acting upon the compass,

causing it to be unsteady and sluggish. As the vessel rolls and pitches, or as it changes

,I
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magnetic latitude, the magnetic field changes, producing a corresponding change in the
deviation of an unadjusted compass.

Deviation is eliminated, as neatly as practicable, by introducing at the compass a
magnetic field that is equal in magnitude and opposite in polarity to that of the vessel.
This process is called compass adjustment, )r sometimes compass compensation,
although the latter designation is now more generally applied to the process of neutral-
izing the effect due to degaussing of the vessel (art. 745).

In general, the introduced field is of the same kind of magnetism as well as of the
same intensity as those of the field causing deviation. That is, permanent magnets
are used to neutralize permanent magnetism, and soft iron to neutralize induced mag-
netism, so that the adjustment remains effective with changes of heading and magnetic
latitude. A relatively small mass of iron near the compass introduces a field equal to
that of a much larger mass at a distance.

When a compass is properly adjusted, its remaining or residual deviation is small
and practically constant at various magnetic latitudes, the directive force is as strong
as is obtainable on all headings, and the compass returns quickly from deflections and is
comparatively steady as the vessel rolls and pitches.

714. Effect of latitude.--As indicated in article 706. the magnetic field of the earth
is horizontal at. the magnetic equator, and vertical at the magnetic poles, the change
occurriaig gradually as a vessel proceeds away from the magitic equator. At any
place the relative strength of the horizontal and vertical components depends upon the
magnetic dip. The directive force of a magnetic compass, provided by the horizontal
component of the earth's magnetic field, is maximum on or near the magnetic equator
and gradually decreases to zero at the magnetic poles. Within a certain area surrounding
each magnetic pole the directive force is so weak that the compass is unreliable
(art. 2513).

Deviation changes with a change of the relative strength of either the deviating-
force or the directive force. Thus, with either an increase in deviating force or a de-
crease in directive force, the deviation increases. However, if both the deviating and
directive forces change by the same 1proportion, and with the same sign, there is nochange in deviation. Also, if a deviating force is neutralized by an equal and opposite

force of the same kind, there is no change of deviation with a change of magnetic latitude.
Permanent magnetism is the same at any latitude. If the permanent magnetism

of the vessel is neutralized by )roperly placed permanent magnets of the correct
strength, a change of magnetic latitude can be made without introduction of deviation.
But, if residual deviation due to permanent magnetism is present, it increases with a
change to higher latitude. The deviating force remains unchanged while the directive
force decreases, resulting in an increase in the relative strength of the deviating force.

As magnetic latitude increases, the vertical component of he earth's magnetic field l -
becomes stronger, increasing the amount of induced magnetism in vertical soft iron.
At the same time the directive force of the compass decreases. Both effects result in
increased deviation unes the deviating force is neutralized by induced magnetism in
vertical soft iron.

As magnetic latitude increases, the induced magnetism in the horizontal soft iron
decreases in the same proportion as the decrease in the directive force of the compass,
since both are produced by the horizontal component of the earth's magnetic field.
Therefore, any deviation due to this cause is the same at any latitude.

2- 715. Parameters.-Compass adjustment might be accomplished by locating the
pole of each magnetic field, and establishing another pole of opposite polarity, and
equal intensity at the same place, or of less intensity and nearer to the compass; or a
pole of opposite polarity and suitable intensity might be established at the correct dis-
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tance on the opposite side of the compass. Thus, a blue pole cast of a compass attracts
the red northern ends of the compass magnets and repels the blue southern ends. Both I
effects cause rotation of the comal)ass magnets and the attached compl)ass card in a clock-
wise direction, producing easterly deviation. Either a red pole east of a compass, or a :
blue pole west of it, causes westerly deviation. If there are two fields of opposite polarity,
one will tend to neutralize the other. If the intensities of the two fields are equal at |
the compass, one will cance! the other, and no deviation occurs.

Because of the complexities of the magnetic field of a vessel, and the fact. that each
individual field making up the total is present continuously, the process of isolating
individual poles would be v difficult and time-consuming one. Fortunately, this is
unnecessary. The vessel's field is resolved into certain specified components. Each of
these components, regardless of its origin or the number of individual fields contributing
to it, can be neutralized separately. Each component is called a parameter, and the
various parameters are designated by letter, as follows:

Permanent magnetism. Parameter P is the fore-and-aft component. It is positive
(+) if it is the equivalent of a blue pole forward of the compass, and negative (-) if red.

Parameter Q is the athwartship component. It is positive if it is the equivalent of
a blue pole to starboard.

Parameter R is the vertical component. It is positive if it is the equivalent of a .
blue pole below the compass.

Induced magnetism has nine parameters, each the equivalent of that produced by
a slender rod of soft iron. Each end of a rod is positive if it is forward, to starboard, or .
below the compass. Each rod is positive if both ends are positive or if both ends are
negative, anti negative if the two ends are of opposite sign. The rods are as follows:

a, b, c-one end level with the compass and in its fore-and-aft axis. either forward or
aft. It is an a rod if it extends fore-and-aft, a b rod if athwartships, and a c rod if vertical.

d, ef-one end level with the compass and in its athwartships axis, either to star-
board or to port. It is a d rod if it extends fore-and-aft, an e rod if athwartships, and
anf rod if vertical.

g, h, k-one end in the vertical axis of the compass, either above it or below it.
It is a g rod if it extends fore-and-aft, an h rod if athwartships, and a k rod if vertical.

716. Coefficients.-Deviation which is easterly throughout approximately 1800 of I __

heading andl westerly throughout the remainder is called semicircular deviation, indi-cating that its sign remains unchanged throuighout a semicircle. Deviation caused by

permanent magnetism and that caused by induced magnetism in vertical soft iron are
semicircular. Deviation which changes sign in each quadrant, being easterly in two 
opposite quadrants and westerly in the other two, is called quadrantal deviation. It
is caused by induced magnetism in horizontal soft iron. The types of deviation r_-
sulting from the various parameters are called coefficients. There are six, as follows:

Coefficient A is constant on all headings. If its cause is magnetic, as from an
asynnetrical combination of parameters, it is a "true" constant. If its eause is me-
chanical, as from an incorrectly placed lubber's line, or mathematical, as from an error
in computation of magnetic azimuth, it, is an "apparent" constant.

Coefficient B is semicircular deviation which is proportional to the sine of the I
compass heading. It is maximum on compass headings cast or west, and zero on com-
pass headings north or south. Coefficient B is caused by permanent magnetism, and
also by induced magnetism in asymnietrical vertical soft iron.

Coefficient C is semicircular deviation which is proportional to the cosine of the
compass heading. it is maximum on compass hcadings north or south, and zero on
compass headings cast or west. Cocfficient C is caused by permanent. magnetism or
by induced magnetism in asymmetrical vertical soft iron athwartship of the compass.
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Coefficient D is qiiadrantal deviation which is proportional to the sine of twice
tile compass heading. It is maximum on intereardinal compass headings, and zero on
cardinal compass headings. Coefficient D is caused by induced magnetism in horizontal
soft iron which is symmetrical with respect to the compass.

Coefficient E is quadrantal deviation which is proportional to the cosine of twice

the compass heading. It is maxiunum on cardinal compass headings, and zero inter-
cardinal compass headings. Coefficient E is caused by induced magnetism in lionzolital
soft iron which is asymmetrical with respect to the compass.

Coefficient J is the change of deviation for a heel of I 0 while the vessel is on compass
heading 0000

The determination and use of the approximate coefficients in the analysis of com-
pass deviation are discussed in article 727. The force components producing these
coefficients are called exact coefficients. They are designated by the corresponding
upper case German letters. The exact coefficients are now little used in practical naviga-
tion. They are fully discussed in various books on compass adjustment.

717. Effect of compass location.m-The location of a magnetic compass greatly S
influences the amount and type of deviation, as well as the adjustment. Thus, if a
compass is on the centerline, forward, the effective pole of vertical .oft iron is aft of it;
but if the compass is on the afterpart of the vessel, the effective pole islorward. If the
compass is not on the centerline, as the steering compass of an aircraft carrier, the
magnetic field of the vessel is not symmetrical with respect to the compass. If a c.nmpass

r is located in a steel pilot house, the surrounding metal acts as a shield and reduces the
strength of the magnetic field of the earth. This is of particular significance in high
magnetic latitudes, where the directive force is weak.

Many factors influence the selection of a position for the compass. The most.
important consideration is tie use to be made of it. A steering compass is of little

use unless it is located so that it can be seen by the steersman. A compass to be used
for emergen steering should be at. the emer gencv steering station. A compass to be
used for observing bearings or azimuths, or a standard compass to be used for checking
other compasses, should be located so as to have a clear view in most directions.

However, some choice is possible. A compass should not be placed off the center-line if it can be placed on the centerline and still serve its purpose. It should not be

placed near iron or steel equipment that will frequently be moved, if this can be avoided.
Thus, a location near a gun, boat davit, or boat crane is not desirable. The immcdiate
vicinity should be kept free from sources of deviation-particularlv- those of a changing
nature-if this can be done. That is, no source of magnetism, other than the structure
of the vessel, should be permitted within a radius of several feet of the magnetic com-
pass. Some sources which night be overlooked are electric wires carrying direc cdrrent;
magnetic instruments, searchlights, windshield ivipers, electronic equipment, or M1otors;
steel control rods .ears, or supports associated with the steering apparatus; fire ex-
tinguishers, gas detectors, etc.; and metal coat hangers, flashlights, keys, pocketknives,

--- metal ca) devices, or nylon clothing. The effect of some items such as an ammeter or
electric windshield wiper varies considerably at different times. if direct current is used "
to light the compass, the wires should be twisted.

A miagnetic compass cannot be expected to give reliable service unless it is properly
installed and protected from disturbing magnetic influences.

718. The binnacle.-The compass is housed in a binnacle. This may vary from a
simple wooden box to an elaborate device of bronze or other nonmagnetic material.
.Most binnacles provide means for housing or supporting the various objects used for
compas, adjustment, as well as the equipment for compensating for deviation caused by
degaussing. The standard binnacle for the U. S. Navy 7Yinch compass is shown in

% ' p.
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Fz.:*,tt 7 IS.-Th* staII(I:rd binnaele fora: U. . .
Naivv 7q4.inch comp ass".

AN

figure 718. The trays for holding the fore-and-aft and athwartship magnets (art. 719),
and the tube for the heeling magnet (art. 724), can be seen through the open doer.

719. Adjustment for deviation due to permanent magnetism.--Pernanent magne-
tism can be considered concentrated in a single pole, the positiOn of which depends upon
the magnetic heading upon which the vessel was construwned, and the subsequent
magnetic history of the vessel. Figure 719a indicates the condition if the permanent mag-
netism can be considered concentrated in a single blue pole which is directly south
of the compass when tie vesssel is headed magnetic northeast. The only effect on this
heading is to weaken the directive force. No deviation is produced because the pole is
in line with the compass magnets. On heading magnetic southwest, the pole is also in line
with the compass magnets and there is no deviation, but the directive force is strength-
ened. On any other heading, the pole is not in line with the compass magnets, and devia-
tion occurs, being in the same direction as that of the blue pole from the compass, since
the blue pole attracts the red northerly ends of the compass magnets and repels the blue
southerly ends. The maxinium effect occ-lrs when tile compass heading is approximately
90' from that of zero deviation. In figure 719a the headings hown on the compass
card are the magnetic headings of the vessel. Their offset from the ubber's line shows
the direction and relative magnitude of deviation.

If there were no other magnetism in the vessel, the poles might easily be located
and neutralized by placing a magnet in such a position that a field of permanent

-magnetism but opposite polarity would occur at the compass. Although this method of
adjustment has been used, it has not proven entirely satisfactory.

The usual method is to adjust for the fore-and-aft (parameter P) and athwartship
* (parameter Q) components separately. These are shown in figure 719b. The vertical },

J.o parameter I? does not produce deviation while the vessel is on an even keel. Its effect
when the vessel heels is discussed in article 724. Thus, the effect of a single blue pole at
the positioL shown in fiure 719a is the same as that which i% ould be produced by two

A~.
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Pioil ; 719a.--lviation d o o permanent magnetism if the resultant field is that of a blue pole
on the starboard qiarter of the vessel.

weaker poles as shown in figure 719b. On heading east or west by the compass, param-
eter Q does not produce deviation directly. However, on easterly headings it does
weaken the directive force due to the earth's magnetic field and therefore the deviating
force of parameter P (causing deviation coefficient B) is relatively stronger and has a
greater deviiting effect. On a westerly heading the dirce ve force woud be strength-
ened, with a corresponding decrease in the B coefficien., of deviat',n. By weakening the
directive force on easterly headings, parameter Q also makes the (xhnpass sluggish on
these headings. In high latitudes, where the horizontal ompone.It of the earth's -

magnetic field is weak, the compass may lose its directivity at Z' greater distance from
the magnetic pole. Nearer the pole, it might point in the opposite direction.

Many binnacles provide o group of several small tubes or "trays" extend;ng in a
fore-and-aft direction below the compass. One or more permanent magnets can be
inserted in these trays, and the whole assembly moved up or down to vary the effect
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FIURt. 719b.-The horizontal component of the
perma'tnent field of figure 719a resolved into its
conll)Omp(nts, paramneters P and Q.

upon the compass. Figure 719c shows the situation if a single magnet is placed with
its red end aft. Tile field at the compass is in the opposite direction of that of param-
eter P, and if it is of equal strength, the effect of this parameter is eliminated.

PARAMETER P

FiGurT 719c.- The field of permanent magnet below the compass and opposing parameter P of
figure 719b.

If now the vessel is headed north or south by the compass, the only pole remaining J1
is that due to parameter Q (causing deviation coefficient C), as shown in figure 719d.
A set of trays in an athwartship direction below the compass permits insertion of one
or more permanent magnets to neutralize the remaining permanent magnetism. The
effect of nserting a single magnet with red end to starboard is shown in figure 719e. V
With both components removed, the field at the compass is completely neutralized.

Both the fore-and-aft (B) and athwartship (C) trays are in pairs iith an equal
number of trays on each side of the vertical axis of the compass. In each set of trays
it is generally oesirable to use an even number of magnets equally distributed on each
side, to produce a symmetrical field at the compass. However, under some conditioi.s,
maximum reduction of deviation occurs with an odd number of magnets, particularly
when two magnets at maximum distance from the compass overcorrect. If there is
a choice, a greater number of magnets at a distance is preferable to a lesser number
close to the compass.

With each parameter, the trays to use are those which are approximately perpen--
dicular to the compass makne~s. The n-%gnets are placed so that the red ends will
be on that side of the compai-s corresponding to the deviation. Thus, if deviation is
easterly, the magnets should be placed so that the red ends will be east of the compass
(forward if the heading is east, and to starboard if the heading is north). However,
if the wrong end is inserted in the trays, the fet will be immediately apparent be-
cayuse the compa" card will rotate in the wrong direction. If the binnacle is not con-
structed to receive appropriate corrector magnets, these might be secured to some
supporting surface near the compass.
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During adjustment, the unused magnets should be kept far enough from the com-
pass so that they will not affect it.

PARAMETER Q

PORT STARBOARD

,f

FwuRn 719e. rhe fuld na id niaaent inmagnet
below the eoip:,a' .aid ol)J)o,;h.:g i:U,;teter Q

FI(;uim 719d.-The per- of figme 719b,.
ianflient field of figure
719a after neutrailiza-
tlon of parameter P

720. Adjustment for deviation due to induced magnetism in vertical soft iron.-
Figure 720 shows the effect upon the compass of a single blue pole on the centerline
of the vessel, aft of the compass. This is ity)ical situation for induced magnetism in

i - vertical soft iron, for a centerline compass located in the forward part of a vessel in

magnetic north latitude. On heading ncrth by compass there is no deviating force,
but the directive force is weakened, In high northern latitudes, where this pole becomes

strong and the directive force becomes weak, magnetism of this type, if not
neutralized, can cause the compass to be unreliable in a much larger area than if the A
force is neutralized. On a heading of south by compass there is no deviation, but the
directive force is strengthened. On headings with an easterly component the devia-
tion is westerly, and on headings with a westerly component the deviation is easterly.
In each -ase the maximum occurs when tile vessel is on compass heading approximately
east or west Thus, the deviation du( to induced magnetism in vertical soft iron is
semicirculal, coefficient B. In figure 720 the headings shown on the compass card arc
the magnetic headings of the vessel. Their offset from the lubber's line shows the
direction and relative magnitude of deviation. 1 75.

The deviating force due to induced magnetism in vertical soft iron is neutralized
by placing a bar of soft iron in a vertical position on the opposite side of the compars
from the effective pole due to the field of the vessel. This piece of metal is called a
Flinders bar, after Captain Matthew Flinders, RN (1774-1814), an English navigator I
and exploier who is generally given credit for discovering both the effect and method
of adjustment (art. 111). Today, most binnocles for large ships provide a tube for I
insertion of a Flinders bar. The bar ccnsists of various lengths of soft iron placed end

to end; with the remainder of the tube being filled with spacers of nonmagnetic mate-
rial. usually wood, brass, or aluminum. Tile standard Flinders bar is two inches in
diameter and is divided into six sections, one each of 12, 6, 3, and UI, ilnches, and two of

inch. This permits use of any multiple of ) inch to 24 inches. All the iron pieces
should be above the spacers in the tube, without a gap between pieces, the largest piece

A



216 COMPASS ERROR

0110

IV

FicuRtI: 720.--l)eviation due to induced mnagnetisin iin vertical soft iron if the resultint field is that
of a blue pole on tfie center line aft, of t he compass.

being on top. The upper end is then about two inches above the level of the compass
card. For short lengths, one or nhore spacers should be omitted so that about Y2 of the
length of the bar is above the level of the compass card.

The various pieces should be inserted in the tube carefully. If they are dropped,
they may acquire some permanent magnetism. This reduces their effectiveness for
the purpose intended. Each piece should be tested from time o time to determine M
whether or not it has acquired permanent magnetism. This can be done by holding f "4!m
it vertical with one end east or west of the compass and very near the compass magnets, -
noting the reading of the compass, and then inverting the piece so that the ends are 202
interchanged. If the reading differs, permanent magnetism has been acquired by the AR

iron rod. The temporary change of reading while the rod is being inverted should be
ignored. In making the test, one should be careful to place the rod in the same position
relative to the compass before and after inversion. On an easterly or westerly heading I-
the Flinders bar holder can be used. A small amount of permanent magnetism can be
removed by holding the rod approximately parallel to the lines of force of the earth's
field, with the blue pole of the rod toward the north, and tapping one end of the rod

-- 
9
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gently with a hammer. Several alternate tests and treatments may be needed to make
the rod magnetically neutral. If this process is not effective in removing the permianent
magnetism, the rod should be heated to a dull red and allowed to cool slowly.

An older type Flinders bar, rarely encountered with modern compasses, consists
of a number of slender rods of equal length, the munber of rods being varied rather
than the length of a single rod. Another old system consists of using a single rod of
fixed length, and varying its distance from the compass.

721. Determination of Flinders bar length.-As indicated in articles 719 and 720,
coefficient B nagnetism may be introduced both by permanent magnetism of the vessel
and by induced niagnPetismn in asymnetrical vertical soft iron. A l)roblem thus arises as
to what part of the deviation on headings magnetic east and west is due to each cause.
If the vessel iemains on an even keel at about the , amie magnetic latitude, adjustment
can be made without this knowledge. However, satisfactory performance under all
conditions requires separate adjustment for each cause.

''here are several possible solutions to this prol)lem. The two sources can be
separated by use of the fact that a change of magnetic latitude affects them differently.
On the magnetic equator there is no vertical coml)onent of the earth's magnetic field,
and consequently no induced magnetism in vertical soft iron. Therefore, if the compass
is adjusted on the magnetic equator, all coefficient B deviation is due to permanent.
magnetism, and is removed by the fore-and-aft magnets. After a considerable change
of magnetic latitude, the deviation on a heading of magnetic east or west is again
measured. By means of the curves of figure 721, A, the required amount of standard
two-inch Flinders bar is determined. Accurate results will be obtained only if the
vessel is magnetically the same at both latitudes. That is, a structural change, an
alteration in the number or position of magnets or other devices used in the adjustment,
magnetic treatment, etc., invalidates the measurement. After the required amount
of Flinders bar has been inserted, some deviation may be present due to mutual indue-
tion among the various devices used for adjustment. This should be removed by means
of the permanent magnets. Once the correct amount of Flinders bar has been installed,
no change should be needed unless there is a substantial change in the amount or
location of vertical soft iron, or unless the compass is relocated.

This method is not always practical. If the correct length and location of Flinders
bar for another vessel of similar construction and compass location have been determined
previously, the same length can be used for the compass being adjusted. If a large
change in magnetic latitude can be made without appreciable change of deviation on
headinjgs east and west, the amount of Flinders bar is correct. If the deviation changes,
readjustment is needed. By studying the structure of the vessel, an experienced coin-
pass adjuster may be able to make a reasonably accurate estimate of the length to use. j

In the absence of enough reliable information to periait a reasonably accurate
determination of the correct length, the Flinders bar may be omitted entirely, and the
deviation on east and west headings removed by means of the fore-and-aft permanent
magnets. This is common practice for yachts, fishing vessels, and even for some coastal
vessels which (1o not change magnetic latitude more than a few degrees.

The correct length of Flinders bar can be determined by figure 721, B, if reliable
= data are available on the deviation occurring on magnetic east or west headings at two

widely separated magnetic latitudes. The constant K is determined by computation, . -
using the formula

H2 tan d2 -H, tan.d.
Z2 -Zi

,b.7:
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in which
K=a constant proportional to the required length of Flinders bar.
x=shieldhng factor, or the proportion of the earth's field effective at the compass.

Generally, it varies from about 0.7 to 1.0, averaging about 0.9 for compasses
in exposedl positions, and 0.8 for those surrounded by metal deck houses.

H,~ = horizontal intensity of earth's magnetic field at place of first deviation reading.
H,=horizontal intensity of earth's magnetic field at place of second deviation

reading.
d= total deviation on heading magnetic east or wvest at place of first deviation

reading.
d2 =total deviation on h~eadling magnetic east or wvest at place of second deviation

readling.
Zvertical intensity of earth's magnetic field at place of first dleviation readling.

Z.,= vertical intensity of earth's: magnetic field at place of second deviation reading.
= 'The unit of intensity is the aerstead.
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The constant K represents a mass of vertical soft iron (the c rod) causing deviation. A
From the intersection of the curve of figure 721, B, and a horizontal line through the
value of constant K, draw a vertical line to the bottom scale, which shows the required
length of Flinders bar.

If some length of Flinders bar was in place when the two deviation readings were
made, enter the graph of figure 721, B, with this length and determine the corresponding
value of K. Cali this K and that obt-ined by computation K. Algebraically add
K, and K. to determine the value (,f K fn ise for finding the total length of Flinders
bar required. If the Flinders bar is forwa of the compass, K 2 is negative (-), and
if aft of the compass, K, is positive (+). I., de computation of K, both Z, and Z2 are
positive in north magnetic latitude and negative in south magnetic latitude. Also, d,
and d2 are positive if deviation is east on magnetic heading east in north latitude oi
magnetic heading we t in south latitude. If either the heading or direction of the

- deviation is reversed, the sign of d, or d2 is negative. If both are reversed, the sign is
positive. If the value of K is negative, the Flinders bar should be installed forward of
the compass, and if positive, it should be installed aft.

Example.-The deviation of a magnetic compass of a ship on heading magnetic
east is 1°E in an area where 1I is 0.170 and Z is 0.539. It is 9°E in an area where H is
0.311 and Z is 0.260. The shielding factor is 0.8.

Required.-The correct, length of Flinders bar if (1) no Flinders bar is in place
during observations, (2) six inches of Flinders bar is in place forward of the compass
during observations.

:'-- Solution.-

(1) K1 =0.8 j0.311XO.15838-O.170.OI746"\0.260-0.539

=(-) 0.133

K2=0

K =K,+K2=(-) 0.133

From figure 721, B, the correct amount of Fhinders bar is 22 inches. Since the amount
used must be a multiple of % inch, the amount to use is 21 inches. Since K is negative,
the bar should be installed forward of the compass. Z

(2) From figure 721, B, the value of K2 corresponding to six inches of Flinders bar
is 0.009. The value is negative because the bar is forward of the compass. Therefore,
K 1+K 2=(-)0.133+(-)0.009=(-)0.142. From figure 721, B, the total amount of
Flinders bar required is 2. inches, which should be installed forward of the compass.

Answers.-(1)1,/ inches of Flinders bar installed forward of the compass, (2) 24
inches of Flinders bar installed forward of the compass.

When the length of Flinders bar is determined in this way, accurate results can be 4
expected only if the vessel is magnetically unchanged between deviation readings. W1

Lord Kelvin suggested the following rule for improving the adjustment for co-
efficient B if no better method is available:

Remove the deviation observed on magnetic east or west headings by means qf fore-and- A
aft B magnets when the vessel has arrived at places of weaker vertical magnetic field, and
by means of Flinders bar when it has arrived at places of stronger vertical magnetic field, -T
whether in the Northern or Southern Iemisphere. AjI

After a number of applications of this rule following alternate )assage from weaker
to stronger fields and then stronger to weaker fields, the amount of Flinders bar should
be very nearly correct.

A-. )

1
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722. Adjustment for deviation due to induced magnetism in symmetrical hori-
zontal soft iron.-That part of horizontal soft iron which is symmetrically arranged
with respect to the compass can be considered equivalent to two rods extending through
the compass, one in a fore-and-aft direction (-a rod) and the other in an athwartship
direction (-e rod). The deviation caused by both of these rods is quadrantal, but of
opposite sign. If both rods were equally effective in causing deviation, they would
cancel each other and no deviation would result on any heading. In most vessels,
however, the athwartships iron dominates, and deviation due to all horizontal soft iron
can generally be considered to be that which would result from a single (-) e rod.
In figure 722a the deviation resulting from such a rod is shown for various magnetic

0I

1 1

SFIGURE 722a.-Deviation caused by induced nagnetisin in symmetrical horizontal soft iron.

headings in any latitodt. There is no deviation on any cardinal heading, but the direc-
tive force is wcakened on heading magnetic east or west. The maximum deviation
occurs on intercardinal headings by compass, being easterly in the northeast and south-
west quadrants, and westerly in thie other two quadrants. This is coefficient D devia-
tion. In figure 722a the headings shown on the compass card are the magnetic headings

*4%
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of the vessel. Their offset from the lubber's line shows the direction and relative magni-
tude of deviation.

The field causing this deviation is neutralized by installing two masses of soft iron
abeam of the compass, on opposite sides and equidistant from its center. Such iron
is usually in the form of hollow spheres or cylinders, called quadrantal correctors.
These can be moved in or out in an athwartship direction along brackets on the sides of
the binnacle.

Quadrantal correctors act as (+) c parameters which neutralize the (-) e parameter
of the athwartships iron. As shown in figure 722b, the portion of the corrector adjacent

FiGURE 722b.-Adjustment for symmetrical horizontal soft iron.

to the compass is always of opposite polarity to the deflecting force. The amount of
the correction can be adjusted by moving the correctors toward or away from the com-
pass card. If the ;nboard limit of travel is reached without ful!yF removing the devia-
tion, larger correcto's are needed. If overcorrection occurs at the outboard limit, smaller

L correctors are needed. A single corrector can be used, but this produces an unbalanced - -

field which is less desirable than a balanced one. In general, large correctors at a greater
distance are preferable to small correctors close up because there is less mutual induction

1T
%~1
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between the correctors if they are widely separated. In the rare case when quadrantal I
deviation is westerly on heading northeast (coefficient D is negative, the fore-and-aft
horizontal soft iron predominating), the quadrantal correctors should be mounted
fore-and-aft on the binnacle.

Figure 722c shows the approximate amount of deviation correction to be expected I
from correctors of various sizes, shapes and distance from the center of a standard
U. S. Navy 7 .-inch compass. The data apply to either the athwartships or fore-and-,
aft position.

15: F
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0'1 oe: These are approximate corrections of a standard compass.i
*_-" Different needle arrays wil alter the results somewhat. "
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POSITION OF SPHERE CENTER- INCHES FROM CENTER

Qisadrantal sphere corrections on Navy standard ]
7 " compass. H=18O M.G.

IURS: 722c.-Effect of variozs ull~t(ratllt,,t corrector,-. j
Like the Flinders bar (art. 720), tihe quadrantal correctors should be handled i

carefully, and checked from time to time to see if they have acquired permanent imag-!
netism. The test can be nmde by rotating each corrector :hrough 1800 without altering
its distance from the center. If the compass heading changes, the correctors have
acquiredl permanent magnetism whichl can be removed by tapping with a hanumer when
the blue pole is toward tihe north, or by removing the spheres, heating them to a dull

00 N

red, and permitting thenm to cool slowly.
723. Adjustment for deviation due to induced magnetism in asymmetrical hori- i

zontal soft iron.--If the horizontal soft iron is not arranged symm~Iletrically with respect
to tihe compass, resulting in an effective pole which is on neither tile fore-and-aft nor =
.Nthwartships axis through the compass, quadrantal deviation with its maximu values
on cardlinal headings (coefficient E) results. Constant deviation (coefficient A) may

also be used by tis arrangement,. Either coefficient E or A is due to a combination of
:. parameters.

For a centerline comp~ass on a ship of conventional construction, any deviation (fie
to induced ma~netism in asvymmetrical hlorizontal soft iron is small, and many installa-

| ~tions make no provision for neutralizing the effect. However, sonm binnacies are ,,
| , providled with a pair of E-links, which are bars thlat can be attached to the sideC bracketso lpermit thle quaderantal correctors to be lwed somewht with respect to the compass.-

When this has been done, the horizontal axis through the correctors and the compass

makes nanngle with the athwartship axis of the compass. t

aqr p-i
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After a compass has been adjusted, any remaining constant deviation due to
magnetic coefficient A is likely to be very small. If such deviation exists, its cause is
likely to be chiefly mechanical. If a compass is used primarily for determining the
heading (as a steering compass), all constant deviation can be removed by realignment
of the binnacle so as to rotate the lubber's line by the required amount. However, if a
compass is to be used for observing bearings or azimuths, only the mechanical A-error
should be removed in this manner. This is because such readings are taken on the face
of the card itself, and are therefore not affected by nisalignment of the lubber's line.
The two components of constant deviation can be separated in the following manner:
Measure the deviation on various headings by means of bearings or azimuths (art. 1430).
This includes only magnetic coefficient. A. Then measure the deviation on various
headings by means of the lubber's line, comparing the heading by compass with the

tmagnetic heading deternined by pelorus or gyrocompass. This includes the combined
effect of magnetic and mechanical coefficient A deviation. The difference between the
two values is the mechanical coefficient 1. For a properly adjusted compass tle magnetic
coefficient A deviation is so small that provision is not made for its removal.

724. Heeling error.-All of the effects discussed previously refer to a vessel on an
even keel. When the vescl heels, conditions are altered. Deviation which now appears
or the change of deviation from that, when the vessel was on an even keel, is called
heeling error. For a constant angle of heel and a steady heading, this error remains
essentially unchanged. However, it tends to increase as the heel becomes greater, and
to reverse sign as the heel changes from one side to another. Therefore, if a vessel is
rolling or pitching, the compass tends to oscillate. This increases the difficulty of
reading the compass.

The cause of heeling error is the displacement of the permanent and induced
magnetic fields with respect to the compass. Figure 724 shows a vessel heeled to star-

A B

FIcURt 724.-Effect of heel.

board on heading magnetic north or south, in north magnetic latitude. The vessel was
constructed in north magnetic latitude. On an even keel the vertical parameter R
of permanent magnetism for a centrally located compass is directly below the compass,
with the blue pole nearer the coml)ass. When the vessel is heeled as shown at A, the
blue pole is to port of the compass, causing deviation toward that side. A vertical rod
of soft iron below the compass (parameter k) exerts a similar influence, as shown at B.
An athwartship horizonlal rod through the compass has no deviating effect while the
vessel is ol all even keel, but when it heels as shown in figure 724, the vertical con-
ponent of the earth's field causes the port end to acquire a blue pole and the starboard
end a red pole (parameter e), as shown at C. Each of the three causes shown in figure 724
results in a blue pole being established on the port or high side of the vessel. This causes
the red north ends of the compass nagnets to be attracted to this side. If the heading
is magnetic north, the deviation is westerly, and if magnetic south, it is easterly. This "=

-
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effect is offset somewhat by the changed magnetic field surrounding the quadrantal
correctors. On heeding miagnetic east or west, these components have no deviating
effect, but the directive force of the compass is strengthened or weakened. When the
vessel pitches, the effects described for north-south and east-west headings are reversed.
Oil a heading other than a cardinal direction (magnetic) the effect is some combination
of the two. The magnetic situation varies not only with the heading, but also with the
magnetic latitude antl the magnetic history of the vessel.

Although heeling error is due in part to permanent magnetism and in part to
induced magnetism, the induced magnetism generally exerts the greater influence. The
most effective method of neutralizing this effect would be to attack each parameter
separately. This would require the placement of soft iron above the compass. Since this
would not be a convenient arrangement, the condition is improved by placing a vertical
permanent magnet, called a heeling magnet, centrally below the compass, and adjusting
its height until the error is ninimized. In north magnetic latitude, the red end is placed
uppermost in most installations. As the vessel proceeds to lower magnetic latitudes,
parameter R becomes less effective in producing deviation because of the stronger1 directive force due to the horizontal component of the earth's magnetic field. Param-
eters k and e becone weaker because of decreased intensity of the vertical component
of the earth's field, and the strengthening of the horizontal component also reduces ,
their effect. Therefore, the heeling magnet requires readjustment as the magnetic
latitude changes. As the vessel approaches the magnetic equator, the heeling magnet
should be lowered. After the vessel crosses the magnetic equator, it may be necessary
to invert the heeling magnets, so that the opposite end is uppermost. A change in the
setting of the heeling nmgnet may introduce deviation on headings of compass east or 1
west because of altered induction between the heeling magnet and the Flinders bar.
This should be removed by means of the fore-and-aft (B) nagnets in the trays below -
the compass.

If adjustment for heeling error is made when the vessel is tied up or at anchor,
it is best (lone by listing the vessel on a northerly or southerly heading, and adjusting
the heeling magnet until the reading of the compass is restored to what it was before
the vessel heeled. If the adjustment. is made at sea, the vessel should be placed on a
heading of compass north or south. If there is little rolling, tile vessel can be listed

andtihe conpass reading restored, as at dockside. If the vessel rolls moderately on
this heading, the heeling magnect should be placed at that height at which oscillation
of the compass card is minimum. If the setting for minimum oscillation is different
on north and south headings, the mean position should be used. Any yawing of the
vessel should be considered when reading the compass under rolling conditions.

The approximate position of the heeling magnet can be determfined by means of
an instrument known as a heeling adjiuster or a vertical force instrument, a form of dip
needle. This consists of a smoll magnt balanced abuii., a horizontal axis by means
of a small adjustable weight. A scale indicates tle distance of the weight from the
axis. The instrument is taken ashore and balanced at a place where the earth's field
is undisturbed, the magnet being in a magnetic north-sc utli direction, approximately.
The instrument is then taken aboard ship, the compass removed from its binnacle,
and the heeling adjuster installed in its place. The weight is set to a distance equal
to the distance determined ashore, multiplied by X,, the shielding factor (art. 721).
The heeling magnet is then moved up or down until the magnet of the instrument is

.* , level. This should he approximately the co)rrect setting. This method is used principally _.
when the listing of a vessel is difficult or impractical.

. 1'-
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725. Soft iron correctors and nearby magnets.-The soft iron correctors used in
compass adjustment are near enough to the compass magnets and the magnets used in
compass adjustment to be influenced by them.I

The Flinders bar acquires a certain amount of induced magnetism from the fields
of the heeling magnet and the fore-and-aft (B) corrector magnets. The approximate
amount of deviation caused by induced magnetism from the heeling magnet of a 73-
inch compass when H=0.165 is shown in figure 725. Because of such induced mag- 1

S. IV 14' 16' U 0 22- 24'
6* 66

4-4

z 3 i 3-

2- .2.

2 2 t! . .L , ! I

8. 1o0 12 " 14' 16 1w 20 " 22- 24 "

POSITION OF HEELING MAGNET

Fi :i t 725.---evialtio due to inducetive effect of Ieeliiig miagniet oi Flinders bar.

netism, the "arop-in" method of determining the amount of Flinders bar is not accurate'
By this method, Flinders bar lengths are added until the compass reading changes by the
required amount. Better adjustment is achieved by using the required amount of Flin-
ders bar and removing any remaining deviation on east-west headings by means of theI fore-and-aft magnets. The principal reason that it is preferable to use a larger number of

-magnets at a distance from the compass than a smaller number near it, is that the former
arrangement produces less induced magnetism in the Flinders bar and quadrantal correc-
tors. If the Flinders bar length is changed, the deviation on headings of magnetic east
and west should be checked, and any needed adjustment made by means of fore-and-aft
magnets. When all correctors have been put in place, their positions relative to each
other are constant. Therefore, the Flinders bar acts as a permanent magnet, and tile
resulting deviation is semicircular (coefficient B). The Flinders bar may also intro-
duce a small amount of quadrantal deviation (coefficient D), its action being somewhat
like that of . quadrantal corrector placed in the fore-and-aft axis of the compass.

The quadrantal correctors acquire indied magnetism from the fields of the fore-
and-aft. (B magnets, the athwartship (C) magnets, and tie compass magnets. The
magnetism acquired from the B and C magnets is semicircular (coefficient B from the
B magnets, and coefficient C from the C magnets), and that acquired from the field of
the conlpra S minagnets is quadrantal (coefficient D). The semicircular deviation is

nininizedl by keeping the B and C magnets as far away from the quadrantal correctors
as practicable, andi any deviation t;at does exist is removed by means of these magnets.

-4 The quadrantal deviation is removed b% means o the quadrantal correctors themselves.
The compass magnets of most modern compasses have little effect upon the quadrantal
correctors.

Li _ _ _-
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Because of thle interaction between the various correctors, it is good practice to
insert the rnquiredl amionnt of Flinders bar, andl to install thle quadrantal correctors
andl heeling magnet at. their approximate positions before adjusting the compass. If
a radical change is subsequently made in any of these adjustments, the settings of thle
B and C mianets should be chiecked and altered i!- necessaru.a

Analysis of Deviation

726. Nature and purpose of analysis.-An analysis consists 4-1 determining thle
appioximate value of each of the six coefficients, andl studying the results. The purpose
of thle 11nall sis is to geive thle comlpass adjuster an undlerstanding of the magnctic prop-
erties of thle vessel. This p~rovides the basis for the approximate placement of thle-
various correctors, and suggests possibilitie.- for further refinement in the adjustment.
Without an analy=is, compass adjustment is a miore-or-le-ss mechianical process. Fewer
riiistakesare likelv to be made by the p~erson1 who understands thle nature of the magnetic
field hie seeks to neutralize.

727. The analysis.-The first step in anl analysis is to record thle dleviation on each
cardlinal and intercardinal heading by the compass$ to be analyzed. For the purpose of

-~ analysis, easterly deviation isconsidered positive (+), and westerly deviation negative -

(-.Approximate values of the various coefficients are:
C~oefficient :1-mean of deviation on all headings.
Coefficient B-mean of dleviation onl headings 0900 and 2700 with sign at 2700

reversed.
Coefficient C-mean of (deviation on headings 00flo and 1S0 0, with sign at 1SO

reversed.
Coefficient D-mean of (deviation on intercardinal headings, with signs at heading-,

11350 andl 31io reversed.
Coe ficcn? E-mnean of deviation on cardinfil headings, wvith signs at 0900 and 270'1

reversed.
Coefficient J-change of deviation for a heel of 10 while the vessel heads 0000 by

compass. It is considered posritive if the north end of the c-,mpass card is drawn toward

the low side, and negative if toward the high side.
Exam ple.-A magnetic compass which hlas no been adjuF'ted hias deviation ol.

cardinal and intercardinal compass headings as foliow~is:
Comnpass hzeadinig Deriation nz.pav; heeding Deviation

0001, 105W 1-80c 8?0E
0450 34?OE 22:50 i?5W
0900 W1OE 2700 29?OV--

1350 1305E 3150 3600W
On heading compass north the deviation is 13?5W wFhen the vessel heels 100 to star-
board.

Required .- T he approximate value of each coefficient.

Solution.-

B=3 1  2 0  (+)30-0 ~ 52~-3?(+2.

2
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3470- 135-1?5+3670 (_) 13?8
4

J _1305+105()1o2
10

Answers.-A (+) 2?3, B (+) 30?0, C (-) 4?8, D (+) 13?8, E (+) 1?1, J (-) 1?2.
On any compass heading (CH) the deviation (d) from each coefficient acting

alone is:
Coefficieit A: dA=A
Coefficieit B: d3=B sin OH
Coefficient C: de=C cos CH
Coefficient D: dD=D sin 2CH
Coefficient E: dE=E cos 2CH
Coefficient J: d3=J cos CH.

For a vessel on an even keel, the total deviation on any compass heading is the algebraic
sum of the deviaion due to each of the first five coefficients:

d=dA--d+d+dD+dE=A+B sin CH+C cos CH+D sin 2CH+E cos 2CH.
For the cowpass of the example given above, the deviation due to each component,
and the total, on various headings is:

C A B C D E d

0 o 0 0 0 0 0

000 +2.3 0.0 -4.8 0.0 +1.1 -1.4
015 +2.3 +7.8 -46 +6.9 +1.0 +13.4
030 +2.3 +1b. 0 -42 +12.0 +0 6 +25.7
045 +2.3 +21.2 -3:4 +13.8 0.0 +33.9
060 +2.3 +26.0 - +12.0 -0.6 +37.3
075 +2.3 +29.0 -1.2 +6.9 -1.0 +36.0

090 +2.3 +30.0 0.0 1- - 0.0 -1. 1 4-31.2
105 +2.3 +29.0 - 2 -6.9 -1.0 +24.6
120 +2.3 +26.0 +2.4 -12.0 -0.6 +18.1
135 +2.3 +21.2 +3.4 -13.8 0.0 +13.1
150 +2.3 +15.0 +4.2 -12.0 +0.6 +10.1
165 +2.3 +(.8 +4.6 -6.9 +1.0 +8.8

180 +2.3 0.0 +4.8 0.0 +1. 1 +8.2
195 +2.3 -7.8 +4.6 +6.9 +1.0 +7.0
210 +2.3 -15.0 +4.2 +12.0 +0.6 +4.1
225 +2.3 -21. +3.4 +13.8 0.0 -1.7
240 +2.3 -26.0 +2.4 +12.0 -0.6 -9.9
255 +2.3 -29.0 +1.2 +6.9 -1.0 -19.6

270 +2.3 -30.0 0.0 0.0 -1.1 -28. 8
285 +2.3 -29.0 -1.2 -6.9 -- 1.0 -. 5.8
300 +2.3 -26.0 -2.4 -12.0 -0.6 -38.7
315 +2.3 -21.2 -3.4 -13.8 0.0 -36.1
330 +2.3 -15.0 -4.2 -12.0 +0.6 -28.3 -
345 +2.3 -7.8 -4.6 -6.9 +1.0 -16.0

The various components and the total deviation are shown in graphical form
in f igure 727. Since the various coefficients are only approximated by the method
given above, the curve of total deviation found in this way should not be expected to
coincide exactly with a curve drawn from values found by measurement on the various
headings.

I
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The shapes of the curves of figure 727 are typical of those of an unadjusted compass -
of a large steel ship. However, an analysis of the results indicates the following:

COMPASS HEADINGS

000 °  0450 0900 135* 1800 225* 2700 3150 3600

400E ..I... .

Total Deviation

30OE- - -0I _ ._

200" Coefficient B

I ~ ~lo'E.•-

S ICoefficient A

o Coeficient E
.efficient C of

101W

Coeffii
200W 1

30-W __ _ _ _

401W 1 _

FIGURE 727.-Coefficients and total deviation of an unadjusted magnetic compass.

Coefficient A is normally negligible. The presence of more than 20 of constant
error indicates an abnormal condition which should be discovered and corrected. If
the vessel has been in service for some time wit-hout major structural change, and no
misalignment of the lubber's line of the compass or the pelorus or gyrocompass used
for measuring deviation has been noted previously, 't is probable that a mistake has
been made in determining the azimuth or bearing used for establishing deviation.

Coefficient E is normally negligible for a compass located on the centerline of the
vessel. This vessel has an excessive amount, which should be corrected by slowing the
quadrantal correctors, using an E-link.

Since deviation is east on heading 0900 and west on 0000, it is probable that the -
blue pole of the vessel's permanent field is on the port bow.

The compass being unadjusted, no Flinders bar is in place, and the large B de-
viation on heading 090' is a combination of deviation from induced rjaagnetism in
vertical soft iron and that due to the permanent magnetism of the ve-el. Since the i,

1
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-deviation on heading 270' is nearly the same as that on 0900, but of opposite sign, ad-
justment on one of these headings should result in nearly correct adjustment on the
other. Since some B and C deviation occurs on intereardinal headings, while no D
deviation occurs on cardinal headings, adjustment for B and C should be made before
that for final D adjustment.

A second analysis made after adjustment may reveal possibilities for further
refinement in the adjustment.

If heeling error is measured on any heading other than compass north or south,
the value of coefficient J can be found by means of the formula:

d=J cos CH

dconverted to J=ocos CH

or J=d sec CH.

If HE is the total observed change of deviation (heeling error), and i is the angle of
heel in degrees (for relatively small angles), the formula becomes

HE sec CH
J =

If heeling error is sought, the formula becomes

*HE=Ji cos CH.

Adjustment Procedure

728. Preliminary steps.-Efficient and accurate adjustment is preceded by cer-
tain preliminary steps best made while a vessel is moored or at anchor.

The magnetic environment of the compass should be carefully inspected. Stray
magnetic influences such as those caused by tools, direct current electric appliances,
personal equipment (such as keys, pocketknives, or steel belt buckles), nylon clothing
etc., should be eliminated. Permanently installed equipment of magnetic material
(such as cargo booms, boat davits, cranes, or guns) ihould be placed in the positions
they normally occupy at sea. The degaussing coils zhonld be secured by the reversing
process (art. 743) if this has not already been done.

The compass itself should be checked carefully for bubbles, and to be sure it is
centered on the vertical axis of the binnacle. If it is, and the vessel is on an even keel,
there is no change of reading as the heeling magnet is taised and lowered in its tube.
An adjustment should be made to the gimbal rings if the compass is off center. There
should be no play in the position of the compass once it is centered. A

The lubber's line, too, should be checked to be sure it is in line with the longitudinal
axis of the vessel. This can be done by sighting on the jackstaff if the compass is on the
centerline. If it is not, a batten might be erected at a distance from the centerline
equal to the distance from the center of the compass to the centerline. Another way is
to determine the distance from the compass to the centerline and from this point to
the jackstaff. The first distance divided ".y the second is the natural tangent of the
angle at the compass between the line of sight to the jackstaff and the line of sight
through the lubber's line. If the compass is in an exposed position wheie bearings can
be taken, and the true heading is _'nown, the observed relative bearing of a distant

=. 2 - -_
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object can be compared with that obtained by careful measurement on the chart. IfI
the vessel is at anchor or underway, the method explained in article 723 can be used.,

If a pelorus or gyrocompass or repeater is to be used in determining deviation of
the compass, its lubber's line should be checked in the same manner, or by comparing
a relative bearing of a distant object taken by two instruments, the lubber's line of1
one having previously been checked. If a gyrocompass is to be used, it is checked tol
see that it is synchronized with a repeater. With accurate synchronization, any errorl
in one will also be present in the other. The speed and latitude adjustments of thei
gyrocompass should be checked carefully.

All devices to be used in the adjustment should be checked to see that they are on '

hand and in good condition. The trays for B and C permanent magnets, the quadrantal-
correctors, and heeling magnet should be checked for freedom of motion. The Flinders.
bar and quadrantal correctors should be checked for permanent magnetism. The correct,
amount of Flinders bar should be placed in its tube. The quadrantal correctors should
be placed in their approximate positions, being centered if no better information is:

Eavailable. The heeling magnet is generally placed with the red end uppermost in
north magnetic latitude, and the blue end uppermost in south magnetic latitude.
If no better information is available, the heeling magnet should be placed near theiI bottom of the tube.

Plans for the actual adjustment should be made carefully. A suitable time and'
location should be selected. If landmarks are to be used, suitable ones should be se-i
lected to provide the information desired. Areas of heavy traffic should be avoided.]
If azimuths of the sun are to be used, a time should be selected when the sun will not!
be too high in the sky for suitable observation. A curve of magnetic azimuths (art.!
731) should be made, and just before adjustment begins a comparing watch should bel
checked and set, if possible, to correct time. Local variation should be checked care-I
fully, and corrected for date, if necessary. Any necessary recording and work forms
should be made up. Each person to participate in the adjustment should be instructea I
regarding the general plan and his specific duties.

729. Underway procedure.-When everything is in order and the vessel has ar-1
rived at its adjusting area, final adjustment can begin. Trim should be normal, and'
the vessel free from list, so that no heeling error is present.

All adjustment headings should be magnetic. Compass headings can be used,
but this results in a slight turn being required every time an adjustment is altered.
Also, the coefficients are not completely separated unless the vessel is on magnetic
headings.

Turns to each new heading should be made slowly, swinging slightly beyond the
desired heading before steadying on it. If steering is by gyro, the gyro error shouldi
be checked on each heading if time and facilities permit. The yes -l should remain I
on each heading for at least two minutes before the deviation is determined or an;
adjustment made, to permit the compass card to come to rest and the magnetic condi-"
tion of the vessel to become settled. If observations are made before the vessel's mag-
netism becomes settled, the reading will be incorrect by an amount called the Gaussin
error.

Adjustments should be carried out in the correct order, as follows:
1. Steady on magnetic heading 0900 (or 270') 7.nd adjust the fore-and-aft perma- -

nent magnets until the compass heading coincies with the magnetic heading, thus . -,
removing all coefficient B on this heading. Use magnets in pairs, from the bottom up,
with the trays at the lowest point of travel. When overcorrection occurs, remove the
two highest magnets and raise the trays until all deviation has been removed. If two -.
magnets overcorrect, use a single magnet. It is not necessary to determine in ad-

ix.
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vance which direction the red ends should occupy, for a mistake will be immediately
apparent by au. increase in the deviation.

2. Steady on magnetic heading "l800 (or 0000) and adjust the athwartship perma-
nent magnets until the compass heading coincides with the magnetic heading, thus
removing all coefficient Con this heading. Use the same technique as in step 1.

3. Steady on magnetic heading 2700 (090 if 270* was used in step 1) and remove
half the deviation with the fore-and-aft magnets.

4. Steady on magnetic heading 0000 (1800 if 0000 was used in step 2) and remove
half the deviation with the athwartship magnets.

5. Steady on any intercardinal magnetic heading and adjust the position of the
quadrantal correctors until the compass heading coincides with the magnetic heading,
thus removing all coefficient D on this heading. Leave the quadrantal correctors at
equal distances from the compass.

6. Steady on either intercardinal magnetic heading 900 from that used in step 5
and remove half the deviation by adjusting the positions of the quadrantal correctors,
leaving them at equal distances from the compass.

7. Secure all correctors in their final positions and record their number, size, posi..
tions, and orientation, as appropriate, on the bottom of the deviation table form (if a
standard form such as that shown in fig. 710 is used).

8. Swing ship for residual deviation. That is, determine the remaining deviation
on a number of headings at approximately equal intervals. Every 150 is Irferable,
but if the maximum deviation is small, every 450 (cardinal and intercardino! hEadings)
may suffice.

9. If the vessel has degaussing, energize the degaussing coils and repeat the
swing.

10. Make a deviation table (art. 710) for each condition (degaussing off and on),
giving values for headings at 15' intervals if the maximum deviation is large (more than
about 20), or at 450 intervals if the maximum deviation is small. Record values to the

: nearest half degree.

If preferred, the adjustment may be started on a north or south heading, thus
reversing steps 1 and 2 and also 3 and 4.

With patience and skill. the readings can be made at exact headings. However,
if some of the headings are off slightly during the swing, this need not invalidate the
results. The exact headings should be recorded, and the deviation determined for
these values. The results can then be plotted on cross-section paper with the deviation~being one coordinate and the heading the other. The deviation at each heading to be

recorded can then be read from the curve. This is good practice even when readings
are made at exact headings, for if any large errors have been made, the fLct will be A
immediately apparent. Also, such a curve may be of assistance in making an analysis. 1 - -

If a reason cannot be found for any marked irregularity in the curve, readings might be I
made again at ihe headings involved.

The deviation of all compasses aboard the vessel can be determined from a single
swing if the heading by each compass is recorded at the moment the magnetic directionis noted. If deviation of one compass is determined by means of a magnetic bearing or.

azimuth (arts. 733-735), the readings of this compass can then be used to establish the
magnetic headings for determining the deviation of each other compass (art. 732).

~Compass adjustuien.t 13 best mAde when the sea is relatively smooth, so that steady
headings can be steered, and heeling error is absent. The setting of the heeling magnet
can be checked later, preferably at the next time that the vessel is on a north or south
heading and rolling moderately.

it r
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An analysis of deviation can be made either before or after adjustment. If thisl
reveals an excessive amount of A (constant) deviation, the source of the error should I
be found and corrected (art. 723), if mechanical or mathematical. If an appreciablel
amount of E deviation is present, E-links should be used and the spheres slewed. This'
is particularly to be anticipated for compasses which ara not on the centerline.

The procedure outlined above is for initial adjustment aboard a new or radically,
modified vessel. Deviation on the heading being used for navigation should be checked
from time to time and any important differences from the values shown on the deviation
table should be investigated. At sea, it is good prac.tice to compare the magnetic and
gyrocompasses at intervals not exceeding half an hour. The error of one or both of these
compasses should be checked twice a day when means are available. In pilot waters
deviation checks should be made as convenient opportunities present themselves.Whenever there is reason to question the accuracy of the deviation table, the ship
should be swung at the first opportunity and a new table made up if there are significant
changes in the old one. Suitable occasions for swinging ship would be after a deviation
check indicates a significant error or after any event that might result in changes in the
magnetic field of the vessel (art. 712). Intervals of swing should not exceed three
months even when there is no reason to question the accuracy of the deviation table.

If a swing indicates the presence of large maximum deviation, the compass should
be readjusted. Unless there is reason to change it, the Flinders bar length should remain
the same. Other adjustments are altered as needed, none of the correctors being re-
moved at the beginning of adjustment. Whenever the vessel crosses the magnetic
equator, the opportunity should be used to check the deviation on magnetic headings
east and west. Any adjustment needed should be made by means of the fore-and-aft
(B) magnets. Upon crossing the magnetic equator, the heeling magnet should be I
inverted.

The Flinders bar and quadrantal correctors should be checked for permanent

magnetism at interTals of about a year, or more often if such magnetism is suspected. 1

Finding the Deviation

730. Placing a vessel on a desired magnetic heading.-As indicated in article 729
compass adjustment is best made with the vessel on magnetic headings. The compass
being adjusteO cannot be used for placing the vessel on a desired magnetic heading
because its deviation is unknown, and is subject to change during the process of adjust-
ment. A number of methods are available, including use of (1) another magnetic
compass of known deviation, (2) a gyrocompass, (3) bearing of a distant object, and
(4) azimuth (art. 1430) of a celestial body.

Magnetic compass. The deviation at the desired magnetic heading is determined I
from the deviation table for that compass, and applied to the magnetic heading to -

determine the equivalent compass heading.
Example 1.-It is desired to place a vessel on magnetic heading east, using the

standard compass. The deviatior. table for this compass is shown in figure 710. Degaussing
-~ is off.

Required.-Heading per standard compass (pse).
Solution.-From figure 710 the deviation on heading 0900 magnetic with degaussing

off is found to be 205E. Therefore, the equivalent compass heading is 0900--2?5=
087?5.

Answer.-H 1 0 087?5.
Gyrocompass. The varittion is applied o the desired magnetic heading, to deter-

mine the equivalent true heading. Any gyro error is then applied to determine the

I%-
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equivalent gyro heading. This is the method commonly used by vessels equipped with
a reliable gyrocompass.

Example 2.-It is desired to place a vessel on magnetic heading north. using the
gyrocompass. The variation in this area is 6W, and the gyro error is 1E.

Required.-Heading per gyrocompass (pgc).
Solution.-The equivalent true heading is 000°-6°=354°.The gyro heading is

354°-1°=353'. ,
Answer.-H,c 353.

Bearing of distant object. If a vessel remains within a small area during compass
adjustment, the bearing of a distant object is essentially constant. The required
distance of the object in miles is found by multiplying the cotangent of the maximum
tolerable error by the radius in miles of the maneuvering circle. Thus, if the maaximum
error that can be tolerated is 0?5 (cotangent 114.6), and the vessel can be maneuvered
within 200 yards (0.1 mile) of a fixed position such as a buoy, the object selected should
be at least 114.6X0.1=11.5 miles away. The 200-yard limit is within radial lines
centered at the distant object and tangent to a circle having a radius of 200 yards and
its center at the center of the maneuvering area. Thus, a vessel has considerable
maneuvering space along the line of sight, but very limited room across this line. How-
ever, it is not necessary that the vessel stay within the required area, but only that it
be there when readings are made. Thus, if the center of the area is marked by a buoy,

, the vessel might steady on each heading while still some distance away, and note the
required readings as the buoy is passed. In this way, a small radius may be practical
even for a large vessel.

The object selected should be conspicuous and should have a clearly defined
feature of small visible width upon which to observe bearings. The object having been
selected, its true bearing from the center of the maneuvering area should be measured
on the chart. To this, the variation at the center of the maneuvering area should be applied
to determine the equivalent magnetic bearing. The desired magnetic heading should
be set at the lubber's line of the pelorus, and the far vane set at the magnetic bearing
of the distant object. The vessel should then be maneuvered until the object is in line
with the vanes.

Eample .- It is desired to place a vessel on magnetic heading northeast in an
area where the variation is 4°E. The true bearing of a distant object is 2190.

Required.-The setting of the pelorus. I
Solution.-Set 0450 at the lubber's line, and set the far vane at 219-40=2150.
If preferred, 0000 can be set at the lubber's line, and the far vane at the relative

bearing, 1700 (magnetic bearing minus desired magnetic heading). If a gyro repeater or
a magnetic compass is used instead of a pelorus, the true (or magnetic) bearing should
be converted to the equivalent gyro (or compass) bearing.

- If the distant object selected is not charted, or the position of the vessel is not
known accurately, the approximate magnetic bearing of the object can be determined
by measuring its compass bearing on each cardinal and intercardinal compass heading,
and finding the mean of these readings. The value so determined will be incorrect by
the amount of any constant deviation (coefficient A).

Example 4.-The compass bearings of a distant object are as shown below.

Required.-The magnetic bearing of the object, assuming no constant deviation
(coefficient A).
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Solution.-
CH CB

0 0

000 324. 8
045 320. 7
090 312.6
135 306.8
180 304.9
225 310.8
270 316.2
315 320.0
sum 2516.8

mean 314.6

Answer.-1MB 314?6.
Azimuth of celestial body. The true azimuth of the celestial body selected should

be computed (art. 719, vol. II) I)-" the time of observation. The magnetic variation
should then ')e applied to determine the equivalent magnetic azimuth. The desired
magnetic heading should then be set at the lubber's line of the pelorus, and the far I
vane set at the magnetic azimuth of the celestial body. The vessel should then be
maneuvered until the body is in line with the vanes.

Example 5.-It is desired to place a vessel on magnetic heading west in an area
where the variation is 17 W, and at a time when the computed true azimuth of the
sun is 0980.

Required.-The setting of the pelorus.
Soluion.-Set 2700 at the lubber's line, and set the far vane at 0980+170=115?
If preferred, 0000 can be set at the lubber's line, and the far vane at the relative

azimuth (magnetic azimuth minus desired magnetic heading). If a gyro repeater or
a magnetic compass is used instead of a pelorus, the true (or magnetic) azimuth should
be converted to the equivalent gyro (or compass) azimuth.

731. Curve of magnetic azimuths.-During the course of compass adjustment
and swinging ship, a magnetic direction is needed many times, either to place the
v,'ssel on desired magnetic headings or to determine the deviation of the compass
being adjusted. If a celestial body is used to provide the magnetic reference, the- azimuth is continually changing as the earth rotates on its axis. Frequent and numerous

computations can bp avoided by preparing, in advance, a table or curve of magnetic
azimuths. True azimuths at frequent intervals are computed. The variation at the center
of the maneuvering area is then applied to determine the equivalent magnetic azimuths*These are plotted on cross-section paper, with time as the other argument, using any

convenient scale. A curv, *s then faired through the points.
Points at intervals of half an hour (with a minimum of three) are usually sufficient

unless the body is near the celestial meridian and relatively high in the sky, when
additional points are needed. If the body crosses the celestial mer~dian, the direction
of curvature of the line reverses.

Unless extreme accuracy is required, the Greenvich hour angle and declination j
can be determined for the approximate midtime, the same value of declination used I
for all computations, and the Greenwich hour angle considered to increase 15* per hour.

-An illustration of a curve of magnetic azimuths of the sun is shown in figure 731.
This curve is for the period 0700-0900 zone time on May 31, 1975, at latitude 23*09'.5N, .
longitude 82°24 1W. The variation in this area is 2'47'E. At the midtime, the meridian
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angle of the sun is 66'47!2E, and the declination is 21*52'3N. Azimuths were computed
by Pub. No. 260 (art. 719, vol. II) at half-hour intervals, as follows:

Magnetic
Zone time Meridian angle Declination Latitude azimuth

' b m o o o 

0700 81 47.1E(5 27.1E) 21.9N 23.2N 069 39
0730 74 17.1E(4 V5.1E) 21.9N 23.2N 071 57
0800 66 47.2E(4 27.1E) 21.9N 23.2N 074 06
0830 59 17.2E(3 57.1E) 21.9N 23.2N 076 08
0900 51 47.2E(3 27.1E) 21.9N 23.2N 078 07

This curve was constructed on the assumption that the vessel would remain in
approximately the same location during the period of adjustment and swing. If the
position changes materially, this should be considered in the computation.

732. Deviation by magnetic headings.-If the vessel is placed on a magnetic
heading by any of the methods of article 730, compass deviation on that heading is the
difference between the magnetic heading and the compass heading. If the compass
heading is less than the magnetic heading, deviation is easterly, if the compass heading
is greater than the magnetic heading, deviation is westerly.

E xample.-A vessel is being maneuvered to determine the deviation of the magnetic
steering compass on cardinal and intercardinal headings. The gyrocompass, which
has an error of 075W, is used for placing the vessel on each of the magnetic headings. i
Variation -n me are. is 27?5E.

Required.-Deviation on each magnetic heading, using the compass headings |
given below: H

MH V TH GE Hpgc CH Dev.
0 0 0 0 0 0 0

000 27.5E 027.5 0.5W 028 000.3 0.3W
045 27.5E 072.5 0.5W 073 046.1 1.1W
090 27.5E 117.5 0.5W 118 093.6 3.6W
135 27.5E 162.5 0.5W 163 136.7 1.7W
180 27.5E 207.5 0.5W 208 179.6 0.4E
225 27.5E 252.5 0.5W 253 223.8 1.2E
270 27.4E 297.5 0.5W 298 266.5 3.E
315 27.5E 342.5 0.5W 343 313.2 1.8E

733. Deviation by magnetic bearing or azimuth.-Deviation can be found by
comparing a magnetic bearing or azimuth with one measured by compass. The mag-
netic direction can be obtained as explained in articles 730-731. If the compass direction
is less than the magnetic direction, deviation is easterly; if the compass direction is
greater than the magnetic direction, deviation is westerly. This method is used for
determining deviation on a given compass heading. The equivalent magnetic heading
can be determined by applying the deviation thus determined. If this method is used
for swinging ship, the values can be plotted as explained in article 729. For a well-
adjusted compass, the deviation may be so small that the compass headings can be
considered magnetic headings, without introducing significant errors. i .

Example.-The standard compass of a vessel has been adjusted, and the vessel is 4-1
to be swung for residual deviation during the period and for the place for which the i
curve of magnetic azimuths of figure 731 has been constructed.

I%
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Required.-Find the deviation on each heading given below, at the times indicated.
Soliion.-

CH Time CZn MZn Deviation
0 h m S 0 0 0

000 7 35 20 073.2 072.4 0.8W
045 7 41 12 074.0 072.8 1.2W
090 7 50 15 074.2 073.4 0.8W
135 7 57 36 074.0 073.9 0.1W
180 8 04 44 073.7 074.4 0.7E
225 8 10 10 073.5 074.8 1.E
270 8 16 33 074.3 075.2 0.9E

315 8 24 51 075.8 075.7 0.1W

The magnetic azimuth (MZn) is determined from figure 731, and the deviation from
compass azimuth (CZn) and magnetic azimuth.

734. Deviation by a range is a special case of deviation by magnetic bearing.
Two objects appearing in line, one behind the other, constitute a range. Range markers
are established in m.ny places to mark important channels, the extremities of measured
miles, etc. In addition, numerous good ranges occur naturally, as when a lighthouse is
in line with a tank, or a tower with a chimney. The true direction of such a range can
be determined by measurement on the chart, and variation applied to determine the 7
eqfivaient magnetic direction. In the case of a natural range, the objects should pref-

eraz;y be at least an :nch apart as they appear on the chart, to minimize any plotting
errors.

A range is superior to the bearing of a single object because it provides a critical
indication of when the vessel is in the correct position to take a reading. The vessel
crosses the range on various compass headings. At each crossing, the compass bearing
of the range is observed, and also the compass heading. It is well to use two ranges

: nearly 90* apart, if availablr,, because of the difficulty of crossing at small angles.Z

Eza.-nple.-A vessel maneuvering to adjust its compass in the Lower Bay of New
York Harbor finds the true direction of the range between West Bank Light and
Coney Island Light to be 0320. The variation in this area is 11?2 W. The vessel steams
across the range on various compass headings, noting the compass direction of the range
at the times of crossing, as shown below.

Required.-The deviation on each compass heading indicated.
Solution.m-The magnetic bearing on the range is 0320+1_1?2043?2.

CH MB Range CB Range Deviation

000 043.2 032.9 10.3E 4
045 043.2 023.7 19.5E
090 043.2 031.9 11.3E

- 135 043.2 044.2 1.0W
180 043.2 048.5 5.3W
225 043.2 051.0 7.8W
270 043.2 355.6 12.4W
315 043.2 049.8 6.6W V-

The analysis of these results (art. 727) indicates a constant error of I?0E. The
mean compass bearing is 042?2, differing from the correct magnetic bearing by the
amount of constant error.

h. .
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Ranges are widely used to check the deviation on the heading in use as a vessel
proceeds through pilot waters. In this manner several checks can be made without
advance preparation as a vessel enters or leaves port.

735. Deviation by reciprocal bearings.--Another method of using magnetic bear-
ings is by means of a compass on the beach. This method is particularly useful when
no suitable distant object or range is available, or where it may not be practical to
remain close to a given bearing line.

A reliable compass is taken ashore to a location whicl, is free from magnetic dis-
turbance. If the location is not marked by a conspicuous object, such as a beacon, i
flagpole, prominent tree, etc., a temporary marker should be erected. A staff with
a flag orbunting should be adequate. The marker should be of sufficient size and nature
to be conspicuous at the vessel. At suitable visual or radio signals from the vessel,
bearings are observed simultaneously aboard the vessel and ashore. The bearings of
the vessel observed by the shore compass are magnetic. The reciprocals of these can
be considered magnetic bearings of the shore statiou from the vessel. The bearings
measured aboard the vessel are compass bearings. The difference is deviation. To
avoid confusion in the sequence of bearings, the time of each bearing is recorded.
Timepieces should be synchronized before the start of observations.

Example.-Simultaneous bearings are observed by a shore compass and the
standard compass aboard a vessel, as shown below.

Required.-The deviatien of the standard compass on each heading.
Solution-

iM oMB f MB of shore CB of shore
CH Time vessel position position Devition
0 0 0 0 0

000 1112 307 127 137 loW
045 1120 309 129 131 2W
090 1126 312 132 130 2E
135 1018 296 16 113 3E
180 1029 295 115 109 6E
225 1039 288 108 096 12E
270 1052 288 108 113 5W I-
315 1104 289 109 115 6W

mean 118 118

The analysis of these results indicates no constant deviation. This is further indicated
by the fact that the means of the bearings aboard and ashore are equal.

Adjustment by Deflector

736. Principles hvolved.--As indicated in article 713, the magnetic field of a
vessel causes deviation of a magnetic compass, and also alters its directive force,
strengthening it on some headings and weakening it on others. The purpose of compass

- adjustment is to neutralize the effect of the vessel's ma )netir field on the compass. If this
is done completely, all deviation is removed, and the directive force is the same on all headings.
The usual procedure, described earlier in this chapter, is to adjust by reducing or
eliminating the deviation. By the deflector method, the various correctors are adjusted
until the directive force is ;he same on all cardinal headings. Deviation is then a
minimum.

The relative directive force on various headings is determined by means of an in-
strument called a deflector. Actual measurement is of the setting of the instrument

-A
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when the compass card has been rotated or "deflected" through 90' under certain
standard conditions. The units are arbitrary "deflector units" which are used only
for comparison with readings on other headings.

The deflector method provides a quick adjustment with only four headings being
needed, without need for bearings, azimuths, or comparison with other compasses. it
is easy to use. However, it ;s not as thorough as the method described i-1 article 729,
and should not be used when the usual method is available. The drtlector method
makes no provision for determination of coefficient A (art. 716), the amount of Flinders
bar needed, the setting of the heeling magnet, or the residual deviation. Coefficient
E can be determined, but is usually ignored. The method has never been popular in
the United States. It offers little or no advantage for a vessel equipped with a reliable
gyrocompass.

737. Adjustment by deflector.-The preliminary steps of adjustment are the
same as indicated in article 728, omitting those relating to peloruses and other com-
passes. Preparations having been completed, the adjustment should be carried out as

. follows:

1. Steady on headinj 0000 (or 180') by the compass being adjusted. Note the heading
by another compass and Ikeep the vessel on this heading, steering by means of the second
compass. Put the deflector in place over the first compass, and deflect the compass
card 90 . Record the reading on the deflector scale, and remove the deflector
ca2. Steady on heading 090 ° (or 270 ) by the compass being adjusted, and follow the
procedure of step 1.

3. Steady on heading 1800 (000' if 180' was ,:sed in step 1) by the compass being
adjusted, and determine the deflector reading by the procedure of step 1. Leave the
deflector in place and set it to the mean of the readings on headings 000' and 1800.
Adjust the fore-and-aft permanent magnets until the deflection is 900. This corrects
for coefficient B, and the deflector readings on compass headings 000 ° and 1800 should
now be the same. Remove the deflector. j

4. Steady on heading 270' (0900 if 270' was used in step 2)by the compass being
adjusted, and determine the deflector reading by the procedure of step 1. Leave the
deflector in place and ser. it to the mean of the readings on headings 0900 and 2700. f
Adjust the athwartship permanent magnets until the deflection is 900. This corrects
for coefficient C, and the deflector readings on compass headings 0900 and 1800 should
now be the same.

5. Without changing the heading, set the deflector to the mean of the N-S and
E-W means. Adjust the quadrantal correctors until the deflection is 900. This cor-
rects for coefficient D, and the deflector readings on all cardinal headings should be the
same. Remove the deflector.

Adjustment is now complete. It can be checked by repeating the five steps, a
procedure which is particularly recommended if the difference between deflector
readings on opposite headings is more than ten units. If means are available, and time
permits, the vessel should be swung for residual deviation. If preferred, a heading of
east or west can be used, reversing steps 1 and 2 and also steps 3 and 4.

This method is particularly useful when a quick adjustment is needed following
some change that affects the magnetic environment of the compass.

738. The Kelvin deflector was developed in Great Britain by Sir William Thomson
(]ord Kelvin). It consists essentially of two permanent magnets hinged like a pair
of dividers, with opposite poles at the hinge. The magnets are mounted vertically over
the center of the compass, with the hinged end on top. The separation of the lower
ends can be varied by means of a screw. The amount of separation, indicated by a
scale and vernier drums, is the reading used in the adjustment.

E'.
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The deflecting force increases as the separation becomes greater. When the
dolecktor is in p!ace over the compass, the blue pole is in line with the north (red) end I
6, :he compass magnets, as indicated by a pointer. As the deflecting magnets are rotated
around tlep vertical axis of the instrument, the compass card rotates in the same direc-j
tion, but at a slower rate. The separation is adjusted until the rotation of the instrument,
is 1700 when the deflection of the compass card is 900. These are the standard conditions'
under which readings are made.

The Kelvin type deflector provides adjustrtit ti., in accuracy of 20 to 3°

739. The De Colong deflector was devAoped in Russia and provides an accuracy
of 0?5 to 1 ?0. Essentially, this instrument consists of two horizontal magnets which are
perpendicular to each other. The small magnet is held in a fixed position close to the
compass card. The large magnet is mounted in a small tray which can be moved up and
down along a vertical spindle mounted over the center of the compass. The red end of
this magnet is placed toward the north. When it is positioned so that the directive force
is exactly neutralized, the small magnet causes the compass card to be deflected 90 0. The
height of the large magnet is the deflector reading, the scale being on the vertical
spindle, and the index on the movable tray.

Provision is made for mounting the large magnet vertically, to measure the vertical
force of the magnetic field at the compass. A separate scale is nrovided for this purpose.
AddiLonal magnets are generally provided for use near the magnetic equator, where the
vertical intensity is very small.

In practice, a separate deflector is provided for each compass, and they are not
interchangeable. By the addition of an auiliadr scale, the instrument could be made I
usable for any compass.

Degaussing Compensation

740. Degaussing.--As indicated in article 712, a steel vessel hass a certain amount
of permanent magnetism in its "hard" iron, and induced magnetism in its "suft" iron.
Whenever two or more magnetic fields occupy the same space, the total field is the vector
sum (art. 118, vol. II) of the individuai fields. Thus, within the effective region of the
field of a vessel, the total field is the combined total of the earth's field and that due t,
the ves-sel. Consequently, the field due to earth's magnetism alone is altered or distorted
due to the field of the vessel. This is indicated by a tendency of the lines of force to
crowd into the metal of the vessel (art. 703), as shown in figure 741a.

Certain mines and other explosive devices are designed to be triggerid by the
magnetic influence of a vessel passing near them. It is therefore desirable to reduce to a
practical minimum the nagnetic field of a vessel- One method of doing this is to neu-
tralize each component by means of an electromagnetic field produced by direct current
of electricity in electric cables installed so -is 1o form coils around the vessel. A uni
sometimes used for measuring the strength )f a magnetic field is the gauss. The reduc-
tion of the strength of a magnetic field decreases the number of gauss in that field.
Hence, the process is one of degaussing the vessel.

When a vessel's degaussing coils are energized, the magnetic field of the vessel is
completely altered. This introduces large deviation in the magnetic compasses. This is
removed, as nearly as practicabie, by introducing at each compass an equal and op-
posite force of the same type-one caused by direct current in a coil-for each component
of the field due to the degaussing currents. This is called compass compensation. When
there is a possibility of confusion with compass adjustment to neutralize the effects of A
the natural magnetism of the vessel, the expression degaussing compensation is used.
Since the neutralization may not be perfect, a small amount of deviation due to degauss-
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ing may remain on certain headings. This is the reason for swinging sW'-; twice-once
with degaussing off and once with it on-and having two separate ,.Uiumns a the
devition table (fig. 710).

741. A vessel's magnetic signature.-A simplified diagram of the distortion of t'he
earth's magnelic fielId in' the vicinity of a steel vessel is shown in figure 741a. T1 e
strength of the field is indicated by the spacing of the lines, being stronger as the lin. s

are closer togedher. If a vessel passes over a device for detecting and recording the
strength of the magnetic field, a certain pattern is traced, as shown in figure 741b.
Since the magnetic field of each vessel is different, each has a distinctive trace, known
as its magnetic signature. The simplified signature shown in figure 741b is one that
might result from an uncomplicated field such as that shown in figure 741a.

Several degaussing stations have been established to determine magnetic signatures
and recommend the currents needed in the various degaussing coils. Since a vessel's
induced magnetism varies with heading and magnetic latitude, the current settings of

-- the coils which neutralize induced magnetism need to be changed to suit the conditions.
A "degaussing folder" is provided each vessel to indicate the changes, and to give

_z other pertinent information.
A vessel's permanent magnetism changes somewhat with time and the magnetic

history of the vessel. Therefore, the information given in the degaussing folder should
be checked from ti. e to time by a return to the magnetic station.

742. Degaussing coils.-For degaussing purposes, the total field of the vessel is
divided into three components: (1) vertical, (2; horizontal fore-and-aft, and (3) hori-
zontal athwartships. The positive directions are considered downward, forward, and
to port, respectively. These are the nor) ial directions for a vessel headed north or
east in north latitude. Each component is opposed by a separate degaussing field just
strong enough to neutralize it. Ideally, when his has been done, the earth's field
Pas3es through the vessel smoothly and without distortion. The opposing degaussing
fields are produceI by direct current flowing in coils of wire. Each of the degaussing
coils is placed so that the field it produces is directed to oppose one component of the
ship's field.

The number of coils installed depends upon the magnetic characteristics of the
vC.:sel, and the degree of safety desired. The ship's permanent and induced magnetism
may be neutralized separately so that control cf induced magnetism can be varied as
heading and latitude change, without disturbing the fields opposing the vessel's perma-
nent field. The principal coils employed are the following:

Main (M) coil. The M-coil is placed horizontal, and completely encircles the
vessel, usually at or near the waterline. Its function is to oppose the vertical compo-
nent of the vessel's permanent and indrced fields combined. Gererally the induced
field predominates. Current in the M--, : s varied or reversed according to the change
of the induced component of the vertica, _. ,id with latitude.

Forecastle (F) and quarterdeck (Q) coils. The F- and Q-coils are placed horizontal
just below the forward and after thirds (or quarters), respectively, of the weather deck.
The designation "Q" for quarterdec:. is reminiscent of the days before World War II- - when the "quarterdeck" of naval vessels was aft ale- die ship's quarter. These coils,

in which current can be individually adjusted, rei-'- . tuch of the fore-and-aft compo-
nent of the ship's permanent and induced field.. ,..,ue commonly, the combined F-
and Q-coils consist of two parts; one part the FP- and QP-coils, to take care of the
permanent fore-and-aft field, and the o,.,er part, fhe F- and QI-coils, to neutralize
the induced fore-and-aft field. Generally, the forward and after coils of ea,;h type are
connected in series, forming a split-coil installation and designated FP-PQ coils and
FI-QI coils. Current in the FP-QP coils is generally constant, but in the FI-QI coils

A
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is varied according to the heading and magnetic latitude of the vessel. In split-coil
installations, the coil designations are often contrac.ed to P-coil and I-coil.

Is

PK

FIcu' a l-Simplified diagram of distortion of earth's magnetic field in the vicinity of a steel
vessel.

52

I 4

FIOiEu, 741b.-Simiplificd signature of vessel of figure 741a.

4 Longitudinal (L) coil. Better control of the fore-and-aft components, but at greater '.

installation expense, is provided by placing a series of vertical, athwartsbps coils along

the length of the ship. It is the field, not the coils, which is longitudinal. Current in
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an L-coil is varied as with the FI-QI coils. It is maximum on north and south head-
ings, and zero on east and west headings.

Athwartship (A) coil. The A-coil is in a vertical fore-and-aft plane, thus producing
a horizontal athwartship field which neutralizes the athwartship component of the
vessel's field. In most vessels, this component of the permanent field is small and can
be ignored. Since the A-coil neutralizes the induced field, primarily, the current is
changed with magnetic latitude tnd with heading, being maximum on east or west
headings, and zero on north or south headings.

The strength and direction of the current in each coil is indicated and adjusted
at a control panel which is normally accessible to the navigator. Current may be
controlled directly by ,eostats at the control panel or remotely by push buttons which
operate rheostats in the engine room.

Since degaussing fields oppose the vessel's fields, the positive directions of the
degaussing fields are upward, aft, and to starooard. For positive fields in M, F, F1,
FP, Q, Q T. n4 QP coils, current flows forward on the starboard side of the vessel;
and the nort& snd of a small compass placed above any of these coils is deflected out-
board. For a positive field in the L-coil, current flows upward on the starboard side,
and the north end of a compass is deflected aft when placed below an upper, athwart-
ship portion of the coil. For a positive field in the A-coil, current in the upper, fore-
and-aft portion flows aft, and the north end of a compass is deflected to starboard
when placed below this portion of the coil. The FI-QI coil2 are generally connected
so that the field in the Fl-coil is negative when that in the QI-coil is positive.

Appropriate values of the current in each coil are determined at a degaussing sta-
tion, the various currents being adjusted until the vessel's signature is made as flat
as possible. Recommended current values and directions for all headings and mag-
netic latitudes are set forth in the vessel's degaussing folder. This document is nor-
mally retained by the navigator, whose responsibility it is to see that the recommended
settings are maintained whenever the degaussing system is energized.

743. Securing the degaussing system.-Unles the degaussing system is properly
secured, residual magnetism may remain in the metal of the vessel. During degaussing j
compensation and at other times, as recommended in the degaussing folder, the
"reversal" method is used. The steps in the reversal procem are as follows:

1. Start with maximum degaussing current used since the system was last energized.
2. Decrease current to zero and increase it in the opposite direction to the same

value as in step 1.
3. Decrease the curren. to zero and increase it to three-fourths maximum value

in the original direction.
4. Decrease the current to zero and increase it to one-half maximum value in

the opposite direction.
5. Decrease the current to zero and increase it to one-fourth maximum value in

the original direction.
6. Decrease the current to zero and increase it to one-eighth maximum value in

the opposite direction.
7. Decrease the current to zero and open switch.
744. Magnetic treatment of vessels.--ln some instances, the degaussing can be

made more effective by changing the magnetic characteristics of the vessel by a process
known as deperming. Heavy cables are wound around the vessel in an athwartship
direction, forming vertical loops around the longitudinal axis of the vessel. The loops
are run beneath the keel, up the sides, and over the top of the weather deck at closely
spaced equal intervals along the entire length of the vessel. Predetermined values of
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direct, current are then passed through the coils. When the desired magnetic charac-
teristics have been acquired, the cables are removed.

A vessel which does not have degaussing coils, or which has a degaussing system
which is inoperative, can be given some temporary protection by a process known as
flashing. A horizontal coil is placed around the outside of the vessel and energized
with large predetermined values of direct current. When the vessel has acquired a
vertical field of permanent magnetism of the correct magnitude and polarity to reduce
to a minimum the resultant field below the vessel for the particular magnetic latitude
involved, the cable is removed. This type protection is not as satisfactory as that
provided by degaussing coils because it is not adjustable for various headings and
magnetic latitudes, and also because the vessel's magnetism slowly readjuss itself
following treatment.

During magnetic tratmnent it is a wise precaution to remove all magnetic com-
passes and Flinders bars from the vessel. Permanent adjusting magnets and quad-
rantal correctors are not materially affected, and need not be removed. If for any
reason it is impractical to remove a compass, the cables used for magnetic treatment
should be kept as far as practical from it.

74.5. Degaussing compensation.-The magnetic fields created by the (legaussing
coils ,u]d render the vessel's magnetic compasses useless unless compensated. This
is a .plished by subjecting the compass to coml)ensating fields along three mutually
perpendicular axes. These fields are provided by small compensating coils adjacent
to the compass. In nearly all installations, one of these coils, the heeling coil, is hori-
zontal and on the same plane as the compass card. Current in the heeling coil is ad-
justed until the vertical component of the total degaussing field is neutralized. The
other coml)ensating coils provide horizontal fields perpendicular to each other. Cur-
rent is varied in these coils until their resultant field is equal -nd opposite tn the. hoi-
zontal component of the degaussing field. In early installations, these horizon I fields 1
were directed fore-and-aft and athwartships by placing the coils around the Flinders
bar and the quadrantal spheres. Compactness and other advantages are gained by |
placing the coils on perpendicular axes extending 045e-225' and 315'-1351 relative 3
to the heading. A frequently used compensating installation, called the type "K,"
is shown in figure 745. It consists of a heeling coil extending completely around the
top of the binnacle, four "intercardinal" coils, and three control boxes. The inter- I
cardinal coils are named for their positions relative to the compass when the vessel is
on a heading of north, and als.) for the compass heading7, on which the current in the
coils is adjusted to the correct amount for compensation. The NE-SW coils operate
together as one set, and the NW-SE coils operate as another. One control box is pro-
vided for each set, and one for the heeling coil.

The compass compensating coils are connected to the power supply of the de-
gaussing coils, and the currents passing through the compensating coils are adjusted
by series resistances so that the compensating field is equal to the degaussing field.
Thus, a change in the degaussing currents is accompanied by a proportional change I
in die c mpen.sint currents. Each coil has a separate winding for each degaussing
circuit it compensates.

Degaussing compensation is carried out while the vessel is moored ut the ,!,in-

yard where the degaussing coils are installed. This is usually done by personnel of the
yard, using the following procedure:

1. The compass is removed from its binnacle and a dip needle is installed in its
place. The ill-coil and heeling coil are then energized, and the current in the heeling
coil is adjusted until the dip needle indicates the correct value for the magretic latitude
of the vessel. The system is then secured by the reversing process.

t
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~~Frcuaz 745.-Type "K" degaussing compensadion

installation.

2. The compass is restored to its usual position in the bianacle. By means of
auxiliary magnets, the compass card is deflected until the compass magnets are parallel
to one of the compensating coils or set of coils used to produce a horizontal field. The
compass magnets are then perpendicular to the field produced by that coil. One of the
degaussing circuits producing a horizontal field, and its compensating winding, are
then energized, and the current in the compensating winding is adjusted until the
compass reading returns to the value it had before the degaussing circuit was energized.
The system is then secured by the reversing process, The process is repeated with each
additional circuit used to create a horizontal field. The auxiliary magnets are then
removed. i

3. The auxiliary magnets are placed so that the compass magnets are parallel to
the other compensating coils or set of coils used to produce a horizontal field. The
..... dc ,. of step 2 is then repeated for each circuit producing a horizontal field.

VV .lir. nt vessel gets under way, it proceeds to a suitable maneuvering area. Thevessel is then headed so that ih, -ompAss magnets are parallel first to one compensating
- . coil or set of coils and then the other, and any needed adjustment is made in the coM-

pensating circuits to reduce the error to a minimum. The vessel is then swung for
residual deviation, first w ith degaussing off and then with degaussing on, and the
correct current settings for each heading at the magnetic latitude of the vessel. From

I"
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the values thus obtained, the "DG OFF" and "DG ON" columns of the deviation
table (fig. 710) are filled in. If the results indicate satisfactory compensation, a record
is made of the degaussing coil settings and the resistances, voltages, and currents in
the compensaing coil circuits. The control boxes are then secured.

Under normal operating conditions, the settings need not be changed unless changes
are made in the degaussing system, or unless an alteration is made in the amount of
Flinders bar or the setting of the quadrantal correctors. However, it is possible for a I
ground to occur in the coils or control box if the circuits are not adequately protected
from sea water or other moisture. If this occurs, ii should be reflected by a change in
deviation with degaussing -on, or by a decreased installation resistance. Under these
conditions, compensation should be carried out again. If the compass is to be needed
with degaussing on before the ship can be returned to a shipyard where the compensa-
tion can be made by experienced personnel, the compensation should be made at
sea on the actual headings needed, rather than by deflection of the compass needles by
magnets. More complete information related to this process is given in the degaussing
folder.

If a vessel has been given magnetic treatment, its magnetic properties have been
changed. This necessitates readjustment of each magnetic compass. This is best delayed
for several days to permit stabilization of the magnetic characteristics of the vessel.
If this cannot be delayed, the vessel should be swung again for residual deviation i
after a few days. Degaussing compensation should not be made until after compass
adjustment has been completed.

Problems

711a. Fill in the blanks in the following:

TC V MC D CC CE I

(1) 105 15E - 5W -- -
(2) - - - 4E 215 14E

(3) - 12W - - 067 7W
(5) 156 - 166 - 160 -

(5) 222 - 216 3W - -

(6) 009 -- 357 - - 10E
(7)- 2W - 6E 015 -

(8) - - 210 - 214 1W

Anmwers.-(1) MC 0900, CC 0950, CE 100E; (2) TC 2290, V 10'E, MC 2190; (3)
TC 0600, MC 0720, D 50E; (4) V 10'W, D 60E, CE 4°W; (5) V 60E, CC 2190, CE
30E; (6) V 120E, D 20W, CC 3590; (7) TC 0190, MC 0210, CE 40E; (8) To 2130,
V 30E, D 4°W.

711b. A vessel is on course 1500 by compass in an area where the variation is 19*E.
The deviation is as shown in figure 710. Degaussing is on.

Re2uired.-(1) Deviation.
(2) Compass error.

- (3) Magnetic heading.
(4) True heading.
Answers.-(1) D 1E, (2) CE 200E, (3)MH 1510, (4) TH 170'.
711c. A vessel is on course 0550 by gyro and 0410 by magnetic compass. The gyro

error is 10W. The variation is 15'E.
Required.-The deviation on this heading.
Aner.-D 20W.

-4".
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711d. A vessel is on course 177' by gyro. The gyro error is 075E. A beacon bears
0880 by magnetic compass in an area where variation is 11W. The deviation is as
shown in figure 710, degaussing off.

Required.-The true bearing of the beacon.
Answer.-TB 0760.
721a. A magnetic compass is adjusted on the magnetic equator, without any

Flinders bar being used. The rqsi,!h'l deviation on heading 0900 magnetic is !°E.
Some days later, at latitude 37°N, dip 700, the deviation on heading 0900 is 12°W.

Required.-The length and location of Flihders bar required to restore a residual
deviation of IE (using fig. 721, A) if the magnetic properties of the vessel are un-
changed.

Answer.-Fifteen inches of Flinder bar forward of the compass.
721b. The deviation of a magnetic compass of a vessel on heading 2700 magnetic

is 2°E near Sydney, Australia (south magnetic latitude) and 12'W near Seattle, Wash.
(north magnetic latitude). Near Sydney, H=0.258 and Z=0.51. Near Seattle, H=0.188
and Z=0.53. The shielding factor is 0.9.

Required.-The length of Flinders bar to use if (1) no Flinders bar is in place
du ring observations, (2) 12 inches of Flinders bar is in place forward of the compass dur-
ing observations.

Answers.-(1) 8% inches (8.5 inches by computation) of Flinders bar aft of the
compass, (2) nine inches (8.8 inches by computation) of Flinders bar forward of the
compass.

727. A magnetic compass which has not been adjusted has deviation on cardinal
and intercardinal comprass headings as follows:

oI

Compass heading Deviation Compass heading Deviation
0 0 0 0

000 2.0E 180 6.OE
045 20.5E 225 5.5W
090 18.5E 270 22.0W
135 8.OE 315 23.5W

On heading compass north the deviation is 6?OW when the vessel heels 70 to starboard.
Required.-(1) The approximate value of each coefficient.
(2) The total deviation to be expected on compass heading 3000, with the vessel

on an even keel. :N
(3) Heeling error on compass heading 0600, with a hee! of 100.
Answers.-(1) A (+)0?5, B (+)20?2, C (-)200, D (+)7?6, E (+)2?9, J (-)1,1;

(2) d 260W; (3) HE 5?5.
730a. It is desired to place a vessel on magnetic heading west, using the magnetic -

steering compass. The deviation table for this compass is shown in figure 710. Degaussing
is on.

Required.-Heading per steering compass (p stg c).
-_ . Answer.-H, . 272g.

730b. It is desired to place a vessel on magnetic heading south, using the Fyro-
compass. The variation in this area is 12'E, end the gyro error is 0?5E.

Required.-Heading per gyrocompass.
Answer.-H,,, 191?5.

730c. It is desired to p ace a vessel on magnetic heading southeast in an area
where the variation is 60 W. The true bearing for a distant object is 0470.

Required.-(1) Tne magnetic bearing of the object.
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(2) The relative bearing of the object when the vessel is on the desired magnetic
heading.

Answers.-(1) MB 0530, (2) RB 2780.
730d. The compass bearings of a distant object are as follows:

CH CB CH CB
0 0 0 0

000 358 180 002
04.5 357 225 006
090 351 270 012
135 353 315 009

Required.-The magnetic bearing of the object, assuming no constant deviation
(coefficient A).

Answer.-MB 0010.
730e. It is desired to place a vessel on magnetic heading east in an area where the

variation is 130E, and at a time when the computed true azimuth of the sun is 218' .

Required.-(1) The magnetic azimuth of the sun.
(2) The relative azimuth when the vessel is on the desired magnetic heading.
(3) The azimuth by a magnetic compass haling deviation as shown in figure 710

(DG on).
(4) The azimuth by a gyrocompass having a gyro error of loW.
Answers.-(1) MZn 205', (2) RZn 1150, (3) CZn 2020, (4) Zn,,c 2190.
732. A vessel is being maneuvered to determine the residual deviation of a magnetic

compass. The gyrocompass, which has an error of IE, is used for placing the vessel on
the magnetic headings indicated below. Variation in the area is 7?8W. The following
readings are obtained:

MH CH MH CH

000 000.0 180 180.1
045 044.1 225 225.8
090 088.5 270 271.4
135 134.2 315 315.9

Required.-Gyro heading and deviation on each inagnetic heading.
Answers.-

MH Hg Dev. MH H,,, Dev.
0 0 0 0

000 351.2 0.0 180 171.2 0.1W
045 036.2 0.9E 225 216.2 0.8W
090 081.2 1.5E 270 261.2 1.4W
135 126.2 0.8E 315 306.2 0.9W

733. A vessel is being swung for residual deviation during the period and at the
place for which the curve of magnetic azimuths of figure 731 has been constructed.
The following readings are obtained:

CH Time CZn CH Time CZn

0 h 0 g 0 0 m 0

000 7 56 13 73.7 180 8 16 36 75.2
045 8 01 22 72.9 225 8 22 19 76.8
090 8 04 55 71.9 270 8 27 12 78.7
135 8 11 01 74.0 315 8 33 27 77.2

- ~ -
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Required.-Deviation on each compass heading. i
Answers.-

CH Deviation CH Deviation
0 o 0 0

000 0.1E 180 0.0
045 1.3E 225 1.2W
090 2.6E 270 2.8W
135 0.9E 315 0.8W

734. A vessel being swung for residual deviation crosses a range on various compass
headings as indicated below, the compass bearing of the range being observed at each
crossing. The true direction of the range is 2550. The variation in the vicinity is 24?5E.

CH CB C11 CB
00 0 0

000 230.3 180 230.6
045 228.7 225 232.4
090 227.4 270 233.8
135 228.0 315 232.3

Required.-Deviation on each compass heading.
Answers.-

CH Deviation CH Deviation
000 0

000 0.2E 180 0.1W
045 1.8E 225 1.9w
090 3.1E 270 3.3W
135 2.5E 315 1.8W

735. Bearings of a vessel are taken by means of a compass ashore, and simultaneous
bearings of the shore position are taken from the vessel, as follows:

CB of OB of
shore MB Of shore MBo0CH position vessel OH position vse

000 020 198 180 003 184
045 013 189 225 009 194
090 004 174 270 013 204
135 001 172 315 017 205

Required.-(1) Deviation on each heading.
(2) The value of coefficient A.
Answers.-
(1)

CH Deviation OH Deviation
0 0 0 0

000 2W 180 1E
045 4W 225 5E
090 loW 270 lIE
135 9W 315 8E

(2) Coefficient A is zero.

A-
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CHAPTER VIII

DEAD RECKONING

801. Introduction.-Dead reckoning (DR) is the determination of position by
advancing a known position for courses and distances. It is reckoning relative to
something stationary or "dead" in the water, and hence applies to courses and speeds
through the water. Because of leeway due to wind, inaccurate allowance for compass
error, imperfect steering, or error in measuring speed, the actual motion through the
water is seldom determined with complete accuracy. In addition, if the water itself
is in motion, the course and speed over the bottom differ from those through the water.I It is good practice to use the true course steered and the bef determination of measured
speed, which is normally speed through the water, for (lead reckoning. Hence, geo-
graphically, a dead reckoning position is an approximate one which is corrected from
time to time as the opportunity presents itself. Although of less than the desired
accuracy, dead reckoning is the only method by which a position can be determined
at any time and therefore might be considered basic navigation, with all other methods
only appendages to provide means for correcting the dead reckoning. The prudent
navigator keeps his direction- and speed- or distance-measuring instruments in top
condition and accurately calibrated, for his dead reckoning is no more accurate than
his measurement of these elements.

If a navigator can accurately assess the disturbing elements introducing geo-
graphical errors into his dead reckoning, he can determine a better position than that U
established by dead reckoning alone. This is properly called an estimated position
(EP). It may be established either by applying an estimated correction to a dead
reckoning position, or by estimating the course and speed being made good over the
bottom. The expression "dead reckoning" is sometimes applied loosely to such reckon-
ing, but it is better practice to keep this "estimated reckoning" distinct from (lead
reckoning, if for no other reason than to provide a basis for evaluating the accuracy
of one's estimates. When good information regarding current, wind, etc., is available,
it should be used, but the practice of applying corrections based upon information of
uncertain accuracy is, at best, questionable, and may introduce an error. Estimates
should be based upon judgment and experience. Positional information which is
incomplete or of uncertain accuracy may be available to assist in-making the estimate.
However, before adequate experience is gained, one should be cautious in applying
corrections, for the estimates of the inexperienced are often quite inaccurate.

Dead reckoning not only provides means for continuously establishing an ap-
proximate position, but also is of assistance in determining times of sunrise and sunset,
the celestial bodies available for observation, the predicted availability of electronic
aids to navigation, the suitability anti interpretation of soundings for checking position,
the predicted times of making landfalls or sighting lights, estimates of arrival times, and
in evaluating the reliability and accuracy of position-determining information. Because
of the importance of accurate dead reckoning, a careful log is kept of all courses and
speeds, times of all changes, and compass errors. These may be recorded directly in
the log or first in a navig- ..-'s notebook for later recording in the log, but whatever
the form, a careful record. -mportant.
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Modern navigators almost invariably keep their dead reckoning by plotting directly
on the chart or plotting sheet, drawing lines to represent the direction and distance of
travel and indicating (lead reckoning and estimated positions from time to time.
This nethod is simple and direct. Large errors are often apparent as inconsistencies
in an otherwise regular plot. Before the advent of power vessels, when frequent course
and speed changes were common, and when charts were sometimes of questionable
accuracy, it was common practice to keep the (lead reckoning mathematically by one,
or a combination, of the "sailings" (chapter IX). Except for great-circle sailing, and
occasionally composite andl Mercator sailings, these are of little more than historical
interest to modern navigators, other than those of small boats.

In determining distance run in a given time, one may find table 19 useful.
802. Plotting position on the chart.--A position is usually expressed in units of

latitude and longitude, generally to the neprest 0:1, but it may be expressed as bearing
and distance from a known position, such as a landmark or aid to navigation.

To plot a position on a Mercator chart, or to determine the coordinates of a point
on such a chart, proceed as follows:

To plot a position when its latitude and longitude are known: Mark the given lati-
tude on a vcnvenient latitude scale along a meridian, being careful to note the unit
of the smallest, division on the scale. Place a straightedge at this point and parallel to a
parallel of latitude (perpendicular to a meridian). Holding the straightedge in place,
set one point of a pair of dividers at the given longitude on the longitude scale at the
top or bottom of the chart (or along any parallel) and the other at a convenient printed
meridian. Without changing the spread of the dividers, place one point on the same
printed meridian at the edge of the straightedge, and the second point at the edge of
the straightedge in the direction of the given longitude. This second point is at the
given position. Lightly prick the chart. Remove first the straightedge and then the
dividers, watching the point to be sure of identifying it. Make a dot at the point, enclose
it with a small circle or square as appropriate (art. 805), and label it. If the dividers
are set to the correct spread for longitude before the latitude is marked, one point of
the dividers can be used to locate the latitude and place the straightedge, if one is
careful not to disturb the setting of the dividers.

To deternine the coordinates of a point on the chart: Place a straightedge at the
givc )oint ind parallel to a parall of latitude. Read the latitude where the straight-
edge crosses a latitude scale. Keeping the straightedge in place, set one leg of a pair of
dividers at the given point and the other at the intersection of the straightedge and a
convenient printed meridian. Without changing the spread of the dividers, place one
end on a longitude scale, at the same printed meridian, and the other point on the
scale, in the direction of the given point. Read the longitude at this second point.

Several variations of these procedures may suggest themselves. That method
which seems most natural and is least likely to result in error should be used.

803. Measuring direction on the chart.-Since the Mercator chart, commonly used
by the marine navigator, is conJor;nal (art. 302), directions and angles are correctly
represented. It is customary to orient the chart with 0000 (north) at the top; other
directions are in their correct relations to north and each other. 4

As an aid in measuring direction, compass roses are placed at convenient places on
the chart or plotting sheet. A desired direction can be measured by placing a straight-
edge along the line from the center of a compass rose to the circular graduation repre-
senting the desire(] direction. '1 he straightedge is then in the desired direction, which
may be transferred to any other part of the chart by parallel motion, as by parallel
rulers or two triangles (art. 603). The direction between two points is determined by

.-- -- -
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transferring that direction to a compass rose. If a drafting machine (art. 606) or some
form of plotter (art. 605) or protractor (art. 604) is used, measurement can be made
directly at the desired point, without using the compass rose.

Measurement of direction, whether or not by compass rose, can be made at any
convenient place on a Mercator chart, since meridians are parallel to each other and a Iline making a desired angle with any one makes the same angle with all others. Such

a line is a rhumb line, the kind commonly used for course lines, except in polar regions.
For direction on a chart having nonparallel meridians, measurement can be made at
the meridian involved if the chart is conformal, or by special technique if it is not
conformal. Explanation of the former is given in article 2511. The only nonconformal
chart commonly used by navigators is the gnomonic, and instructions for measuring
direction on this chart are usually given on the chart itself.

Compass roses for both true and magnetic directions may be given. A drafting
machine can be oriented to any reference direction-true, magnetic, compass, or grid.
When a plotter or protractor is used for measuring an angle with respect to a meridian,
the resulting direction is true unless other than true meridians are used. For most
purposes of navigation it is good practice to plot true directions only, and to label them
in true coordinates.

804. Measuring distance on the chrt.-The length of a line on a chart is usually
measured in nautical miles, to the nearest 0.1 mile. For this purpose it is customary to
use the latitude scale, considering one minute of latitude equal to one nautical mile.
The error introduced by this assumption is not great over distances normally measured.
It is maximum near the equator or geographical poles. Near the equator a ship travel- I
ing 180 miles by measurement on the chart would cover only 179 miles over the earth.
Near the poles a run of 220 miles by chart measurement would equal 221 miles over the
earth.

Since the latitude scale on a Mercator chart expands with increased latitude, meas-
urement should be made at approximately the mid latitude. For a chart covering a
relatively small area, such as a harbor chart, this precaution is not important because
of the slight difference in scale over the chart. On such charts a separate mile scale
may be given, and it may safely be used over the entire chart. However, habit is strong,
and mistakes can probably be avoided by always using the mid latitude.

For long distances the line should be broken into a number of parts or legs, each
one being measured at its mid latitude. The length of a line that should be measured
in a single step varies with latitude, decreasing in higher latitudes. No realistic nu-
merical value can be given, since there are too many considerations. With experience
a navigator determines this for himself. On the larger scale charts this is not a problem
because the usual dividers used for this purpose will not span an excessively long
distance.

In measuring distance, the navigator spans with his dividers the length of the line
to be measured and then, without altering the setting, transfers this length to the
latitude scale, carefully noting the graduations so as to avoid an error in reading. As
This precaution is needed because of the difference from chart to chart. In measuring

S- a desired length along a line, the navigator spans this length on the latitude scale
opposite the line and then transfers his dividers to the line, without changing the setting.
For a long line the navigator sets his dividers to some convenient distance and steps
off the line, counting the number of steps, multiplying this by the length of the step,V and adding any remainder. If the line extends over a sufficient spread of latitude to
make scale difference a factor, he resets his dividers to the scale for the approximate
mid latitude of each leg. The distance so measured is the length of the rhumb line. t ., .

ok
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For measuring distance on a nearly-constant-scale chart, such as the Lambert
conformal, the mid-latitude precaution is usually unnecessary. Such charts generally
have a mile scale independent of the latitude scale. On a gnomonic chart a special
procedure is needed, and this is usually explained on the chart.

805. Plotting and labeling the course line and positions.-Course is the intended
horizontal direction of travel through the water. A course line is a line extending in the
direction of the course. From a known position of the ship the course line is drawn in the
direction indicated by the course. It is good practice to label all lines and points of
significance as they are drawn, for an unlabeled line or point can easily be misinterpreted
later. Any simple, clear, logical, unambiguous system of labels is suitable. The following
is widely used and might well be considered standard.

Label a course line with direction and speed. Above the course line place a capital
C followed by three figures to indicate the course steered. It is customary to label
and steer courses to the nearest whole degree, although they are generally computed to
the nearest 0?1. The course label should indicate true direction, starting with 0000 at
true north and increasing clockwise through 3600. Below the course line, and under
the direction label, place a capital S followed by figures representing the speed in
knots. Since the course is always given in degrees true and the speed in knots, it is
not necessary to indicate the units or the reference direction (fig. 805).

0800 C 095 090(Q~
815

FIGURE 805.-A course line with labels.

A point to be labeled is enclosed by a small circle in the case of a fix (an accurate
position determined without reference Lo any former position), a semicircle in the case
of a dead reckoning position, and by a small square in the case of an estimated position.It is labeled with tb- time, usually to the nearest minute; the nature of the position is
indicated by the symbol used. Time is usually expressed in four figures without punctua-
tion, on a 24-hour basis (art. 1803). Zone time (art. 1807) is usually used, but Greenwich
mean time (art. 1807) may be employed. A course line is a succession of an infinite
number of dead reckoning positions. Only selected points are labeled.

The times of fixes and estimated positions are placed horizontally; the times of

dead reckoning positions are placed at an angle to the course line.
806. Dead reckoning by plot.-As a vessel clears a harbor and proceeds out to sea,

the navigator obtains one last good fix while identifiable landmarks are still available.
This is called taking departure, and the position determined is called the departure.
Piloting (ch. X) comes to an end and the course is set for the open sea. The course

Hline is drawn and labeled, and some future position is indicated as a DR position.

The number of points selected for labeling depends primarily upon the judgment and
individual preference of the navigator. It is good practice to label each point where
a change of course or speed occurs. If such changes are frequent, no additional points
need be labeled. With infrequent changes, it is good practice to label points at some --

regular interval, as every hour. From departure, the dead reckoning plot continues
unbroken until a new well-established position is obtained, when both DR and fix are

L shown. The fix serves as the start of a new dead reckoning plot. Although estimated
positions are shown it is generally not good prac tice to begin a new DR at these points.

A typica! dead reckoning plot is shown in figure 806, indicating procedures both -
when there are numerous changes of course and speed and when there is a long con-

I r
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tinuous course. It is assumed that no fix is obtained after the initial one at 0800 on
September 8. Note that course lines are not extended beyond their limits of usefulness,
One should keep a neat plot and leave no doubt as to the meaning of each line and

69°W 68°W 67W 66W 65W

42*N -..
42W~

r Ci

L. 30 , ,-' " "

41*N 
- 41*N

lip
4o.N t4o.*i

I

"- 0i ."

4P1

_ -- 30" 30-

39-N _______39N

69W 68°W 67W 66W 651W

FIGUr. 806.-A typical dead reckoning plot.

marked point. A neat, accurate plot is the mark of a good narigator. The plot of the in-

tended track (art. 207) should be kept extended to some future time. A good navigator
is always ahead of his ship. In shoal water or when near the shore, aids to navigation,
dangers, etc., it. is customary to keep the dead reckoning plot on a chart. A chart over-
printed with a lattice of a radionavigation system may be used. But on the open sea,

- with only dead reckoning and celestial navigation available, it is good practice to use a
plotting sheet (art. 323).

807. Current.-Water in essentially horizontal motion over the surface of the
earth is called current. The direction in which the water is moving is called the set,
and lhe speed is called the drift. In navigation it is customary to use the term "cur-
reit" to include all factors introducing geographical error in the dead reckoning, whether

their immediate effects are on the vessel or t xater. When a fix is obtained, one as-

sumes that the current has sefrom the DR position at the same time to the fix, and '-'-
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that the drift is equal to thl distance in miles between these positions, divided by the
number of hours since the last fix. This is true regardless of the number of chaIges
of course or speed since the last fix.

If set and drift since the last fix are kown, or can be estimated, a better position j
can be obtained by applying a correction to that obtained by dead reckoning. This
is conveniently done by drawing a straight line in the direction of the set for a distance
equal to the drift multiplied by the number of hours since the last fix, as shown in ngure
805. The direction of a straight line from the last fix to the EP is the estimated course
made good, and the length of this line divided by the time is the estimated speed made
good. The course and speed actually made good over the ground are called the course
over the ground (COG) and speed over the ground (SOG), respectively.

As shown in figure 805, the straight line drawn from the 0900 DR in the direction
o the set is constructed as a broken line. Thi, capital S above the line represents the
set; the capitsl D below the line represents the drift.

If a eurrEot is setting in the same direction as the course, or its reciprocal, the
course over the 6 :ound is the same as that through the water. The effect on the speed
ean bu found by simple arithmetic. If the course and set are in the same direction,
the speeds are added; if in opposite d: ctions, the smaller is subtracted from the larL-r.
This situation is not unusual when a ship , counters a tidal current while entering or
leavihg port. If a snip is crossing a current, solution can be made graphically by ,ector
diagram (art. 118, vol. II) since velocity over the ground is the vector sum of velocity
through the water and velocity of the water. Although distances can be used, it is gen-
erally easier to use speeds.

Example 1.-A ship oi. course 080', speed ten knots, is steaming through a current
having an estimated set of 1400 and drift of two knots. I

Required.-Estimated course and speed made good.
Solution (fig. 807a).-(1) Fiom A, any convenient point, draw AB, the course

and speed of the ship, in direction 0800, for a distance c'" en miles. j
B

stU ~eeled 8CoA -  __ -  -course Made Good 089 ,C
Speed Made Good 11.2

ikiGUR 807a.-Finding course and speed made good through a current.

(2) From B draw BC, the set aid drift of the current, in direction 1400, for a dis-~ance of two railes.,

(3) The direction and length of AC are the estimated course ,.nd speed made good.
Determine these by measuremert.

A' swers.-Estimated course made good 0890, estimated speed made good 11.2 kn.
- If it is required to find the course to stee,. at a given speed to make good a desired

cours(., plot the current vector from the origin, A, instead of from B.
Cizwwple 2.--The captain desires to makv good a course of 0'5' through a current

having a set of 170' and a drift of 2.5 knots, using a speed of 12 knots. IN
K . Reqired.-The course to steer and the speed made go'-d.

Solution (fig. 807b).-(1) From A, any convenient point, draw line AB extending
in the direction of the course to be made good, 095'.

(2) From A draw AC, the s;t a'nd drift of the current.

-J
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(3) Using C as , ter, swing an arc of radius CD, the speed through the water
(12 knots), inter ,cting line AB at D.

(4) Measure the direction of line CD, 083?5. This is the course to steer.
(5) Measure the length AD, 12.4 knots. This is the speed made good.
A,,swers.--Course to steer 083?5, speed made good 12.4 kn.

A 
Course TO Make Good 095

I'a A

FIGURE': 807b.-Findig the course to steer at a given speed to make god a given

course through a current.

If it is required to find the course to steer and the speed to use to make goutu a -

desired course and speed, proceed as follows:
Example .- The captain desires to make good a course of 2650 and a speed of 15

knots through a current having a set of 1 5° and a drift of three knots.
Required.-The course to steer and the speed to use.
Solution (fig. 807c).- .1) From A, any convenient point, draw AB in the direction

of the course to be made good, 265', and for a length equal to the speed to be made
good, 15 knots.

A

Course To make GOd25,
Speed To Make God 00

Course To steer 276Speed Through Water 48 -U

FiouaF, 807c.-Finding the course to steer and the speed to use to make good a given course
and speed through a current.

(2) From A draw AC, the set and drift of the current.
(3) Draw a straight line from C to B. The directioh of this line, 276', is the required

course to steer; and the length, 14.8 knots, is the required speed.
Answers.-Course to F'- er 2760, speed to use 14.8 kn.
Such vector solutions can be made to any convenient scale and at any convenient 4 AF

place, such as the center of a compass rose. an unused corner of One plotting sheet, a
separate sheet, or directly on th3 plot.

-._ 808. Leeway is the leeward motion of a vessel due to wind. It may be expressed
as distance, speed, or angular difference between course steered and course through the
water. Htowever expressed, its amount varies with the speed and relative direction of .
the wind, type of vessel, amount of freeboard, trim, speed of the vessel, state of the
sea, and depth of water. If information on the amount of leeway to be expected under
various conditions is not available for tne type vessel involved, i should be determined j 3
by observation. When sufficient data have been collected, suitable tables or graphs

..
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DEAD RECKONING 257

can be made for quick and convenient estimate. The accuracy of the information
should be checked whenever convenient, and corrections made when sufficient evidence
indicates the need.

Leeway is most conveniently applied by adding its effect to that of current and
other elements introducing geographical error in the dead reckoning. It is customary
to consider the combined effect of all such elements as current, and to make allowance
for this as explained in article 807. In sailing ship days it, was common practice to
consider leeway in terms of its effect. upon the course only, and to apply it as a correction
in the same manner that variation and deviation are applied. While this method has
merit even with power vessels, it is generally considered inferior to that of considering
leeway as part of curretnt..

809. Automatic dead reckoning.-Several types of devices are in use for per-
forming automatically all or plart of tlhe dead reckoning. Perhaps the simplest, is the
automatic course recorder, which provides a graphical record of the various courses
steered. In its usual form this device is controlled by the gyrocompass, and so indicates
gyro courses. 'S

Dead reckoning equipment receives inputs from the compass, ulsually the g.,u'o-
compass, and a mechanical log or engine revolution counter. It determines change in
latitutide and longitude, the latter by first determining departur ti and then mechanically
multiplying this by the secant of the latitude. The device is provided with counters i
on which latitude and longitude can be set. As the vessel proceeds, the changes are
then mechanically added to or subtracted from these readings to provide a continluos,
instantaneous iudication of the dead reckoning position. The niigator or an assistant

reads these dials at intervals, usually each hour, and records the values in a notebook.
Most models of (lead reckoning equipment, are 1)rov,,,ed, also, with a tracer for keeping I
a graphical record of dead reckoning in the form of a plot, by moving a pencil or penacross a chart or l)lotting sheet. This part. of tLe device is called a dead reckoning

tracer. Whatever the form, dead reckoning equiipment is a great convenience, partic-
ularly when a ship is monettvering. However, such mechanical equipment, is subject.
to possible failure. The prudent navigator keeps a hand plot and uses the dead reck-

oning equipment as a check. In navigation it. is never wise to rely u)on a single method
if a second method is available its a check.

If it were possible to measure, with high accuracy, the direction and distance
traveled with respect to the earth, an accurate geographical position could be known at, all
times. The two methods most commonly used are (1) doppler and (2) inertial. By the
doppler method one or more beanis of acoustic energy are directed downward at. an
angle. The return echo from the hottom is of a slightly different frequency due to the
Motion of the (-!.,ft.. The amount of the change, or (loppler, is p~ropiortional to the
speed. By proper selection of beams, it is possible to measure speed in a lateral direction
as well as in a forward direction. Distance can be determined by mechanical or elec-
tronic integration of these measurements, and this can be conlerted into position.

L - By the inertial method, acc.leronicters measure the acceleratiou in various (irections,
and by double integration this is converted to distt,;-e, from which position can be
deternuined. Either of these methods cati provide considerable accurac\ over a period
of several hours, but the error increases with ti-me.

-
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Problems

806a. Draw a small area plotting sheet by either method explained in article 324,
covering the area between latitude 32°-34*N and longitude 118°-122*W. Plot the

following points:I A L 33049.1N C L 33038.0N
X 120 052'0W X 118038.6W

B 1, 32 0 17!4N D L 32 0 30'6N
X 121028.0W X 118 0 36:2W

SRequired.-() The bearings of B, C, and D from A.
(2) The course and distance of A, B, and C from D.
Answers.-(1) BAB 198?5, B, 095?5, BAD 1240; (2) ODA 3040, DDA 138.8 mi., C

264?5, DDB 145.7 mi., CD0 358?5, DDC 67.2 mi.
806b. Use the plot of problem 806a. A ship starts from A at 1200, and steams as

follows: Time Course Speed

12003120 15 kn.
1330 2400 15 kn.1500 ') o00 1

-4 17 kn.2800 1250 20 kn.]2000 0900 20 kn.

2300 015o 10 kn.
0500

Plot and label the (lead reckoning course line and DR positions.
Required.-(I) The dead reckoning position of the ship at 0500.
(2) The bearing and distance of D from the 2300 DR position.
(3) The course and distance from the 0500 DR position to C.
(4) Estimated time of arrival (ETA), to the nearest minute, at C if the ship) proceeds

directly from the 0500 DR position at 20 knots.
Answers.-(1) 0500 DR: L 33351IN, X 119*35"8W; (2) B 0960, D 66.0 mi.; z

(3) C 0860, D 48.1 mi.; (4) ETA 0724.
807-.. A ship on course 1200, speed 12 knots, is steaming through a current having

a set of 350' and a drift of 1.5 knots.
Reouired.-Course and speed made good.
Answers.-Course made good 1140, speed made good 11.1 kn.
807b. The captain desires to make good a course o! 1800 through i current having

a set of 0900 and a drift of two knots, using a speed of 11 knots. q _

Required,.- -The course to steer and the speed made good.
Answers.-Course to steer 1905, speed made good 10.8 kn.
807c. The captain desires to make good a course of 3250 and a speed of 20 knots

through a current having a set of 270' and a drift of one kno'.
Requ:, ed.-The course to steer and the speed to use.
Anewers.-Course to steer 3270, sneed to use 19.4 kn.

.h.

Aj.
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CHAPTER IX

THE SAILINGS

901. Introduction.--Dead reckoning involves the determination of position by
means of course and distance from a known position. A clos61y related problem is that
of finding the course and distance from one point to another. Although both of these
problems are customarily solved by plotting directly on the chart, it occasionally
becomes desirable to solve by computation, frequently by logarithms or traverse table
(art. 1002, vol. II). The various methods of solution are collectively called the sailings.

The various kinds of sailings are:
1. Plane sailing is a method of solving the various problems involving a single

course and distance, difference of latitude, and departure, it, which the earth, or that
. part traversed, is regarded as a plane surface. Hence, the method provides solution for

latitude of the point of arrival, but not for longitude of this point, one of the spherical
sailings being needed for this problem. Because of the basic assumption that the earth
is fiat, this method should not be used for distances of more than a few hundred miles.

2. Traverse sailing combines the plane sailing solutions wl 3n there are two or
more courses. This sailing is a method of determining the equivalent course end distance
made good by a vessel steaming along a series of rhumb lines.

3. Parallel sailing is the interconversion of departure and difference of longitude
when a vessel is proceeding due east or due west. This was a common occurrence when
the sailings were first employed several hundred years ago, but only an incidental
situation now.

4. Middle- (or mid-) latitude sailing involves the use of the mid or mean latitude
for converting departure to difference of longitude when the course is not due east or
due west and it is assumed such course is steered at the mid latitude.

5. Mercator sailing provides a mathematical -%lution of the plot as made on aMercator chart. It is similar to plane sailing, but uses meridional difference and differ-

ence of longitude in place of difference of latitude and departure, respectively.
6. Great-circle sailing involves the solution of courses, distances, and points along

a great circle !+ wveen two points, the earth being regarded as a sphere.
7. Composite sailing is a modification of greet-circle sailing to limit the maximum

latitude.
The solutions of the sailings by computations are discussed in more detail in

chapter X of volume II.
902. Rhumb lines and great circles.-The principal advantage of a rhumb line

is that it maintains constant true direction. A ship following the rhumb line between
two places does not change true course. A rhumb line makes the same angle with all
meridians it crosses and appears as a straight line on a Mercator chart. It is adequate
for most purposes of navigation, bearing lines (except long ones, as those obtained by
radio) and course 1:nes both being plotted on a Mercator chart- as rhumb lines, except
ii high latitudes. The equator and the meridians are great circles, but may be considered
special cases of the rhumb line. For any other case, the difference between the rhumb
line and tl,- great circle connecting two points increases (1) as the latitude increases,
(2) as t_.. "Ifference of latitude between the two points decreases, and (3) as the difference
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260 THE SAILINGS

of longitude increases. It becomes very grew, for two places widely separated on the I
same parallel of latitude far from the equator. •

A great circle is the intersection of the surface of a sphere and a plane through the 1
center of the sphere. It is thA. largest circle that can be drawn on the surface of the
sphere, and is the shortest distance, along the surface, between any two points on the
sphere. Any two points are connected by only one great circle unless the points are
antipodal (1800 apart on the earth), and then an infinite number of great circles passes
through them. Thus, two points on the same meridian are not joined by any great
circle other than the meridian, unless the two points are antipodal. If they are the
poles, all meridians pass through them. Every great circle bisects every other great
circle. Thus, except for the equator, every great circle lies half in the Northern Hemi-
sphere and half in the Southern Hemisphere. Any two points 1800 apart on a great
circle have the same latitude numerically, but contrary names, and are 1800 apart ,'.
longitude. The point of greatest latitude is called the vertex. For each great circleIf there is one of these in each hemisl)here, 180' apart. At these points the great circle
is tangent to a parallel of latitude, and hence its direction is due east-west. On each side
of these vertices the direction changes progr'essively until the intersection with the
equator is reached, 90* away, where the great c;-ele crosses the equator at an angle equal
to the latitude of the vertex. As the grea ,'irle crosses the equator, its change in
direction reverses, again approaching east-,-vst, which it reaches at the ne.t vertex.

On a Mercator chart a great circle appears as a sine curve extending equal- dstances
each side of the equator. The rhumb line connecting any two points of the great circle
on the same side of the equator is a chord of the curve, being a straight line nearer
the equator than the great circle. Along any intersecting meridian the great circle
crossc5 at a higher latitude than the rhumb line. If the two points are on opposite '.
sides of the equator, the direction of curvature of the great circle relative to the rhumb I
line changes at the equator. The rhumb line ind great circle may intersect each other,
and if the points are equal distances on each side of the equator, the intersection takes zn
place at tho equator.

903. Great-circle sailing is used when it is desired to take advantage of the shorter
distance along the great circle between two points, rather than to follow the longer
rhumb line. The arc of the great circle between the points is called the great-circle
track. If it could be followed exactly, the dcstination would be dead ahead throughouc
the voyage (assuming course and heading were the same). The rhumb line appears
the more direct route on a Mercator chart because of chart distortion. The great
circle crosses meridians at higher latitudes, where the distance between them is less.

The decision as to whether or not to use great-cirele sailing depends upon the
conditions. The saving in distance should be worth the additional effort, and of course
the great circle should not cross 1,hnd, or carry the vessel into dangerous waters or
excessiveiy high latitudes. A slight departure from the great cir~de or a modification
called composite sailing (art. 901) may effect a considerable sa ing over the rhumb line
track without leading the vessel into danger. If a fix indicates the vessel is a consider-
able distance to one side of the great circle, the more desirable practice often is to
determine a new great-circle track, ratr-r than to return to the original one.

Since a great circle is continuously changing direction as one proceeds along it, no S5
attempt is customarily made to follow it exactly, except in poiar regions (cl. XXV).
Rather, a number of points are selected , the great circle, and rhumb lines are
followed from point to poin,, taking advantage of the fact that for short distances a 3
great circle and a rhumb line almost coincide.

The number of points to use is a matter of personal preference, a large number L
of p(,ints providing closer approximation to the great circle but requiring more frequent

-IL
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THE SAILINGS 261

change of course. As a general rule, each 5 of longitude is a convenient length. Legs
of equal length are not provided in this way, but this is not objectionable under normal
conditions.

If a magnetic compass is used, the variation for the middle of the leg is usually
used for the entire leg.

The problems of great-circle sailing can be solved by (1) chart (art. 904), (2)
computation (art. 1010, vol. 11), (3) table (art. 905), (4) graphically, or (5) mechanically.
Of these, (4) and (5) are but graphical or mechanical solutionm of (2). They usually
provide solution only for initial course and the distance, rnd are not in common use.

904. Great-circle sailing by chart.-Problems of great-circle sailing, like those of
rhumb line sailing, are most easily solved by plotting directly on a chart. For thisI purpose the Defense Mapping Agency Hydrographic Center publishes a number of
charts on the gnomonic projection (art. 317), covering the principal navigb!, waters
of the world. On this projection any straight line is a great circle, but since the chart isi not conformal (art. 302), directions and distances cannot be measured directly, as on a

Mercator chart. An indirect method is explained on each chart
The usual method of using a gnomonic chart is to plot the great circle and, if it

provides a satisfactory track, to determine a number of points along the track, using
the la-itude and longitude scales in the immediate vicinity of each point. These points
are then transferred to a Mercator chart or plotting sheet and used as a succession
of destinations to be reached by rhumb lines. The course and distance for each leg is
determined by measurement on the Mercator chart or plotting sheet. This method
is illustrated in figure 904, which shows a great circle plotted as a straight line on a
gnolnonic chart and a series of points transferred to a Mercator chart. The arrows
represent corresponding points on the two charts. The points can be plotted directly

I
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3r GNOMONIC 25

14r 1 35 IS" 160 165
°  

I0* 8 l , I SO, 1 5V 34 
° 

3 0"40 130-

140 150 O 160 17 ' I 37 l* 1 , IS* I* 130, 1?0* 2

YOKOHA ___ ij__
__ __ __I MERCATOR

FIGURE 904.-Transferring great-circle points from a gnomonic chart to a Mercator chart.
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262 THE SAILINGS

on plotting sheets without the use of a small-scale chart, but the use of the chart pro-
vides a visual check to avoid large errors, and a visual indication of the suitability of
the track.

Since gnomonic charts are normally used only because of their great-circle prop-
erties, they are often popularly called great-circle charts.

A projection on which a straight line is approximately a great circle can be used
in place of a gnomonic chart with negligible error. If such a projection is conformal,
as in the case of the Lambert conformal (art. 314), measurement of course and distance
of each leg can be made directly on the chart, as explained in article 2511.

Some great circles are shown on pilot charts and certain other charts, together
with the great-circle distances. Where tracks are recommended on charts or in sailing
directions, it is good practice to follow such recommendations.

905. Great-circle sailing by table.-Any method of solving the astronomical
triangle of celestial navigation can be used for solving great-circle sailing problems.
When such an adaptation is made, the point of departure replaces the assumed position
of the observer, th3 destination replaces t'-e geographical position of the body, difference
of longitude replaces meridian angle c. . ,cal hour angle, initial course angle replaces
azimuth angle, and great-circle distance replaces zenith distance (90°-altitude), as
shown in figure 905. Therefore, any table of azimuths (if the entering values are meridian
angle, declination, and latitude) can be used for determining initial great-circle course.

: Pn Pn -

z z II
',I I I, /

,I I I IZ ,Z
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CELESTIAL FQUATOR

FIGURE 905.-Adapting the astronomical triangle to the navigational triangle of great-circle sailing. br %
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Pubs. Nos. 214, 229, 249, 260, and 261 are examples of tables that can be used for this
purpose. Tables which provide solution for altitude, such as Pubs. Nos. 214, 229, and
249, can be used for deternining great-circle distance. The required distance is
900-altitude (900+negative altitudes).

In inspection tables such as Pubs. Nos. 214, 229, 249, 260, and 261, the given
combination of LI, 14, and DLo may not be tabulated. In this case reverse the name of
L2 and use 180-DLo for entering the table. The required course angle is then 180'I. minus the tabulated azimuth, and distance is 900 plus the altitude. If neither com-
bination can be found, solution cannot be made by that method. By interchanging
L, and I,, one can find the supplement of the final course angle.

Solution by table often provides a rapid approximate check, but accurate results
usually require triple interpolation (art. 204, vol. II). Except for Pub. No. 229. inspection
tables do not provide a solution for points along the great circle. Pub. No. 229 provides
solutions for these points only if interpolation is not required.

906. Great-circle sailing by Pub. No. 229.-By entering Pub. No. 229 with the
latitude of the point of departure as latitude, latitude of destination as declination, and

: difference of longitude as LHA, the tabular altitude and azimuth angle may be extract-

ed and converted to great-circle distance and course. As in sight reduction, the tables are
entered in accordance to whether the name of the latitude of the point of departure is
the same as or contrary to the name of the latitude of the destination (declination).
If after so entering the tables, the respondent values correspond to those of a celestial
body above the celestial horizon, 900 minus the are of the tabular altitude becomes the
distanre; the tabular azimuth angle becomes the initial great-circle course angle. If the
respondents correspond to those of a celestial body below the celestial horizon, the arc of
the tabular altitude plus 900 becomes the distance; the supplement of the tabular azi-
muth angle becomes the initial great-circle course angle. I.

When the C-S Line is crossed in either direction, the altitude becomes negative;
the body lies below the celestial horizon. For example: If the tables are entered with the A
LHA (DLo) at the bottom of a right-hand page and declination (L2) such that the
respondents lie above the C-S Line, the C-S Line has been crossed. Then the distance
is 90' plus the tabular altitude; the initial course angle is the supplement of the tabularI
azimuth angle. Similarly, if the tables are entered with the Ll[A (DLo) at the top of a
right-hand page and the respondents are found below the C-S Line, the distance is 900
plus the tabular altitude; the initial course angle is the supplement of the tabular azi-
muth angle. If the tables are entered with the LHA (DLo) at the bottom of a right-hand
page and the name of L2 is contrary to L1 , the respondents are found in the column for

on the facing page. In which case, the C-S Line has been crossed; the distance is 900
plus the tabular altitude; the initial course angle is the supplement of the tabular azi-
muth angle.

Inspection of figures 2007a and 2007b reveals that the data in a latitude column are
continuous with the data in the column for the same latitude on the facing page. S

.- . The tabular azimuth angle, or its supplement, is prefixed N or S for the latitude
of the point of departure and suffixed E or W depending upon the destination being east
or west of the point of departure.

If all entering arguments are integral degrees, the distance and course angle are
obtained directly from the tables without interpolation. If the latitude of the destination
is nonintegral, interpolation for the additional minutes of latitude is done as in correct-
ing altitude for any declination increment; if the latitude of departure or difference of
longitude is nonintegral, the additional interpolation is done graphically.

7S
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Since the latitude of destination becomes the declination entry, and all declinations
appear on every page, the great-circle solution can always be extracted from the volume
which covers the latitude of the point of departure.

Example 1.-By Pub. No. 229 (app. 0) find the distance and initial great-circle
course from lat. 32*S, long. 116 0E to lat. 30°S, long 310E.

Solution.-(1) Refer to figure 905. The point of departure (at. 320S, long. 116 0E) I
replaces the AP of the observer; the destination (lat. 300S, long. 31 0E) replaces the GP
of the celestial body; the difference of longitude (DLo 850) replaces local hour angle
(LHA) of the body.

(2) The solution by Pub. No. 229 is effected by entering volume 3 with lat. 320

(Same Name), LHA 850, and declination 30'. The respondents as so found correspond
to those of a celestial body above the -elestial horizon. Therefore, 90' minus the tabular
altitude (900-1912'4=7047'6) becomes the distance; the tabular azimuth angle
(S66OW) becomes the initial great-circle course angle, prefixed S for the latitude of
the point of departure and suffixed W due to the destination being west of the point
of departure.

Answers.-(1) D 4248 nautical miles
C S66?OW

(2) Cn 246-0.
Example 2.-Bv Pub. No. 229 (app. 0) find the distance and initial great-circle

course from lat. 380N, long. 1221W to lat. 24 0S, long. 151 0E.Solution.-(1) Refer to figure 905. The point of departure (lat. 38 0N, long. 1220W) 1
replaces the AP of the observer; the destintion (lat. 24S, long. 151'E) replaces the
GP of the celestial body; the difference of longitude (DLo 870) replaces local hour angle

(LHA) of the body.
(2) The solution by Pub. No. 229 is effected by entering volume 3 with lat. 380

(Contrary Name), LHA 870, and declination 240. The respondents as so found corre-
spond to those of a celestial body below the celestial horizon. Therefore, the tabular |
altitude plus 90' (12'17'0+90--10217'0) becomes the distance; the supplement of
tabular azimuth angle (180 0-69.0=111?0) becopes the initial great-circle course
angle, prefixed N for the latitude of the point of departure and suffixed W due to the
destination being west of the point of departure.

That the tabular data corresponds to a celestia! body below the celestial horizon
is indicated by the fact that the data is extracted from those tabulations across the
C-S Line from the entering argument (LHA 850).

Answers.-(1) D 6137 nautical miles
C N1ioW

(2) Cn 2490.
Example 3.-By Pub. No. 229 (app. 0) find the distance and initial great-circle

course from Fremantle (32°03'S, 115 045'E) to Durban (29°52'S, 31-04'E).
4 Solution.-(1) Refer to figure 905. Since the latitude of the point of deparLurM, the

latitude of the destination, and the difference of longitude (DLo) between the poi.t of
departure and destination are not integral degrees, .-e solution is effected from an
adjusted point of departure or assumed position of departure chosen as follows: the
latitude of the assumed position (AP) is the integral degrees of latitude nearest to the
point of departure; the longitude of the AP is chosen to provide integral degrees of DLo.
This AP, which should be within 30' of the longitude of the point of departure, is at
latitude 32°S, longitude 116°04'E. The DLo is 85 ° .

(2) Enter the tables with 320 as the latitude argument (Same Name), 850 as the
LHA argument, and 290 as the declination argument.

1..
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(3) From the tables extract the tabular altitude, altitude difference, and azimuth
angle; interpolate altitude and azimuth angle for declination increment. The Dec. Inc.
is the minutes that the latitude of the destination is in excess of the integral degrees
used as the declination argument.

ht (Tab. Hc) d Z
LHA 85-, Lat. 320 (Same), Dec. 29' 18045.4 (+)27:0 66.9
Dec. Inc. 52', d(+)27'0 Tens (+)17!3

Units (+) 6!1
Interpolated for Dec. Inc. 19008!8 C S6671W
Initial great-circle course from AP Cn 246?1
Great-circle distance from AP(900-190 08.8) 4251.2 n.mi.

(4) Using the graphical method for interpolating altitude for latitude -nd LHA
- -increments, the course line is drawn from the AP in the direction of the initial great-

circle course from the AP (2460 1). As shown in figure 906a, a line is drawn from the
point of departure perpendicular to the initial great-circle course line or its extension. I

''AP
32 °S

_ Point of Departure

- I10'"

o' 30' 40' 50' 116 0 E 10'
FmaUaR 906a.-Graphieal interpolation.

(5) The required correction, 'i units of minutes of latitude, for the latitude and
DLo increments is the length along the course line between the foot of the perpe;'dicular

and the AP. The correction as applied to the distance from the AP is -15'8; th- great-
circle distance is 4235 nautical miles.

(6) The azimuth angle interpolated for declination, LHA, and latitude incre-
ments is S66'3W; the initial great-circle course from the point of departure is 246?3.

Example 4.-By Pub. No. 229 (app. 0) find the distance and initial great-circle
course from San Francisco (37049'N, 122*25'W) to Gladstone (23°51'S, 151°15'E).

Solution.-(1) Refer to figure 905. Since the latitude of the point of departure,
the latitude of the destination, end the difference of longitude (DLo) between the point
of departure and destination are not integral degrees, the solution is effected from an
adjusted point of departure or assumed position of departure chosen as follows: the A

latitude of the assumed position (AP) is the integral degrees of latitude nearest to the
point of departure; the longitude of the AP is chosen to provide integral degrees of

- -



266 THE SAILINGS

DLo. This AP, which should be within 30' of the longitude of the point of departure,
is at latitude 38*N, longitude 1220 45'W. The DLo is 860.

(2) Enter the tables with 38' as the latitude argument (Contrary Name), 6* as I

the LHA argument, and 23' as the declination argument.
(3) From the tables extract the tabular altitude, altitude difference, and azimuth

angle; interpolate altitude for Dec. Inc. as if the altitude were positive, adhering
strictly to the sign given d. After interpolation regard the results as negative. Subtract
tabular azimuth angle from 1800; interpolate for Dec. Inc.

ht(Tab. Hc) d Z
LHA 860, Lat. 380 (Contrary), Dec. 23' 10*57:0 (+)35:9 69?3
Dec. Inc. 51', d(+)35'9 Tens (+)25 f 180 0-Z=110?7 -

Units ()~
Interpolated for Dec. Inc. (-)11-27'6 C N111?4W
Initial great-circle course from AP Cn 248?6
Great-circle distance from AP (90'+11°27:6) 6087.6 n.mi.

(4) Using the graphical method for interpolating altitude for latitude and LiA
increments, the course line is drawn from the AP in the direction of the initial great-
circle course from the AP (248?6). As shown in figure 906b, a line is drawn from the I
point of departure perpendicular to the course line or its extension.

10-

38*N

~50 ,3
Point of Departure

lO' 123W 50' 40' 30 2'

FIGURE 906b.-Graphical interpolation. "

(5) The required additional correction, in units of minutes of latitude, for the lati-
tude and DLo increments is the length along the course line between the foot of the
perpendicular and the AP. The correction as applied to the distance from the AP is

- +10'7; the great-circle distance is 6098 nautical miles.
(6) The azimuth angle interpolated for declination, LHA, and latitude increments

is 111 '2; the initial great-circle course from the point of departure is 248?8. _-M
Example 5.-By Pub. No. 229 (app. 0) find the distance and initial great-eircle -M

course from Cabo Pilar (52043'S, 74 041'W) to Wake Island (19*17'N, 166 039'E).
Solution.-(1) Refer to figure 905. Since the latitude of the point of departure,

the latitude of the destination, and the difference of longitude (DLo) between the

I" _-
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point of departure and destination are not integral degrees, the solution is effected
from an adjusted point of departure or assumed position of departure chosen as follows:
the latitude of the assumed position (AP) is the integrul degrees of latitude nearest
to the point of departure; the longitude of the AP is chosen to provide integral degrees
of DLo. This AP, which should be within 30' of the longitude of the point of departure,
is at latitude 530 S, longitude 74'21'W; the DLo is 1190.

(2) Enter the tables with 530 as the latitude argument (Contrary Name), 1190
as the LHA argument, and 190 as the declination argument. Since the tables are en-
tered with the LHA (DLo) at the bottom of a right-hand page and the name of L2 is
contrary to the name LI, the respondents are found in the column for L on the facing
page. In which case the C-S Line has been crossed, and the respondents correspond to
those of a celestial body below the celestial horizon.

(3) From the table, extract the tabular latitude, altitude difference, and azimuth
angle; interpolate altitude for Dec. Inc. as if the altitude were positive, adhering
strictly to the sign given d. After interpolation regard the results as negative. Subtract
tabular azimuth angle from 1800; interpolate for Dec. Inc.

lit (Tab. He) d Z
LHA 1190, Lat. 530 (Contrary), Dec. 190 32024:2 (+)46!8 101?6
Dec. Inc. 17', d(+)47'1 Tens (+)11'3 180-Z=S78?6W

Units (+) 2:0

Interpolated for Dec. Inc. (-)32-37'5 C S7876W
Initial great-circle course from AP Cn 258?6
Great-circle distance from AP (900+3237:5) 7357.5 n.mi.

(4) Using the graphical method for interpolating altitude for latitude and LHA
increments, the course line is drawn from the AP in the direction of the initial great-
circle course from the AP (2587b,. As shown in figure 906c a line is drawn from the
point of departure perpendicular to the course line or its extension.

Point of Departure

53 0S-

750 W 30' 74oW

FIGURE 906c.-Graphical interpolation.
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(5) The required additional correction, in units of minutes of latitude, for the
latitude and DLo increments is the length along the course line between the foot of
the perpendicular and the AP. The correction as applied to the distance from the AP
is -8'5; the great-circle distance is 7349 nautical miles.

(6) The azimuth angle interpolated for declination, LHA, and latitude increments
is 79? 1; the initial great-circle course from the point of departure is 2.Q? 1.

Points Along Great Circle

If, as in examples 1 and 2, the latitude of the point of departure and the initial
great-circle course angle are integral degrees, points along the great circle are found
by entering the tables with the latitude of ,eparture as the latitude argument (always
Same Name), the initial great-circle course angle as the LHA argument, and 90' minus
distance to a point on the great circle as the declination argument. The latitude of
the point on the great circle and the difference of longitude between that point and the
point of departure are the tabular altitude and azimuth angle respondents, respectively.
If, however, the respondents are extracted from across the C-S Line, the tabuar
altilude corresponds to a latitude on the side of the equator opposite from that of t,.-
point of departure; the tabular azimuth angle is the supplement of the difference of
longitude.

Example 6.-Find a number of points along the great-circle from latitude 380N,
longitude 125°W when the initial great-circle course angle is NL I!W.I Solution.-(i) Entering the tables with latitude 380 (Same Name), LIA. 111 
and with successive declinations of 85', 800, 750 . .. the latitudes and differences in i
longitude, from 125"W, are found as tabular altitudes and azimuth angles respectively: i

Distance n.mi. (arc) 300(50) 600(100) 900(1.50) 3600(60) 4800(S00)
Latitude 3601N 33?9N 31?4N 3?6N 3?1S I
DLo 5?8 11?3 165 5401 61?5
Longitude 13008W 136?3W 141 ?5W 17971W 17375E

Example 7.-Find a number of points along th2 great-circle from latitude 380N.
long. 125'W when the initial great-circle course angle is N69'W.

Solution.-Entering the tables with latitude 380 (Same Name), LEA 690, and
with successive declinations of S50, 80", 75' the latitudes and differences of
longitude, from i25°W, are found as tabular altitudes and azimuth angles, respectively:

Distance n.ni.( rc) 300(5 °) 600(10o) 900(15 °) 6600(110) 7200(10 °)
Latitude 39?6N 40?9N 4100- 0N 3ThS
DLo 6?1 12?4 1809 118T5 125!9
Longitude 131?1W 1374W 143?9W 116?5E 10971E

The latitude and differen -e of longitude of the point 6600 miles frol., the point of
- departure are found among the data for the latitude of departure continued on the

facing page. Since the respondents for the point 7200 miles from the point of departuce
are found across the C-S Line on the facing page, the tabular altitude corresponds to a
latitude on the side of the equator opposite from that of the point of departure; the
tabular azimuth angle is the supplement of the difference of longitude.

I"-



Finding The Vertex

Tha use of Pub. No. 229 to find the approximate position of the vertex of a great-
circle track provides a rapid check on the solution by computation. This approximate
solution is also useful for voyage planning purposes.

Using the procedures for finding points along the great circle, the column of data
for the latitude of the point of departure is inspected to find the maximum value of
tbular altitude. This maximum tabular altitude and the tabular azimuth angle cor-
respond to the latitude of the vertex and the difference of longitude of the vertex and
the point of departure.

Example 7.-Find the vertex of the great-circle track from lat. 38*N, long. 1250W
when the initial great-circle course angle is N690 W.

Solvtion.-(1) Enter Pub. No. 229 with lat. 380 (Same Name), LHA 69 °, and
inspect the column for lat. 380 to find the maximum tabular altitude.

(2) The maximum tabular altitude is found to be 4238'1 at a distance of 1500
nautical miles (90--650=25) from the point of departure. The corresponding tabular AN
azimuth angle is 32?4. Therefore, the difference of longitude of vertex and point of A

• departure is 32?4.
Answers.-(1) Latitude of vertex 42*38'1N.

(2) Longitude of vertex 157?4W.
907. Altering a great-circle track to avoid obstructions.&-Greatecircle sailing

cannot be used unless the great-circle track is free from obstructions. It does not
start until one clears the harbor and takes his departure (srt. 806), and often ends near
the entrance to the destination. However, islands, points of land, or other obstructions
may prevent the use of great-circle sailing over the entire distance. One of the principal [j-
advantages of solution by great-circle chart is that the presence of any obstructions is
immediately apparent.

Often a relatively short run by rhumb line is sufficient to reach a point from which
the great-circle track can be followed. Where a choice is possible, the rhumb line
selected should conform as nearly as practicable to the direct great circle.

If the great circle crosses a small island, one or more legs may be altered slightly, -

or perhaps the drift of the vessel will be sufficient to make any planned alteration un-
necessary. The possible use of the island in obtaining an en route fix should not be
overlooked. If a larger obstruction is encountered, as in the case of the Aleutian Islands
on a great circle from Seattle to Yokohama, some judgment may be needed in selecting
the track. It may be satisfactory to follow a great circle to the vicinity of the obstruction,
one or more rhumb lines along the edge of the obstruction, and another great circle to
the destination. Another possiole solution is the use of composite sailing (art. 908),
and still another the use of two great circles, one from the point of departure to a point
near the maximum latitude of unobstructed water, and the second from this point to
the destination.

It is sometimes desirable to alter a great-circle track to avoid unfavorable winds
or currents. The shortest route is not always the quickest.

Whatever the problem, a great-circle chart can be helpful in its solution.
908. Composite sailing.--When the great circle would carry a vessel to a higher

latitude than desired, a modification of great-circle sailing, called composite sailing,
may be used to good advantage. The composite track consists of a great circle from
the point of departure and tangent to the limiting parallel, a course line along the
parallel, and a great circle tangent to the limiting parallel and through the destination.
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Solution of composite sailing problems is most easily made by means of a great-
circle ebart. Lines from the point of departure and the destination are drawn tangent
to the limiting-parallel. The coordinates of various selected points along the composite I
track are then measured and transferred to a Mercator chart, as in great-circle sailing
(art. 904).

Composite sailing problems can also be solved by computation (art. 1011, vol. II).

AN
4 1
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CHAPTER X

PILOTING

General

1001. Introduction.--On the high seas, where there is no immediate danger of
grounding, navigation is a comparatively leisurely process. Courses and speeds are
maintained over relatively long periods, and fixes are obtained at convenient intervals.
Under favorable conditions a vessel might continue for several days with no positions
other than those obtained by (lead reckoning, or by estimate, and with no anxiety on
the part of the captain or navigator. Errors in position can usually be detected and
corrected before danger threatens.

In the vicinity of shoal water the situation is different. Frequent or continuous __

positional information is usually essential to the safety of the vessel. An error, which
on the high seas may be considered small, may in what are called pilot waters be in-
tolerably large. Frequent changes of course and speed are common. The proximity of

-•other vessels increases the possibility of collisions and restricts movements.
In some waters the services of a specially qualified navigator having local knowl-

edge may be necessary to insure safe navigation. Local knowledge extends beyond that
publicly available in charts and publications, being more detailed, intimate, and cur-
rent. The pilot's knowledge of his waters is gained not only through his own experience
and familiarity, but, by his availing himself of all local information resources, public j
and private, recent and longstanding, particularly concerning underwater hazards
and obstructions, uncharted above-water landmarks and topographical configurations, Q
local tides and currents, recent shoaling, temporary changes or deficiencies in aids to j
navigation, and similar matters of local concern. This local knowledge should enable a
pilot to traverse his waters safely without reliance on man-made aids to navigation and A
to detect any unusual conditions or departure from a safe course. This service does not
substitute for the ship's own safe navigation, but complements it. Prudence may also j"
dictate the use of this specially qualified navigator to better insure safe navigation in
situations where local knowledge is not essential. This navigator specially qualified for
specihte waters is called a pilot; his services are referred to as pilotage or piloting.

In its more general sense, the term piloting is used to mean the art of safely conduct- -

ing a vessel on waters the hazards of which make necessary frequent or continuous
positioning with respect to charted features and close attention to the vessel's draft
with respect to the depth of water. Except for special circumstances, such as proceeding I
along a range (art. 1004), this positioning normally must be effected by constructing
a plot on the chart based upon accurate navigational observations of charted features.

No other form of navigation requires the continuous alertness needed in piloting.
At no other time is navigational experience and judgment so valuable. The abilityi ~~~to work rap~idly and to correctly interpret all available information, always keeping o : L€

"ahead of the vessel." may mean the difference between safety and disaster.
1002. Preparation for piloting.-Because the time element is often of vital im-

portance in piloting, adequate preparation is important. Long-range preparation
includes the organization and training of those who will assist in any way. This includes
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Ow Mteorsfrtan, who will be grnted loss tolerance in straying front the prescribed course
titan when farther otrshore,

TPhe itiore iiniirliato preparation includes u study of the charts find publications
of Ohw areat to familliarize oneself with the channels, shoals, tides, currents, aids to
naDvigationl, ce. Onv seldoin has time to Meek such information once lie in proceeding
in pilot Waters, ']his preparation also includes theo development of a definite plan for
transiting the hazardous waters. Since the services provided by pilots having local
knowledge itre usually advisory, prudlence dictates that the regularly assigned nitvigft-
tional personnel be adfvised of the pilot's plan, Otherwise, their ability to coilnteract
tiny imnpruiden t action 'on the part of the p~ilot may be severely limited. Also, knowledge
of the pilot's plan viiables the regularly assigned navigational personnel to act mnore
efrectively in verifying that Cte pilot is making at iao passage. Trhe more deotafiled
prep)aration reqirel for leaving or entering port is given ill chapter XXIII.

Position

1003. Lines of posltion.-As in celestial and radionavigation, piloting makes
extensive use of lines or position. 8iuch it line is one on uome point of which theo vessel
may be presumeid to be located, as a result of observation or measurement, It may be
highly reliable, or of quiestionable accuracy. Line% of position are of great value, but,
ODP, should always keep in mind that thtey, can be in error because of imnperfections in
instrumnents umed for obtaining them and hurnan limitations in those who use thme
inst~rumtents amnd wuilirze theo results. The cxtent to which one can have confidence in
various lines of position is a matter of judgment acquired from experience.

A line of position might be a straight line (actually a part of at great circle), an
airc of a circle, or purt of sme other curve such as a hyperbola (art, 134, vol. 11). An
appropriate label should be placed on the plot of a line of position at the time it is drauwn,
to avoid possible error or confusion. A label should include all information essential
for identification, but no extraneous information. The labels shoun in this volume are
recommended,

1004. Bearingm.-A bearing is the horizontal direction of one terrestrial point from
another, It is usuially expressd as the angular difference between a reference direction
aind the given direction, In navigation, north 18 generally used as the reference direc-
tion, and tingles are measured clockwise through 3600. It is customary to express all
bearings in three digits, using preliminary zeros where needed. Trhus, north is 000*
oJr 360 ai direction 70* to tho righ t of north is 007*, east is 000*, southwest is 225 , etc.,

For plotting, true north is used as the reference direction. A bearing measured
from this; reference is called a true bearing. A magnetic, compass, or grid bearing
results from using magnetic, compass, or grid north, respectively, as the reference
direction. Thlin is similar to the designation of courses. In the case of bearings, however,
one additional reference direction is often convenient. This is the heading of the shlip.
A bearing expressed as angular distance from the heading is called a relative bearing.
It is usually measured clockwise through 380*. A relative bearing may be expressed in
still another way, am indicated in figure 1004. Except for dead ahead and points at 45*
intervals from it, this method is uined principally for indicating directi;ons obtimd
visually, without precise measurement. An even more general indication of rein five
bearing may be given by such directions as "'ahead," "on theo starboard bow," "ou the
port, quarter," "asitern." The term abeam may be used as the equivalent of either theo
general "on the beamn" or, sometimes, theo mnore precise "broad on the benin," Degrees
itie momnetimes used instead of points to express relative bearings by the systemn illus-
titted in figure 1004. However, if degrees are used, it bettor practice is W. tue the 30
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system. Thus, a relative bearing of "20o forward of the port beam" is better expressed
as "290°21

True, magnetic, and compass bearings are interconverted by the use of variation
and deviation, or compass error, in the same manner as courses. Interconversion of
relativ? and other bearings is accomplished by means of the heading. If true heading
is added to relative bearing, true bearing results. If magnetic, compass, or grid heading
is added to relative bearing, the corresponding magnetic, compass, or grid bearing is
obtained.

~~. ~ Dead *5
,, Ahead 2 .

--.,.. ,,~d~
0

I' - 1

• • Broad on _____"-______ 5 :- ___________ Broad on

Port Beam Starboard Beam

F R 1at b . A
b no ba

Ofigt e t o f ersin tie bearings.

Pbeain g line extend inga in the Adr an e ring of te obect

markoas aoeti ern rmhsvsetvse n Bolybe on d h olnawhc
such aBearim ih beosredtoatrnbte pitteern ould Beaffrmt

. ~bearing. Thus, if a lighthouse is east of a ship, that ship is west of the lighthouse. .
- If a beacon bears 1560, the observer must be on a line extending 1580+1800=3360Sfrom the beacon. Since observed bearing lines are great circles, this relationship is

N
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not strictly accurate, but the error is significant only where the great circle departs
materially from the rhumb line, as in high latitudes (ch. XXV).

Bearings are obtained by compass, gyro repeater, pelorus, alidade, radar, etc.
One type of bearing can be obtained by eye without measurement. When two objects
appear directly in line, one behind the other, they are said to be "in range," and together A
they constitute a range. For accurately charted objects, a range may provide the most I
accurate line of position obtainable, and one of the easiest to observe. Tanks, steeples, ,
towers, cupolas, etc., sometimes form natural ranges. A navigator should be familiar
with prominent ranges in his operating area, particularly those which can be used to
mark turning points, indicate limits of shoals, or define an approach heading or let-go
point of the anchorage of a naval vessel. So useful is the range in marking a course
that artificial ranges, usually in the form of two lighted beacons, have been installed
in line with channels in many ports. A vessel proceeding along the channel has only
to keep the beacons in range to remain in the center of the channel. If thefarther beacon
(customarily the higher one) appears to "open out" (move) to the right of the forward
(lower) beacon, one knows that he is to the right of his desired track. Similarly, if it
opens out to the left, the vessel is off track to the left.

The line defined by the range is called a range line or leading line. Range day-
beacons (art. 412) and other charted objects forming a range are often called leading

marks. Range lights (art. 402) arc often called leading lights.
It is good practice to plot only a short part of a line of position in the vicinity of

the vessel, to avoid unnecessary confusion and to reduce the chart wear by erasure. i
Particularly, one should avoid the drawing of lines through the chart symbol indicating I
the landmark used. In the case of a range, a straightedge is placed along the two objects,
and the desired portion of the line is plotted. One need not know the numerical value of l.
the bearing represented by the line. However, if there is any doubt as to the identifica-
tion of the objects observed, the measurement of the bearing should prove useful. [

A single bearing line is labeled with the time above the line.
1005. Distance.-If a vessel is known to be a certain distance from an identified

point on the chart, it must be somewhere on a circle with that point as the center and
the distance as the radius. A single distance (-ange) arc is labeled with the time above
the line. .

Distances are obtained by radar, range finder, stadimeter, synchronized sound and
radio signals, synchronized air and water sounds, vertical sextant angles (table 9), etc.
If vertical sextant angles are used, measurement should be made from the top of the ,I
object to the visible sea horizon, if it is available. If measurement is made to a water
line not vertically below the top of the object, a problem may be encountered because
distance from table 9 is to the point vertically below the top of the object, while the I
distance used for entering table 22 to determine dip short of the horizon is to the water
line. Generally, any differences in these two distances can be determined from the -C
chart. This problem may, in some cases, be avoided by decreasing the height of eye A
sufficiently to bring the horizon between the observer and the object.

1006. The fix.-A line of position, however obtained, represents a series of possible
positions, but not a single position. However, if two simultaneous, nonparalle lines of
position are available, the only position that satisfies the requirements .af being on I
both lines at the same time is the intersection of the two lines. This point ir one form
of fix. Examples of several types of fix are given in the illustrations. 1u 'igure 1006a
a fix is obtained from two bearing lines. The fix of figure 1006b is obtained .i two
distance circles. Figure 1006c illustrates a fix from a range and a distance. in figure1006d a bearing and distance of a single object are used. A small circle is used to "ndi- '.

!&
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cate the fix at the intersection of the lines of position. The time of the fix is the time at I1

which the lines of position were established.

Some consideration should be given to the selection of objects to provide a fix.
it is essential, for instance, that the objects be identified. The angle between lines of
position is important. The ideal is 90. If the angle is small, a slight error in measuring
or plotting either line results in a relatively large error in the indicated position. In the
case of a bearing line, nearby objects are preferable to those at a considerable distance,
because the linear (distance) error resulting from an angular error increases with I-
distance.

- AM-
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=FIGvR 1006a.-A fix by two bearing lines. FIGURE 1006b.-A fix by two distances.
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FIGURE 1006c.-A fix by a range and distance. FIGURE 1006d.-A fix by distance and bearing
of single object.

Another consideration is the type of object. Lighthouses, spires, flagpoles, etc.,
are good objects because the point of observation is well defined. A large building, most
nearby mountains, a point of land, etc., may leave some reasonable doubt as to the i,

exact point used for observation. If a tangent is used (fig. 1006a), there is a possibility

-'4. 3-
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that a low spit may extend seaward from the part observed. A number of towers,
chimneys, etc., close together require careful identification. A buoy or a lightship may
drag anchor and be out of position. Most buoys are secured by a single anchor and so
have a certain radius of swing as the tide, current, and wind change.

Although two accurate nonparallel lines of position completely define a position,

if they are taken at the same time, an element of doubt always exists as to the accuracyI
of the lines. Additional lines of position can serve as a check on those already obtained,
and, usually, to reduce any existing error. If three lines of position cross at a common
point, or form a small triangle, it is usually a reasonable assumption that the position is

reliable, and defined by the center of the figure. However, this is not necessarily so,
and one should be aware of the possibility of an erroneously indicated position.

A single bearing line of an accurately charted object will be offset from the observ-
er's actual position by an amount dependent upon the net angular error of the observa-
tion and plot, and the distance of the charted object from the observer. The amount

of offset is expressed approximately in the Rule of Sixty, which may be stated as follows:
The offset of the plotted bearing line from the observer's actual position is 1/60th of the distance
to the object observed for each degree of error. In the derivation of the Rule of Sixty, the
assumption is made that the angular error is small, i.e., not more than the small errors i

normally associated with compass observations and plotting. Using this assumption, I
the sine function of the angular error is taken as equal to the same number of radians
as the error. As shown in figure 1006e, the offset is equal to 1/60th of the distance to the
charted object observed times the sine of the angular error of the bearing line as plotted.
Thus, an error of 1' represents an error of about 100 feet if the object is 1 mile distant,

1,000 feet if the object is 10 miles away, and 1 mile if the object is 60 miles from the iI
observer. A

/ I
DISTANCE TOBAN

FO OFFSET

PLOTTED BEARING LINE

FIGURE 1006e.-B. ;is of the Rule of Sixty.

1007. Two-bearing plot.--If as shown in figure 1007a, the observer is located at

point T and the bearings of a beacon and cupola are observed and ploLted without error,
the intersection of the bearing lines lies on the circumference of a circle passing through
the beacon, cupola, and the observer. With constant error, i.e., an error of fired magnitude
and sign (or direction) for a given set of observations, the angular &iference of the §

bearings of the beacon and the cupola is not affected. Thus, the angle formed at point
F by the bearing lines plotted with constant error is equal to the angle formed at point
T by the bearing lines plotted without error. From geometry it is known that angles

having their apexes on the circumference of a circle and that are subtended by the
same chord are equal. Since the angles at points T and F are equal and the angles are -_

I1z
LOA-

- -=--- - -= - - - - __---



PILOTD.G 277 _

subtended by the same chord, the intersection at point F lies on the circumference
of a circl- passing through the beacon, cupola, and the observer.

Assuming only constant error in the plot, the direction of displacement of
the two-bearing fix from the position of the observer is in accordance with the
sign (or direction) of the constant error. However, a third bearing is required to de-
termine the direction of the constant error.

Assuming only constant error in the plot, the two-bearing fix lies on the circum-
ference of the circle passing through the two charted objects observed and the observer.

The fix error, i.e., the length of the chord FT in figure 1007b, is dependent upon the
magnitude of the constant error e, the distance between the charted objects, and the
cosecant of the angle of cut, angle 0. In figure 1007b,

fix error=FT= B(where e is a small angle).
2

S °Bn CUPB

T T

OBSERVER
FIGURE 1007a.-Two-bcaring plot. FIGURE 1007b.-Two-bearing plot with con-

stant error.

Thus, the fix error is least when the angle of cut is 900. As illustrated in figure
_= |. 1007c, the error increases in accordance vth the cosecant function as the angle of cut 

-

decreases. The increase in the error becomes quite rapid after the angle of cut has de-
creased to below about 300. With an angle of cut of 300, the fix error is about twice that

a th 9codnewihtecscatfnto a h nl.o u
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FIGURE 1007c.-Error of two-bearing plot.

1008. Three-bearing plot.-Assuming only constant error in the plot, the plot
of three bearing lines forms a triangle of error, sometimes called cocked hat. As shown A

in figure 1008a, each apex of the trian - 1o lies on the circumference of a circle passing
through the two respective beacons and :erver at point T.

i -

FIGURE 1008a.-Triangle of error. FIGURE 100b.-Threc-bearing plot.

The same situation is shown in figure 1008b, but only two of the circles are drawn
through their respective beacons. For the set of angular differences established by the
differences of the bearing observations, the observer can be located only at the inter-
section of the two circles at point 7'. Note that point T is not inside the triangle in
this instance. If all error is due to constant error and the bearing spread, i.e., the angular
difference between the extreme left and right beacons, is less than 180*, point T is
always outside the triangle. If all error is due to constant error, and the bearing spread
is greater than 1800, point T is always inside the triangle as shown in Agure 1008e.



With a bearing spread greater than 1800, and assuming only constant error, the
fix position in a three-hearing plot forming a triangle of error is the geometric center
of the triangle as shown in figure 1008c. The geometric center is located at the inter-
section of the bisectors of the three interior angles as illustrated in figure 1008d.

IiI'B

FIGURE 1008c.-Three-bearing plot. FIGURE 1008d.-Biecting the interior angles
of a triangle of error.

With a bearing spread less than 1800, and assuming only constant error, the
fix position in a three-bearing plot forming a triangle of error lies outside the triangle
at the point of common intersection obtained by rotating each bearing line an equal
amount in the same direction. This common intersection lies at. the intersection of the
bisectors of the appropriate two adjacent exterior angles and the opposite interior
angle. Examination of figure 1008e, and similar constructions for bearing spreads of
less than 1800, reveals that the common intersection cannot lie within the area bounded AM
by the bearing lines extending from the triangle toward their respective objects. Fur-
ther examination reveals that of the two remaining sets of adjacent exterior angles
being investigated to determine that set which, with its opposite interior angle, should -
be bisected to determine the common intersection, only one set is immediately adjacent
to the area bounded by the bearing lines extending from the triangle toward their
respective objects. The set adjacent to the latter area is the set to be bisectea.

COMMON INTERSECTIONA
CANNOT BE N THIS AREA. I 1

COMMON INTERSECTION Bn
CANNOT BE IN THIS AREA.

FIGURE 1008e.-Bisecting the exterior angles of a triangle of error.
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1009. Adjusting a fix for constant erroir.--If several fixes obtained by bearings on io
three objects produce triangles of error of about the same size, one might reasonably I
suspect a constant error in the observation of the bearings, particularly if the same:

instrument is used for all observations, or in the plotting of the lines. If the application-
of a constant error to all bearings results in a point, or near-point fix, the navigator is
usually justified in applying such a correction. This situation is illustrated in figure
1009a, where the solid lines indicate the original plot, and the broken lines indicate each
line of position moved 3 * in a clockwise direction. If different instruments are used for
observation, one of them might be consistently in error. This might be detected by
altering all bearings observed by that instrument by a fixed amount and producing good -,

fixes.
When there is indication of coi-tant error in a cross-bearing plot, the Franklin

Piloting Technique can be used for rapid determination of the direction and magnitude
of the error. The use of the technique avoids the delays associated with the trial and
error method (fig. 1009a). Being a rapid method for determining with sufficient accuracy
the normally small errors of the compass, the technique provides a means for maintaining
the cross-bearing plot even when the compass error is variable from one round of bear-
ings to the next. To apply the technique when there is indication of constant error
in the plot, the navigator selects three objects for his next round of bearings in accord- Z
ance with thc following rules:

1. Two of the three objects should be nearby so that the displacements of ther I
plotted bearings lines from the observer's actual position, as a result of a small constant 12
error, will be small.

2. The third object, shou!d be at least two and one-half times the distance of the I
farther of the two nearby objects so that the displacement of its plotted bearing line
from the observer's actual position, as a result of a small constant error, will be relatively Z - -
large. t

3. Preferably, the third object should lie in a direction from the observer approxi-
mately parallel to a line between the two nearby objects. I

With selection as in (3) above, the line drawn from the third object to the inter-
section of the bearing lines of the two nearby objects is nearly tangent to the circle
through these nearby objects and the observer's actual position (fig. 1009b). Being
nearly tangent to this circle, the line drawn from the most distant object passes close
to the observer's actual position, which is close to the point of tangency for small con-
stant errors.

As shown in figure 1009b, the bearing lines through nearby objects A and B inter-
sect at F on the circle through A, B, and the observer's actual position at point T. The
acute angle between the plotted bearing line through distaht object C and a line from
C to T is exactly equal to the error, assuming that all error is due to a constant com- .7

pass error. It follows that the acute angle between the plotted bearing line through
distant object C and the line from C to F is approximately equal to the error.

Because the objects observed in figure 1009b lie within a bearing spread of 180,
the most probable position of the fix is outside the triangle of error. The fix is deter-
mined from the set of adjacent exterior angles (and opposite interior angle) which are
immediately adjacent to the area formed by the three lines extending from the triangle

z of error toward the observed objects.
L* From geometry, the fix cannot lie within the shaded area (fig. 1009c); the fix

cannot lie within the triangle of error; the fix is determined by th& set of adjacent
exterior angles of the triangle of error which are immediately adjacent to the shaded =

area. The adjacent set establishes the fix at T. -

V -
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FVounn 1009a.-Adiusting a fix for constant error.
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FIGuRE 1009b.-Selection of charted objects for observation.

Although the foregoing use of the geometry of the cross-bearing plot could be
used to find the direction of the constant error, the Franklin technique provides a
simpler means. However, a reference direction must first be established. This reference
direction is used to determine whether the plotted bearing line of one of the three
objects lies to the left or right of the intersection of the bearing lines of the other two.
For example, in the left-hand plot of figure 1009d the intersection at F is taken as being
to the right of the plotted bearing line of object 0.

I2

,-.. .. - ---
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FIGURE 1009c.--Determining the most probable position of the fix.
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FIGURE 1009d.-Determining constant error when bearing spread is less than 1800.j
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When the bearing spread is less than 1ISO 0, the direction of either the extreme left-j
hand or right-hand object from the observer's approximate position is used as the refer-
ence direction. When the bearing spread is greater thani 1800, the direction of any one
of the three objects from the observer's position can be used as the reference direction.

If the bearing spread is less than 1800 and the plotted bearing line extended through
the extreme left-hand or right-hand object lies to the right of the intersection of the -

other two plotted bearing lines (fig. 1009d), the error is east; otherwise the error is
West.

If the bearing spread is greater than 1800 and the plo~tted bearing line through one
object lies to the right of the intersection of the other two plotted bearing lines, the
error is east; otherwise the error is west.4

1010. Nonsimultaneous observations.-For fully accurate results, observations
made to fix the position of a moving vessel should be mnide simultaneously, or nearly
so. On a slow-moving - ssel, relatively little error is introduced by making se- oral
observations in quick succession. A wise p-ecaution is to observe the objects more
nearly ahead or ustern first, since these are least affected by the motion of the obs.prver.
Kiwever, when it is desired to obtain a good estimate of the speed being made good,
it may bu desirable to observe the most rapidly changing bearing first, assuming that
such observation can be better coordinated with the time "mark."

Sometimes it is not possible or desirable to muake simultaneous cr nearly simul-
taneous observations. Such a situation may arise, for instance, when a single object
is available for observation, or when all available objects are on nearly the same or
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reciprocal bearings, and there is no means of determining distance. Under such con-
ditions, a period of several minutes or more may be permitted to elapse between observa-
tions to provide lines of position crossing at suitable angles. When this occurs, the lines
can be adjusted to a common time to obtain a running fix. Refer to figure 1010a.
A ship is proceeding along a coast on course 0200, speed 15 knots. At 1505 lighthouse L
bears 310'. If the line of position is accurate, the ship is somewhere on it at the time of
observation. Ten minutes later the ship will have traveled 2.5 miles in direction 0200.
If the ship was at A at 1505, it will be at A' at 1515. However, if the position at 1505 was

B, the position at 1515 will be B'. A similar relationship exists between C and C', D and
D', E and E', etc. Thus, if any point on the original line of position is moved a distance
equal to the distance run, and in the direction of the motion, a line through this point,
parallel to the original line of position, represents all possible positions of the ship at
the later time. This process is called advancing a line of position. The moving of a line
back to an earlier time is called retiring a line of position.

The accuracy of an adjusted line of position depends not only upon the accuracy of
the original line, but also upon the reliability of the information used in moving the line.
A small error in the course made good has little effect upon the accuracy of a bearing
line of an object near the beam, but maximum effect upon the bearing line of an object
nearly ahead or astern. Conversely, the effect of an error in speed is maximum upon
the bearing line of an object abeam. The opposite is true of circles of position. The
best estimate of course and speed made good should be used in advancing or retiring a
line of position.

If there are any changes of course or speed, these should be considered, for the
motion of the line of position should reflect as accurately as possible the motion of the
observer between the time of observation and the time to which the line is adjusted.

i , /

A /
E

Figure 1010a.-Advancing a line of position. II

-
-

*- --- *-

Figue ll~a.-Adancng alin of osiion
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Perhaps the easiest way to do this is to measure the direction and distance between
dead reckoning or estimated positions at the two times, and use these to adjust some H
point on the line of position. This method is shown in figure 1lOb. In this illustrationM

S~934

1 ' I

FIGUR E l0l0b. Advaneing a line of position with a change in course and speed, and allowing for
current. 1

i allowance is made for the estimated combined effect of wind and current, this effect
.- being plotted as an additional course and distance. If courses and speeds made good
i ~ over the ground are used, the separate plotting of the wind and current effect is not

i used. In the illustration, point A is the DR position at the time of observation, and
= , point B is the estimated position (the DR position adjusted for wind and current) at A- =-

the time to which the line of position is adjusted. Line A'B' is of the same length
and in the same direction as line AB. -

! Other techniques may be used. The position of the object observed may be ad-Avaneed or retired, and the line of position drawn in relation to the adj sted position.

This is the most satisfactory method for a circle of position, as shown in figure 1010e.

When the position of the landmark is adjusted, the advanced line of position can be -
laid down without plotting the oriional line, which need be shown only if it serves a I
useful purpose. This ,ot only eliminates part of the work, but reduces the number of-
lines on the chart, and thereby decreases the possibility of error. Another method is
to draw any line, such as a perpendicular, from the dead reckoning position at the time -

of observation to the line of position. A line of e A'B' is of the same ldirec-
v otion, drawn from the D le position or EP at the time to which the line is adjusted, locates

a point on the adjusted line, as shown in figure 1010d. If a single course and speed is
hinvolved, common practice is to measure from the intersection of the line of position b
fand the course line. f stion. a le to the distance run between bearings andi

placed on the chart so that one point is on the first bearing line and the other r.oint I

I - - -- .
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FIGURE l0l0d.-Advancing a line of position by its relation to the dead reckoning. -.
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is on the second bearing line, and the line connecting the points is parallel to the course
line, the points will indicate the positions of the vessel at the times of the bearings.

An adjusted line of position is labeled the same as an unadjusted one, except that
both the time of observation and the time to which the line is adjusted are shown, as
in the illustrations of this article and article 1011. Because of additional sources of
error in adjusted lines of position, they are not used when satisfactory simultaneous
lines can be obtained.

0405 -04140

0414 i
R FIX

FIGURE lOlla.-A running fix by two bearings on the same object.

1011. The running flx.-As stated in article 1010, a fix obtained by means of lines of -

position taken at different times and adjusted to a common time is called a running fix.
In piloting, common practice is to adance earlier lines to the time of the last observation.
Figure 1011a illustrates a running fix obtained from two bearings of the same object.
In figure 101 lb the ship changes course and speed between observations of two objects.
A running fix by two circles of position is shown in figure 1011c. Al

When simultaneous observations are not available, a running fix may provide the
most reliable position obtainable. The time between observations should be no longer -
than about 30 minutes, for the uncertainty of course and distance made good increases
with time.

The errors applicable to a running fix are those resulting from errors of the indi- i
vidual lines of position. However, a given error may have quite a different effect upon
the fix than upon the line of position. Consider, for example, the situation of an un- i- _
knowvn head current. In figure 1011d a ship is proceeding along a coast, on course -
2500, speed 12 knots. At 0920 light A bears 1900, and at 0930 it bears 1430. If the

earlier bearing line is advanced a distance of two miles (ten minutes at 12 knots) inthe direction of the course, the running fix is as shown by the solid lines. However,

if there is a head current of two knots, the ship is making good a speed of only ten knots,
and in ten minutes will travel a distance of only 1% miles. If the first bearing line is
advanced this distance, as shown by the broken line, the actual position of the ship is
at B. This is nearer the beach than the running fix, and therefore a dangerous situation.
A following current gives an indication of position too far from the object. Therefore, if
a current parallel to the course (either head or following) is suspected, a minimum
estimate of speed made good will result in a possible margin of safety. If the second
bearing is of a different object, a maximum estimate of speed should be made if the
second object is on the same side and farther forward, or on the opposite side and farther
aft, than the first object was when observed. All of these situations assume that danger 13

_M
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0O

FiouR 1011b.-A running fix with a change of course and speed between observations on separate
landmarks.

G ..---------------

C 090 -

'I'

FFlGUbE 1011c.-A running fix by two circles of position.

is on the same side as the object observed first. If there is either a head or following" °
current, a series of rnning fixes based upon a number of bearings of the same object --

i will plot in a straight line parallel to the course line, as shown in figure 1011e. The
~~plotted line Nvill be too close to the object observed if there is a following current, and o

i! too far out if there is a head current. The existence of the current will not be apparent

unless the actual speed over the ground is known. The position of the plotted line
relative to the dead reckoning course line is not a reliable guide.

- -N

- 4
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FIGUnE lOlld.-Effect of a head current on a running flx.

A current oblique to the course will result in an incorrect position, but the direction
of the error is indeterminate. Tn general, the effect of a current with a strong head or
following component is similar to that of a head or following current, respectively. The A
existence of an oblique current, but not its amount, can be detected by observing and
plotting several bearings of the same object. The running fix obtained by advancing
one bearing line to the tim, of the next one will not agree with the running fix obtained
by advancing an earlier line. Thus, if bearings A, B, and C are observed at five-minute V

intervals, the running fix obtained by advancing B to the time of C will not be the same
as that obtained by advancing A to the time of C, as shown in figure 1011f.

Whatever the current, the direction of the course made good (assuming constant , :A
current and constant course an6 speed) can be determined. Three.bearings of a charted :'

object 0 are observed and plotted (fig. 1011g). Through 0 draw XY in any direction. t
Using a convenient scale, determine points A and B so that OA and OB are proportional
to the time intervals between the first and second bearings and the second and third ,
bearings, respectively. From A and B draw lines parallel to the second bearing line,

- - ' intersecting the first and third bearing lines at C and D, respectively. The direction
of the line from C and D is the course being made good.

The principle Pf the method shown in figure 1011g is based on the property of -

similar triangles. A frequently desirable variation of the method is to use the first
bearing line as the side of the triangle that is divided in proportion to the time intervals
between bearings (fig. 1011h). This method of solution of the three-bearing problem is
presented in The Complete Coastal Naviyator by Charles H. Cotter.

aN
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FIGURE 101 le.-A number of running fixes with a following current.I

Conflicting Running Fixes at 1540

FIGURE 101 lf.-Detectng the existence of an oblique current, by a series of running fixes.

/b. ~.
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FIGURE 101g.-Determining the course made good.
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0 COURSE MADEI "

The distance of the line CD in figure 101lg from tetrack is inerror by an amount
, ~proportional to the ratio of the speed being made good to the speed assumed for the[ ~solution. If a good fix (not a running fix) is obtained at some time before the first "

bearing for the running fix, and the current has not changed, the track can be deter-
S. mined by drai ing a line from the fix, in the direction of the course rnade good. The

intersection of the track A th any" of the bearing lines is an actual position.

t.
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The current can be determined whenever a dead reckoning position and fix are
available for the same time. The directionfrom the dead reckoning position to the-fix
is the set of the current. The distance between these two positions, divided by the A
time (expressed in hours and tenths) since the last fix, is the drift of the current in
knots. For accurate results, the dead reckoning position must be run up from the Aprevious fix without any allowance for current. Any error in either the dead reckoning

position (such as poor steering, unknown compass error, inaccurate log, wind, etc.) or
the fix will be reflected in the determination of current. When the dead reckoning posi-
tion and fix are close together, a relatively small error in either may introduce a large error
in the apparent set of the current.

1012. Distance of an object by two bearlngs.--A running fix can be obtained by
utilizing the mathematical relationships involved. A ship steams past landmark D
(fig. 1012). At any point A a bearing of D is observed and expressed as degrees right
or left of the course (a relative bearing if the ship is on course). At some later time, at B,
a second bearing of D is observed and expressed as before. At C the landmark is broad

on the beam. The angles at A, B, and C are known, and also the distance run between
points. The various triangles could be solved by trigonometry to find the distance from
D at any bearing. Distance and bearing provide a fiY. Table 7 provides a quick and
easy solution.

D

II

Fxcunn 1012.-Triangles involved in a running fix.

- - Solution by table 7 or one of the special cases is accurate only if a steady course

has been steered, the vessel is unaffected liy current, and the speed used is the spied cver
ground.

There arc certain spcecial cases arising under the method of obtaining a running

' ~fix from two bearings and the intervening run which do not require the use of tables. .
~Two of these cases arise when the multiplier is equal to unity, and the distance run is

therefore equal to the distance from the object.
If the second difference (angle CBD of figure 1012) is double the first difference

(angle BAD), triangle BAD is isosceles (art. 128, vol. II) with equal angles at A and "

IiN.

I->90, A0..

C1L = -_ -~B
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D. Therefore, side AB (the run) is equal to side BD (the distance off at th, i the
second bearing). This is called doubling the angle on the bow. If the f&sL an,., is 45
and the second 900, the distance run equals the distance when broad op he Learn. I
These are called bow and beam bearings. Solutions by special cases are discir'd in
more detail in article 1205 of volume II.

1013. Safe piloting without a fix.--A fix or running fix is not always neceSzaly to
insure safety of the vessel. If a ship is proceeding up a dredged channel, for instance,
the only knowledge needed to prevent grounding is that the ship is within the limits of
the dredged area. This information might be provided by a range in line with the
channel. A fix is not needed except to mark the point at wb;X ne range can no longer
be followed with safety.

Under favorable conditions a danger bearing might be used to insure safe passage
past a shoal or other danger. Refer to figure 1013. A vessel is proceeding along a
coast, on intended track AB. A shoal is to be avoided. A line HX is drawn from light-

X - " INTENDED TRACK "

FIGURE 1013.-A danger bearing. - - -

house H, tangent to the outer edge of the danger. As long as the bearing of light H is
less than XH, the danger bearing, the vessel is in safe water. An example is YH, no
part of the bearing line passing through the danger area. Any bearing greater than
XH, such as ZH, indicates a possible dangerous situation. If the object is passed on
the port side, the safe bearing is less than the danger bearing, as shown in figure 1013.
If the object is passed on the starboard side, the danger bearing represents the mini- -
mum bearing, safe ones being greater. To be effective, a danger bearing should not
differ greatly from the course, and the object of which bearings are to be taken should
be easily identifiable and visible over the entire area of usefulness of the danger bearing.
A margin of safety might be provided by drawing line HX through a point a short
distance off the danger. In figure 1013, the danger bearing is labeled NMT 074 to
indicate that the bearing of the light should not be more than 0740. The hazardous side
of the bearing line is hatched. If a natural or artifial range is available as a danger
bearing, it should be used.

A vessel proceeding along a coast may be in safe water as long as it remains a
minimum distance off the beach. This information may be provided by any means
available. One method useful in avoiding particular dangers is the use of a danger
angle (art. 1109).

A vessel may sometimes be kept in safe water by means of a danger sounding.
The value selected depends upon the draft of the vessel and the slope of the bottom. I
It should be sufficiently deep to provide adequate maneuvering room for the vessel to
reach deeper water before grounding, once the minimum depth is obtained. In an
area where the shoaiing is gradual, a smaller margin of depth can be considered than inl
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an area of rapid shoaling. Where the shoaling is very abrupt, as off Point Conception,
California, no danger sounding is practical. It is good practice to prominently mark the
danger sounding line on the chart. A colored pencil is useful for this purpose.

If it is desired to round a point marked by a prominent landmark, without ap-
proaching closer than a given minimum distance, this can be done by steaming until
the minimum distance is reached and then immediately changing course so as to bring
the landmark broad on the beam. Frequent small changes of course are then used to
keep the landmark near, but not forward of, the beam. This method is not reliable if the
vessel is being moved laterally by wind or current.

An approximation of the distance off can be found by noting the rate at which the
bearing changes. If the landmark is kept abeam, the change is indicated by a change
of heading. During a change of 57?5, the distance off is about the same as the distance
run. For a change of 28?5, the distance is about twice the run; for 190 it is about three
times the run: for 14?5 it is about four times the run; and for 115 it is about five times
the run. Another variation is to measure the number of seconds required for a changeI of 16'. The distance off is equal to this interval multiplied by the speed in knots and

divided by 1,000. That is, D=- -00, where D is the distance in nautical miles, S is!, 000

the speed in knots, and t is the time interval in seconds. This method can also be used
for straight courses (with bearings 80 forward and abaft the beam), but with somewhat
reduced accuracy.

.' 1014. Soundings.-The most important use of soundings is to determine whetherWthe depth is sufficient to provide a reasonable margin of safety for the vessel. For this

reason, soundings should be taken continuously in pilot waters. A study of the chart
and the establishment of a danger sounding (art. 1013) should indicate the degree of F
safety of the vessel at any time.

Under favorable conditions, soundings can be a valuable aid in establishing the
position of the vessel. Their value in this regard depends upon the configuration of
the bottom, the amount and accuracy of information given on the chart, the type and
accuracy of the sounding equipment available aboard ship, and the knowledge and skill I
of the navigator. In an area having a flat bottom devoid of distinctive features, or in an
area where detailed information is not given on the chart, little positional information -:

can be gained from soundings. However, in an area where depth curves run roughly
parallel to the shore, a sounding might indicate distance from the beach. In any area~~where a given depth curve i.s sharply defined and relatively straight, it serves as a line

of position which can be used with other lines, such as those obtained by bearings of
landmarks, to obtain a fix. The 100-fathom curve at the outer edge of the continental
shelf might be crossed with a line of position from celestial observation or Loran. The A
crossing of a sharply defined trench, ridge, shoal, or flat-topped seamount (a guyot) It

might provide valuable positional iaformation.
In any such use, identification of the feature observed is important. In an area = 1

of rugged underwater terrain, identification might be difficult unless an almost con-
tinuous determination of position is maintained, for it is rot unusual for a number of
features within a normal radius of uncertainty to be similar. if the echo sounder produces
a continuous recording of the depth, called a bottom profile, this can be matched to the
chart in the vicinity of the course line. If no profile is available, a rough approximation
of one can be constructed as follows: Record a series of soundings at short intervals, - i
the length being dictated by the scale of the chart and the existing situation. For most
purposes the interval might be each minute, or perhaps each half-mile or mile, Draw a
straight line on transparent material and, at the scale of the chart, place marks along
the line at the distance intervals at which soundings were made. For this purpose the line

A,-
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might be superimposed over the latitude scale or a distance scale of the chart. At each
mark record the corresponding sounding. Then place the transparency over the
chart and, by trial and error, match the recorded soundings to those indicated on the
chart. Keep the line on the transparency parallel or nearly parallel to the course line
plotted on the chart. A current may cause some difference between the plotted course
line and the course made good. Also, speed over the bottom n4,g.t be somewhat dif-
ferent from that used for the plot. This should be reflected in the match. This method
should be used with caution, because it may be possible to fit the line of soundings to
several places on the chart.

Exact agreement with the charted bottom should not be expected at all times.
Inaccuracies in the soundings, tide, or incomplete data on the chart may affect the
match, but general agreement should be sought. Any marked discrepancy should be
investigated, particularly if it indicates less depth than anticipated. If such a dis-
crepancy cannot be reconciled, the wisest decision might well be to haul off mnto deeper
water or anchor and wait for more favorable conditions or additional information.

1015. Most 3robable position (MPP).-Since information sufficient to establish
an exac position is seldom available, the navigator is frequently faced with the problem
of establishing the most probable position of the vessel. If three reliable bearing lines
cross at a point, there is usually little doubt as to the position, and little or no judgment
is needed. But when conflicting information or information of questionable reliability
is received, a decision is required to establish the MIPP. At such a time the experience I
of the navigator can be of great value. Judgment can be improved if the navigator
will continually try to account for all apparent discrepancies, even under favorable
conditions. If a navigator habitually analyzes the situation whenever positional |
information is received, he will develop judgment as to the reliability of various types i
of information, and will learn something of the conditions under which certain types I
should be treated with caution.

When complete positional information is lacking, or when the available information A
is considered of questionable reliability, the most probable position might well be |
considered an estimated position (EP). Such a position might be determined from a j
single line of position, from a line of soundings, from lines of position which are some- I
what inconsistent, from a dead reckoning position with a correction for current orwind, etc.

Whether the most probable position is a fix, running fix, estimated position, or
dead reckoning postion, it should be kept continually in mind, together with some
estimate of its reliability- The practice of continuing a dead reckoning plot from one A
good fix to another is advisable, whether or not information is available tn indicate a
most probable postion differing from the dead reckoning position, for the DR plot pro-
vides an indication of current and leeway. A series of estimated positions may not be
consistent because of the continual revision of the estimate as additional information - -

is received. However, it is good practice to plot all MPP's, and sometimes to maintain t -
a separate EP plot based upon the best estimate of course and speed being made good
over the ground, for this should furnish valuable information to indicate whether the
present course is a safe one.

1016. Allowing for turning characteristics of vesseL.-When precise piloting is
necessary (as in an area where maneuvering space is limited, when a secified anclhorage
is approached. or when steaming in formation with other ships), the turning thar-
acteristics of the vessel should be considered. That is, a ship does not complete a turn
instantaneously, but follows a curve the charazteristics of which depend upon the
vessel's length, beam, underwater contourn draft, trim, rudder angle, speed, effects of % ..
wind and sea, etc. At the moment the rudder is put over, the vessel begins to follow a

£
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FINAL DIAMETER-

TACTICAL DIAMETER - -- o

'RUDDER PUT OVER

FiouaE 1016a.-Turning circle.

spiral path (fig. 1016a). This path becomes circular when the vessel has turned about
90'. The distance the vessel moves in the direction of the original course until the newcoulse is reached is called advance. The distance the vessel moves perpendicular to the
original course during the turn is called transfer. The tactical diameter is the distancegained to the right or left of the original course after a tun of 1800 with a constant -rudder angle. The final diameter is the diameter of a circle traversed by a vessel after
turning through 360' and maintaining the same speed and rudder angle. This diameter is
always less than the tactical diameter. It is measured perpendicular to the originalcourse and between the tangents at the points where 180' and 3601 of the turn have II
been completed. The vessel turns with its bow inside and its stem outside the tangent 4_1

to the path of its center of gravity. The angle between the tangent to this path, the1. -turning circle, and the centerline of the vessel is the drift angle. After the vessel has
assumed its drift angle in a turn, the point on the centerline between the bow and the i
center of gravity at which the resultant of the velocities of rotation and translation is

A.N
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directed along the centerline is the rivot point. To an observer on board, the vessel
appears to rotate about this point, which is normally at one-third to one-sixth of the
distance from the bow to thu center of gravity.

The amount of advance and transfer for a given vessel depends primarily upon
the amount of rudder used and the angle through which the ship is to be turned. The
speed of the vessel has little effect. Figure 10l1b is a simplified illustration of advance
and transfer for a turn of less than 900. This figure does not include the initial drift
away from the center of turning due to a lateral force caused by rudder action.

-- Transfer -- 3 v

ii

EEnd of Turn

1...-.k-Start of Turn

FIGURE 1016b.-Advance and transfer.

Allowance for advance and transfer is illustrated in the following example. -AN
Example (fig. 1016c).-A ship proceeding on course 1000 is to turn 600 to the left to

come on a range which will guide it up a channel. For a 600 turn and the amount of rudder
used, the advance is 920 yards and the transfer is 350 yards.

Required.-The bearing of flagpole "FP." when the rudder is put over. :

Soluion.-(1) Extend the original course line, AB.
(2) At a perpendicular distance of 350 yards, the transfer, draw a line A'B' parallel

to the original course line AB. The point of intersection, C, of A'B' with the new
course line (located by the range) is the place at which the turn is to be completed.

(3) From C draw a perpendicular, CD, to the original course line, intersecting it
atD.

(4) From D measure the advance, 920 yards, back along the original course line.
This locates E, the point at which the turn should be started.

(5) The direction of "FP." from E, 0580, is the bearing when the turn should be
started.

Answer.-B 0580.
A frequently useful alternative pro.zedure is the distance to new course method. I

From the vessel's tactical characteristics, a table is constructed to indicate, for various
course alterations, speeds, and rudder angles, the distance from the point where the
rudder is put over to the intersection (fig. 1016d) of the original course line and the
extension of the intended new course line.

,1.. Z
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In application, the extension of the intended new course line is drawn to intersect i
the original course line. The table is referred to to determine the distance from this I

intersection to the point where the rudder should be put over. When the vessel reaches
this point the rudder is put over.

Although the distance to new course method does not indicate where the vessel
will be first on the new course line, it is simpler and faster to use than advance and
transfer. However, practical considerations limit its use with course alterations greater
than about 1200.

1017. Turning bearing.-The turning bearing is the predetermined bearing to
a charted objezt from that point on the original track at unich the rudder must be pu.
over in order to effect the desired turn.

If the turning bearing is such that it is not nearly parallel to the predetermined
course to which the vessel is turning, a large error may occur if the vessel is not on the
intended track before the turn as shown in figure 1017.

CUPO CUPO

U

, , 0

cL..

I - I

FIoUR 1017.-Selection of turning bearing to
avoid large error when turning to predeter- M
mined course.

1018. Anchoring.-If a vessel is to anchor at a predetermined point, as in an as-
signed berth, an established procedure should be followed to insure accuracy of placing
the anchor. Several procedures have been devised. The following is representative
(fig. 1018). The use of a turning bearing not nearly parallel to the predetermined course,
as in figure 1018, may result in a large error (trt. 1017).

The position selected for anchoring is ocated on the cnart. The direction of -
approach is then determined, considering limitations of land, shoals, other vessels, etc.
Where conditions permit, the approach should be made heading into the current or,
if the wind has a greater effect, upon the vessel, into the ind. It is desirable to ap-
proach from such direction that a prominent object, or preferably a iange, is available * IN
dead ahead to serve as a steering guide. It is also desirable to have a range or promi-
nent object near the beam at the point of letting go the anchor. If practicable a straight _

41
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FS. 0'MRI FIGURE 1018.-Anchoring.

F approach of -at least 500 yards should be provided to permit the vessel to steady on
the required course. The track is then drawn in, allowing for advance and transfer
during any turns.

Next, a circle is drawn with the selected position of the anchor a +.he center, and
with a radius equal to the distance between the hawsepipe and pelorus, alidade, etc.,
used for measuring bearings. The intersection of this circle and the approach track, -
point A, is the position of the vessel (bearing-measuring instrument) at the moment - -

of letting go. A number of arcs of circles are then drawn and labeled as shown in figure I
1018. The desired position of the anchor is the common center of these arcs. The

-. selected radii may be chosen at will. Those shown in figure 1018 have been found to
be generally suitable. In each case the distance indicated is from the small circle.
Turning bearings may also be indicated.

During the approach to the anchorage, fixes are plotted at frequent intervals, the I
measurement and plotting of bearings going on continuously, usually to the nearest
half or quarter degree. The navigator advises the captain of any tendency of the vessel
to drift from the desired track, so that adjustments can be made. The navigator
also keeps the captain informed of the distance to go, to permit adjustment of the speed

- ,~ .. so that the vessel will be nearly dead in the water when the anchor is let go.

L 1 - _. ... _
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At the moment of letting go, the position of the vessel should be determined as
accurately as possible, preferably by two simultaneous horizontal sextant angles, or
by simultaneous or nearly simultaneous bearings of a number of prominent landmarks. I

The exact procedure to use depends upon local conditions, number and trainingof available personnel, equipment, and personal preference of individuals concerned.

Whatever the procedure, it should be carefully planned, and any needed advance
preparations should be made -arly enough to avoid haste and the attendant danger of
making a mistake. Teamwork is important. Each person involved should under-
stand precisely what is expected of him.

1019. Piloting and electronics.-Many of the familiar electionic aids to navigation
are used primarily in piloting. The radio direction finder provides bearings through
fog and at greater distance from the aids. The sonic depth finder provides frequent or
continuous soundings. Radar provides bearings, distances, and information on the
location and identity of various targets. Some of the longer range systems such ts
Loran, Omega, and Decca extend piloting techniques far to sea, where nearness of shoals
and similar dangers is not a problem. J

1020. Practical piloting.-In pilot waters navigation is primarily an art. It is
essential that the principles explained in this chapter be mastered and applied in-
telligently. From every experience the wise navigator acquires additional knowledge i "
and improves his judgment. The mechanical following of a set procedure should not j
be expected to produce satisfactory results always.

While piloting, the successful navigator is somewhat of an opportunist, fitting his |
technique to the situation at hand. If a vessel is steaming in a large area having rela- i
tively weak currents and moderate traffic, like Chesapeake Bay, fixes may be obtained '
at relatively long intervals, with a dead reckoning plot between. In a narrow channel .
with swift currents and heavy traffic, an almost continuous fix is needed. In such an
area the navigator may draw the desired track on the chart and obtain fixes every TER
few mimutes, or less, direc ;ing the vessel back on the track as it begins to drift to one side. Z

If the navigator is to traverse unfamiliar waters, he studies the chart, sailing direc-
tions or coast pilot, tide and tidal current tables, and light lists to familiarize himself with -A
local conditions. The expvienced navigator learns to interpret the signs around him. -
The ripple of water arounI buoys and other obstructions, the direction and angle of
tilt of buoys, the direction at which vessels ride at anchor, provide meaningful informa-
tion regarding currents. The wise navigator learns to interpret such signs when the
position of his vessel is not in doubt. When visibility is poor, or available information
is inconsistent, the ability developed at favorable times can be of great value.

With experience, a navigator learns when a danger angle or danger bearing is useful,
and what ranges are. reliAble and how they should be used. However familiar one is
with an area, he should not permit himself to become careless in the matter of timing
lights for identification, plotting his progress on a chart, or keeping a good recent posi-
tion. Fog sometimes creeps in unnoticed, obscuring landmarks before one realizes its
presence. A series of frequent fixes obtained while various aids are visible provides
valuable inforrnation on position and current.

Practical piloting requires a thorough familiarity with principles involved and
local conditions, constant alertness, and judgment. A study of avoidable groundings

reveals that in most cases the problem is not lack of knowledge, but failure to use or
interpret available information. Among the more common errors are:

1. Failure to obtain or evaluate soundings.
2. Failure to identify aids to navigation.
3. Failure to use available navigational aids effectively.
4. Failure to correct charts.

I#
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5. Failure to adjust a magnetic compass or maintain an accurate table of corrections.
6. Failure to apply deviation, or error in its application.
7. Failure to apply variation, or to allow for change in variation.
8. Failure to check gyro and magnetic compass readings at frequent and regular

intervals.
9. Failure to keep a dead reckoning plot.

10. Failure to plot information received.
11. Failure to properly evaluate information received.
12. Poor judgment.
13. Failure to do own navigating (following another vessel).
14. Failure to obtain and use information available on charts and in various

publications.
15. Poor ship organization.
16. Failure to "keep ahead of the vessel."
Further discussion on practical piloting is given in chapter XXIII.

I-
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CHAPTER XI

USE OF SEXTANT IN PILOTING :

~~1101. Introduction.--The marine sextant provides thq, most accurate means
~~generally available to the mariner for fixing his position in confined waters. But following
~the widespread use of the highly reliable gyrocompass, the mariner's use of the sextant
~~for piloting has declined to such an extent that it is seldom if ever used by many. !

This is unfortunate because the sextant can be used to advantage in situations where
~other methods or tools, including the gyrocompass, are inadequate.
:- o The applications of the sextant during daylight in coastal waters, harbor approaches,
= " and more confined waters may be summarized as follows:0

7z_ V __ _ _ _ _ ____

~~1. fixng to make a safe transit of hazardous waters; -A
2. fixing to take a specific geographic position;

" ~3. fixing to establish accurately the position of the anchor on anchoring; --:
~~4. fixng to determine whether or not the ship is dragging anchor; :

5. using horizontal and vertical danger angles; =:
~~6. using vertical angles to determine distance off; _

ZM

: of charted~~7 fixingtuso determine the positions of uncharted objects, or to verify the positions i ;<

8. using the sextant to evpluate the accuracy of navigation by other means.

thBecause the use of the sextant has declined, many navigators, unfortmately, do
not have the proficiency necessary to use it to advantage in those situations where -
other methods are inadequate. Proficiency in the use of the sextant can be invaluable
in situations where even a small error in either observing or plotting cross bearings

can result c a grounding.
1102. Three-point probemi--Normally, three charted objects are selected for

measuring horizontal sextant angles to determine o the ano r po ncorin
objects being common to each angular measurement. Wit simultaneous or nearly
simultaneous measurements of the horizontal angles between each pair of charted

.FfiURn 1102a.Solving the thrce-point problem.

_ 302 .
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FIGURE 1102b.-Use of three-arm protractor.

objects, the observer establishes two circles of position. For each pair of objects, there
is only one circle which passes through the two objects and the observer's position.
Thus, there are two circles, intersecting at two points as shown in figure 1102a, which
pass through the observer's position at T.

Since the observer knows that he is not at the intersection at B, he must be at T.
The solution of what is known as the three-point problem is effected by placing

the hairlines of the arms of a plastic three-arm protractor over the three observed objects
on the chart as shown in figure 1102b. With the arms so placed, the center of the pro-
tractor disk is over the observer's position on the chart at the time of the measurements.

1103. Solution without three-arm protractor.-Although the conventional solution
of the three-point problem is obtained by placing the arms of a three-arm protractor
over tl.e three observed objects on the chart, the use of the protractor is not necessary.
The use of the protractor may not be practicable because of liinited room and facilities

- . ----



304 USE OF SEXTANT IN PIOTING

for plotting, as in a small open boat. Where a common charted object cannot be used
in the horizontal angle observations, a means other than the three-arm protractor must
be employed to determine the position of the observer. Also, point fixes as obtained from
the three-arm protractor can be misleading if the navigator has limited skill in evaluating
the strengths of the three-point solutions.

In plotting the three-point fix without a three-arm protractor, the procedure is to
find the center of each circle of position, sometimes called circle of equal angle (fig.:
1103a), and then, about such center, to strike an arc of radius equal to the distance on
the chart from the Circle center to one of the two objects through which the circle
passes. The same procedure is applied to the other pair of objects to establish the fix
at the intersection of the two arcs. .

Some ol e methods for finding the center of a circle of equal angle are described
in the following text.The center of the circle of equal angle lies on the perpendicular bisector of the base- i

line of the pair of objects. With the bisector properly graduated (fig. 1103b), one neec*
only to place one point of the compasses at the appropriate graduation, the othel -

point at one of the observed objects, and then to strike the circle of equal angle or an
arc of it in the vicinity of the DR.

The bisectox can be graduated through calculation or by means of either the I 7M
simple protractor or the three-arm protractor. i -

As shown in figi,re 1103a when the observed angle is 900, the center of the circle of |
equal angle lies at the center of the baseline or at the foot of the perpendicular bisector
of the baseline. When the observed angle is less than 900. for example 400, the center of I
the circle lies on the perpendicular bisector on the same side of the baseline as the _ M3
observer. When the observed angle is 26*34 ', the center of the circle lies ou the bisector -

at a distance from its foot equal to the distance between the two objects. When the 7observed angle is greater than 900, the center of the circle lies on the perpendicular : a

AI

S30' -:

AI

44

\\304 -113

, i

FIGURE 1103a.-Circles of equal angle.
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3000'

26'34'

FIGURE 11 03b.- Graduated perpendicular bisector.

bisector on the side of the baseline opposite from the observer. The center for 1000 is
the same distance from the baseline as the center for 800; the center for 1100 is the same
distance as the center for 700, etc. These facts can be used to construct a nomogram for
finding the distances of circles of equal angle from the foot of the perpendicular for vari- A
ous angles. -

From geometry the central angle subtended by a chord is twice the angle with its| 4

vertex on the circle and subtended by the same chord. Therefore, when the observed
horizontal angle is 300, the central angle subtended by the baseline is 600. Or, the angle
at the center of the circle between the perpendicular bisector and the line in the direc-
tion of one of the observed objects is equal to the observed angle, or 300 as shown in
figure 1103c. The angle at the object between the baseline and the center of the circle
on the bisector is 90' minus observed angle, or 600. -1

The 300 graduation can be located quickly using a suitable protractor as shown in M
figure 1103d. The placement of the protractor as shown in the upper part of the figure
requires moving its center along the bisector until the straightedge passes through the
object. The method shown in the lower part enables more rapid location of the 300
graduation because there is no need to slide the protractor after its center is placed over
the object and the angle is set.

oclce rl\
Equal
Angle(30): _-

r\

S3s 30,

FIGURE 1103c.-Circle of equal angle (300).
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0.

I "

1160

~~~~FIGURE 1 104.-Split fix.- , --

~~~1104. Split fx.-Occasions when a common charted object cannot be used in- -
~horizontal angle observations are not infrequ~ent. On these occasions the mariner must
~~obtain what is called .a split fix through observation of two pairs of charted objects. -
--- with no object being conmmon. As with the three-point fix, the mariner will obtain two

circles of equal angle, intersecting at two points..-As shown in figure 1104, one of these /
two intersections will fix the observer's position. -

- 22

1105. Conning aid.---Preconstructed circles of equal angle can be helpful in conning

the vessel to a specific geographic position when fix\ing by horizontal angles. In one
application, the vessel is conned t keep one angle constant, or nearly constant, in
order to follow tb. circumference of the associated circle of equal angle to the desiredposition; the other angle is changing rapidly and is approaching the value for the secondocircle of equal angle passing through the desired position. A s in f 1 o f

1106. Strength of three-point flx.-Although an experienced hydrographer can -= " _readily estimate the strength of a three-point fix, and is able to select the objects
providing the strongest fix available i :ckly, others often have difficulty in visualizing I
the problem and may select a weak fix when strong ones are available. The following
S generally useful but not infallible rules apply to selection of charted objects to be

observed: -°1. The strongest fx is obtained when the observer is inside tel triangle formed bythe three objerts. and in such case the fix is strongest where the three objects form an J
irequilateral triangle (fig. 1106, view A), the observer is at the center, and the objects

are close to the observer.
2. The fix is strong when the sum of the two angles is equal to or greater than 180iulzn

and neither angle iseless than 30. The nearer the angles are equal to each other, the
stronger is the fix (view B). we t

I->-

- .(f 1 , A , -
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3. The fix is strong when the three objects lie in a straight line and the center object!

is nearest the observer (view 0).
4. The fix is strong when the center object lies between the observer and a line I

joining the other Lwo, and the center object is nearest the observer (view D).
5. The fix is strong when two objects a considerable distance apart are in range and

the angle to the third object is not less than 450 (view E).
6. Small angles should be avoided as they result in weak fixes in most cases and are 11

difficult to plot. However, a strong fix is obtained when two objects are nearly in range
and the nearest one is used as the common object. The small angle must be measured
very accurately, and the position of the two objects in range must be very accurately
plotted. Otherwise, large errors in position will result. Such fixes are strong only when
the common object is nearest the observer. The fix will become very weak when the
observer moves to a position where the distant object is the common object (view F).

BB

0 B

View A View B I
25

A C A C ZC

View C View D

4A 
C

0L
View E View F

Ftonax 1106.-Strengths of three-point fixes.
h.R
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7. A fix is strong when at least one of the angles changes rapidly as the vessel moves
from one location to another.

8. The sum of the two angles should not be less than 500; better results are ob-
tained when neither angle is less than 300.

9. Do not observe an angle between objects of considerably different elevation.
Indefinite objects such as tangents, hill-tops, and other poorly defined or located points
should not be used. Take care to select prominent objects such as major lights, church
.pires, towei, or buildings which are charted and are readily distinguished from sur-
rounding objects.

Begiiners should demonstrate the validity of the above rules by plbtting examples
jf each and their opposites. It should be noted that a fix is strong if, in plotting, a slight
movement of the center of the protractor moves the arms away from one or more of the
stations, and is weak if such movement does not appreciably change the relation of the I
arms to the three points. An appreciation of the accuracy required in measuring angles
can be obtained by changing one angle about five minutes in arc in each example and
noting the resultii g shift in the plotted positions. A

The error of tie three-point fix will be due to:
1. error in measurement of the horizontal angles;
2. error resulting from observer and observed objects not lying in a horizontal

plane;
3. instrument error; and
4. plotting error.

The magnitude of the error varies directly as the error in measurement, the distance
of the common object from the )bserver, (D) and inversely as the sine function of the
angle of cut (0). The magnitude of the error also depends upon the following ratios: I

1. The distance to the object to the left of the observei divided by the distance AS
from this object tn the center object (ri).

2. The distace to the object to the right of the observer divided by the distance
from this obj ' o the center object (r2). AV

Assuming that each horizontal angle has the same -.rror (a), the magnitude of the
error (E) is expressed in the formula 29

E= -r2 +r 2
2+2r, r2Cos 0,sin 0

where error in measurement (a) is expressed in radians.
The magnitude of the error (F1 is exr.ressed in the formula

E sO29 Vr2,+r22+2rr 2 cos 0,~~sin !

where error in measurement (a) is expressed in minutes of arc.
To avoid mistakes in the identification of charted objects observed, eithe a check

bearing or a ciz,:k andre should be used to insure that the objects used in Uservation and
-. plotting are the same.

1107. Avoiding the swinger.-Avoid a selection of objects which v., -es~lr in ft
"revolver" or "swinger"; that is, whe.. the three objects observed in shore and the ship

FT are all on, or near, the circumference of a circle (fig. 1107). In such a cate the ship's
position is indeterminate by three-point fix.

If bearings as plotted are affected by unknown and uncorrected compass error,
the bearing lines may intersect at a point when the objects observed ashore and the
ship are all on, or near, the circumference of a circle.

ix
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I -I

FIGURE 1107.-Revolver or sninger.

1108. Cutting in uncharted objects.--To cut in or locate on the chart uncharted -.

objects, such as newly discovered offshore wrecks or objects ashore which may be
useful for future observations, proceed as follows:

1. Fix successive positions of the ship or ship's boat by three-point fixes, i.e., by
h-)rizontal sextant angles. At each fix, simultaneously measure the sextant angle between
one of the objects used in the fix and the object to be charted (fig. 1108a). For more
accurate results, the craft from which the observations are made should be either lying I
to or proceeding slowly.

2. For best results, the angles should be measured simultaneously. If verification is -
undertaken, the angles observed should be interchanged among observers.

3. The fix positions should be selected carefully to give strong fixes, and so that the
cuts to the object will provide a good intersection at the next station taken for obser-
vations. A minimum of three cuts should be taken.

An alternative procedure is to select observing positions so that the object to be -
charted will be in range with one of the charted objects used to obtain the three-point fix I
(fig. 1108b). The charted objects should be selected to provide the best possible inter-
sections at the position of the uncharted object. -

SHIP STATIONS

CUT'. CUT

X,ANGLI.V ANGLES

VWRE'
K  _

FIGURE 1108a.-Cutting in uncharted objects.

-" RECK -

SHIP STATl INS

FIGURE 1108b.-On range method.
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1109. Horizontal and vertical danger angles.--A vessel proceeding along a coast
may be in safe water as long as it remains a minimum distance off the beach. This infor-
mation may be provided by any means available. One method useful in aviding par-
ticular dangers is the use of a danger angle. Refer to figure 1109. A ship is proceeding
along a coast on course line AB, and the captain wishes to remain outside a danger D.
Prominent landmarks are located at M and X. A circle is drawn through M and N and
tangent to the outer edge of the danger. If X is a point on this circle, angle MXN is the
within the circle the angle is larger and anywhere outside the circle it is smaller. There-

fore, any angle smaller than MXN indicates a safe position and any angle larger than
MXN indicates possible danger. Angle MXN is therefore a maximum horizontal danger
angle. A minimum horizontal danger angle is used when a vessel is to pass inside an
offlying danger, as at D' in figure 1109. In this case the circle is drawn through M
and N and tangent to the inner edge of the danger area. The angle is kept :arger than
MYN. If a vessel is to pass between two danger areas, as in figure 1109, the horizontal
angle should be kept smaller than MXN but larger than MYN. The minimum danger
angle is effectivn only while the vessel is inside the larger circle through M and M.

Bearings on either landmark might be used to indicate the entering and leaving of he
larger circle. A margin of safety can be provided by drawing the circles t' '
points a short distance off the dangers. Any method of measuring the angcs. or
difference of bearing of M and N, can be used. Perhaps the most accurate is by horizontal
sextant angle. If a single landmark of known height is available, similar procedure
can be used with a vertical danger angle between top and bottom of the object. In this
case the charted position of the object is used as the center of the circles.

B
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FIGURE 1109.-Horizontal danger angles.
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1110. Distance by vertical angle.-Table 9 provides means for determining the

distance of an object of known height above sea level. The vertical angle between
the top of the obje:.t and the visible (sea) horizon (the sextant altitude) is measured I
and corrected for index error and dip only. If the visible horizon is not available as a
reference, the angle should be measured to the bottom of the object, and dip short of Ithe horizon (tab. 22) used in place of the usual dip correction. This may require several
approximations of distance by alternate entries of tables 9 and 22 until the same value
is obtained twice. The table is entered with the difference in the bight of the object
and the height of eye of the observer, in feet, and the corrected vertical angle; and the
distance in nautical miles is taken directly from the table. An error may be introduced
if refraction differs from the standard value used in the computation of the table. Useof the table is oxplained in article 1203 of volume .

1111. Evaluation.-As time and conditions permit, it behooves the navigator
to use the sextant to evaluate the accuracy of navigation by other means in pilot waters.
Such accuracy comparisons tend to provide navigators with better appreciation of
the limitations of fixing by various methods in a g*ven piloting situation.
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CHAPTER XII

TIDE AND CURRENT PREDICTIONS

1201. Tidal effects.-The daily rise and fall of the tide, with its attendant flood
and ebb of tidal current, is familiar to every mariner. He is aware, also, that at high
water and low water the depth of water is momentarily constant, a condition called
stand. Similarly, there is a moment of slack water as a tidal current reverses direction.
As a general rule, the change in height or the current speed is at first very slow, increasing
to a maximum about midway between the two extremes, and then decreasing again.
If plotted against time, the height of tide or speed of a tidal current takes the general
form of a sine curve. Sample curves, and more complete information about causes,
types, and features of tides and tidal currents, are given in chapter XXXI. The present
chapter is concerned primarily with the application of tides and currents to piloting, and
predicting the tidal conditions that might be encountered at any given time.

Although tides and tidal currents are caused by the same phenomena, the time
relationship between them varies considerably from place to place. For instance, if
an estuary has a wide entrance and does not extend far inland, the time of maximum
speed of current occurs at about the mid time between high water and low water. -

,However, if an extensive tidal basin is connected to the sea by a small opening, the
maximum current may occur at about the time of high water or low water outside the
basin, when the difference in height is maximum. . -'

The height of tide should not be confused with depth of water. For reckoning tides
a reference level is selected. Soundings shown on the largest scale charts are the vertical
distances from this level to the bottom. At any time the actual depth is this charted
depth plus the height of tide. In most places the reference level is some form of low
water. But all low waters at a place are not the same height, and the selected reference
level is seldom the lowest tide that occurs at the place. When lower tides occur, these

; pt are indicated by a negative sign. Thus, at a spot where the charted depth is 15 feet,
the actual depth is 15 feet plus height of tide. When the tide is three feet, the depth is
15+3= 18 feet. When it is (-) 1 foot, the depth is 15- 1= 14 feet. It is well to remem-
ber that the actual depth can be less than the charted depth. In an area where there is a
considerable range of tide (the difference between high water and low water), the height

of tide might be an important consideration in using soundings to assist in determining j
position, or whether the vessel is in safe water.

One should remember that heights given in the tide tables are predictions, and that
when conditions vary considerably from those used in making the predictions, the
heights shown may be considerably in error. Heights lower than predicted are par-
ticularly to be anticipated when the atmospheric pressure is higher than normal, or
when there is a persistent strong offshore wind. Along coasts where there is a large
inequality between the two high or two low tides during a tidal day the height predic-
tions are less reliable than elsewhere.

The current encountered in pilot waters is due primarily to tidal action, but
other causes are sometimes present. The tidal current tables give the best prediction
of total current, regardless of cause. The predictions for a river may be considerably
in error following heavy rains or a drought. The effect of current is to alter the course
and speed made good over the bottom. Due to the configuration of land (or shoal areas)
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and water, the set and drift may vary considerably over different parts of a harbor.
Since this is generally an area in which small errors in position of a vessel are of con- I
siderable importance to its safety, a knowledge of predicted currents can be critical,
particularly if the visibility is reduced by fog, snow, etc. If the vessel is proceeding at
reduced speed, the effect of current with respect to distance traveled is greater than
normal. Strong currents are particularly to be anticipated in narrow passages connect-
ing larger bodies of water. Currents of more than five knots are encountered from time
to time in the Golden Cate at San Francisco. Currents of more than 13 knots sometimes
occur at Seymour Narrows, British Columbia.

In straight portions of rivers and channels the strongest currents usually occur in
the middle, but in curved portions the swiftest currents (and deepest water) usually
occur near the outer edge of the curve. Countercurrents and eddies may occur on
either side of the main current of a river or narrow passage, especially near obstructions A_
and in bights.

In general, the range of tide and the speed of tidal current are at a minimum upon
the open ocean or along straight coasts. The greatest tidal effects are usually encoun-
tered in rivers, bays, harbors, inlets, bights, etc. A vessel proceeding along a coast can
be expected to encounter stronger sets toward or away from the shore while passing
an indentation than when the coast is straight.

1202. Predictions of tides and currnts to be expected at various places are pub-
lished annually by the National Ocean Survey. These are supplemented by eleven o
sets of tidal current charts (art. 1211), each set consisting of charts for each hour of the A
tidal cycle. On these charts the set of the current at various places in the area is shown
by arrows, and the drift by numbers. Since these are average conditions, they indicate
in a general way the tidal conditions on any day and during any year. They are designed j
to be used with tidal current diagrams (art. 1211) or the tidal current tables (except those I
for New York Harbor, and Narragansett Bay, which are used with the tide tables).
These charts are available for Boston Harbor, Narragansett Bay to Nantucket Sound,
Narragansett Bay, Long Island Sound and Block Island Sound, New York Harbor,
Delaware Bay and River, upper Chesapeake Bay, Charleston Harbor, San Francisco
Bay, Puget Sound (northern part), and Puget Sound (southern part). Current arrows
are sometimes shown on nautical charts. These represent average conditions and should
not be co..,idered reliable predictions of the conditions to be encountered at any given
time. When a strong current sets over an irregular bottom, or meets an opposing cur-
rent, ripples may occur on the surface. These are called tide rips. Areas where they
occur frequently are shown on charts. 3

Usually, the mariner obtains tidal information from tide and tidal current tables.
However, if these are not available, or if they do not include information at a desired
place, the mariner may be able to obtain locally the mean high water lunitidal interval
or the high water full and change. The approximate time of high water can be found by
adding either interval to the time of transit (either upper or lower) of the moon (art.
2020). Low water occurs approximately X tidal day (about 6'12") before and after the ,

time of high water. The actual interval varies somewhat from day to day, but approxi-
mate results can be obtained in this manner. Similar information for tidal currents
(lunicurrent interval) is seldom available.

1203. Tide tables for various parts of the world are published in four volumes by
the National Ocean Survey. Each volume is arranged as follows:

Table 1 contains a complete list of the predicted times and heights of the tide for
each day of the year at a number of places designated as reference stations.

Table 2 gives differences and ratios which can be used to modify the tidal informa-
tion for the reference stations to make it applicable to a relatively large number of
subordinate stations.

Ii
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Table 8 pro',ides information for use in finding the approximate height of the tide
at any time between high water and low water.

Table 4 is a sunrise-sunset table at five-day intervals for various latitudes from
76°N to 60'S (40°S in one volume).

Table. 5 provides an adjustment to convert the local mean time of table 4 to zone or
standard time.

Table 6 (two volumes only) gives the zone time of mc -se and moonset for each i
day of the year at certain selected places.

Certain astonomical data are contained on the inside back cover of each volume.
Extracts from tables 1, 2, and 3 for the East Coast of North and South America

are given in appendix L.
1204. Tide predictions for reference stations.--The first page of appendix L is the

table 1 daily predictions for New York (The Battery) for the first quarter of 1975.
As indicated at the bottom of the page, times are for Eastern Standard Time (+5 zone,
time meridian 75°W). Daylight saving time is not used. Times are given on the 24-hour

basis. The tidal reference level for this station is mean low water.
For each day, the date and day of week are given, and the time and height of each

high and low water are given in chronological order. Although high and low waters
are not labeled as such, they can be distinguished by the relative heights, given immedi-
ately to the right of the times. Since two high tides and two low tides occur each tidal
day, the type of tide at .this place is semidiurnal. The tidal day being longer than the
civil day (because of the revolution of the moon eastward around the earth), any given
tide occurs later from day to day. Thus, on Saturday, March 29, 1975, the first tide that
occurs is the lower low water (- 1.2 feet at 0334). The following high water (lower high
water) is 4.9 feet above the reference level (a 6.1 foot rise from the preceding low water),
and occurs at 0942. This is followed by the higher low water (-0.9 feet) at 1547, and
then the higher high water of 5.5 feet at 2206. The cycle is repeated on the following
day with variations in height, and later times. A

Because of later times of corresponding tides from day to day, certain days have
only one high water or only one low water. Thus, on January 17 high tides occur at
1120 and 2357. The next following high tides are at 1154 on January 18 and 0029 on
January 19. Thus, only one high tide occurs on January 18, the previous one being
shortly before midnight on the seventeenth, and the next one occurring early in the
morning of the nineteenth, as shown.

1205. Tide predictions for subordinat -" stations.-The second page of appendix L
is a page of table 2 of the tide tables. For each subordinate station listed, the following A

information is given:
Number. The stations are listed in geographical order and given consecutive

numbers. At the end of each volume an alphabetical listing is given, and for each :
entry the consecutive number is shown, to assist in finding the entry in table 2. - -

Place. The list of places includes both subordinate and reference stations, the
latter being given in bold type. I

Position. The approximate latitude and longitude are given to assist in locating
the station. The latitude is north or south, and the longitude east or west, depending
upon the letters (N, S, E, W) next above the entry. These may not be the same as those I
at the top of the column.

Differences. The differences are to be applied to the predictions for the reference
station shown in bold capitals next above the entry on the page. Time and height
differences are given separately for high and low waters. Where differences are omitted,
they are either unreliable or unknown.
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The time difference is the number of hours and minutes to be applied to the time
at the reference station to find the time of the corresponding tide at the subordinate I
station. This interval is added if preceded by a plus sign (+), and subtracted if preceded
by a minus sign (-). The results obtained by the application of the time differences
will be in the zone time of the time meridian shown directly above the difference for
the subordinate station. Special conditions occurring at a few stations are indicated by
footnotes on the applicable pages. In some instances, the corresponding tide falls on a
different date at reference and subordinate stations.

Height differences are shown in a variety of ways. For most entries separate height
differences in feet are. given for high water and low water. These are applied to the
height given for the reference station. In many cases a ratio is given for either high
water or low water, or both. The height at the reference station is multiplied by this
ratio to find the height at the subordinate station. For a few stations, both a ratio and
difference are gi'en. In this case the height at the reference station is first multiplied
by the ratio, and the difference is then applied. An example is given in each volume of
tide tables. Special conditions are indicated in the table or by footnote. Thus, a footnote
on the second page of appendix L indicates that "Values for the Hudson River above
George Washington Bridge are based upon averages for the six months May to October,
when the fresh-water disdbarge is a minimum."

Ranges. Various ranges are given, as indicated in the tables. In each case this is
the difference in height between high water and low water for the tides indicated.

Example.-List chronologically the times and heights of all tides at Yonkers.
(No. 1531) on January 2. 1975.

S~olution.-
Date January 2, 1975
Subordinate station Yonkers I.
Reference station New York
High water time difference (+) 1 ' 0 9 m- °
Low water time difference (+) 1h10m -
High water height difference (-) 0.8 ft.
Low water height difference 0.0 ft.

New York Yonkers
HW 2321 (1st) 4.6 ft. 0030 3.8 ft.
LW 0516 (-) 0.6 ft. 0626 (-) 0.6 ft.
HW 1138 4.9 ft. 1247 4.1 ft.
LW 1749 (-) 0.9 ft. 1859 (-) 0.9 ft.

1206. Finding ieight of tide at any time.-Table 3 of the tide tables provides means 1 j
for determining the approximate height of tide at any time. It is based upon the as-
sumption that a plot of height versus time is a sine curve (art. 140, vol. II). Instructions
for use of the table are given in a footnote below the table, which is reproduced in
appendix L.

Example 1.-Find the height of tide at Yonkers (No. 1531) at 1000 on January 2,1975.

atSoluti&n.-The given time is between the low water at 0626 and the high water
J.* at 1247 (example of art. 1205). Therefore, the tide is rising. The duration of rise is

124 7- 0626= 6 2 1
. The range of tide is 4.1-(-0.6)=4.7 feet. The given time is

2147' before high water, the nearest tide. Enter the upper part of the table with duration
of rise 6'2 0 1m (the nearest tabulated value to 612 1m), and follow the line horizontally to
2 b4 5" (the nearest tabulated value to 214 7m). Follow this column vertically downward

) a
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to the entry 1.8 feet in the line for a range of tide of 4.5 feet (the nearest tabulated
value to 4.7 feet). This is the correction to be applied to the~ nearest tide. Since the

iA()arest, tide is high water, subtract 1.8 from 4.' feet. The answer, 2.3 feet, is the height
of tide at the given time. I

Arwer-Ht. of tide at 1000, 2.3 ft. A suitable form (fig. 1206a) is used to faciitate
the solution.

Interpolation in this table is not considered justified. 4

TIDE AND CURRENT TABLES
SRNC-USNA-NC&M316l13 (1-71)

NAVIGAT1ON DEPARTMENT DIVISION OF NAVAL COMMAND AND MANAGEMENT LA

COMPLETE TIDE TABLE A

Date: Ja.2,9 A

Substation Yonkers

Reference Station New York

HW Tie Diferene ) h gm
LW Time Difference ~ i o

Difference in height of HW (-.) 08fL

Difference in height of LW O.Oft.

Reference Station Sbtto

HW 223 4.6ft. 0030 S.- C i

____ ____ 0626 (-6ft.

LW 17492 . 9ft 1859 (-0.9ft.

HW

LW -

HEIGHT OF TIDE AT ANY TIME

Locality:_ Yonk-ars Time: 1000 Date: Jan 2. 1975

Duration of Rise or Fall: 6 h 21M1

Time from Nearest Tide: 2h 47m1

= ~ .=Range of Tide: 4.7ft.

Height of Nearest Tide: 4.1fL

Corr._fromTable_3_____ I
Corr.from able : i.ft=Height of Tide at: 1000

IZ

-~ ~FIGURE 1206a.-U.S. Naval Academy tide form. t

IZ

SJ
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" Hght of tide 3 ft. ,Draft

!2 22 ft.
__ !-EVE OF DATUM '--

40 '.'

Obstruction L
charted Clearance 2 ft.depth

i " 21 ft.

: FIGURE 1206b.--Height of tide required to pass clear of charted obstruction. -

U-7-

It may be desired to know at what time a given depth of water will occur. In this "
case, the problem is solved in reverse.

Example 2.-The captain of a vessel drawing 22 feet wishes to pass over a tempo- i_

~rary obstruction near Days Point, Weehawken (No. 1521), having a charted depth of 21
° feet, passage to be made during the morning of January 31, 1975. Refer to figure 1206b.

Reqired.-The earliest time after 0800 that this passage can be made, allowing
i ~a safety margin of two feet. : -
i olution.--The least acceptable depth of water is 24 feet, which is three feet more

- than the charted depth. Therefore, the height of tide must be three feet or more. At
the New York reference station a low tide of (-)0.9 foot occurs at 0459, followed =  ° '

bya hihtide of 4.9 feet at 1120. At Days Point the corresponding low tide is (-)0.9foot at 0522, and the high tide is 4.6 feet at 1144. The duration of rise is 622 , and A

the range of tide is 5.5 feet. The least acceptable tide is 3.0 feet, or 1.6 feet less than J _z

I - 1

high tide. Enter the loe part of table 3 with range 5.5 feet and follow the horizont.

! line until 1.6 feet is reached. Follow this column vertically -upwrd until the value Of
2'19' is reached on the line for a duration of 6a20-n (the nearest tabulated value to -

-= 6 22=). The moinimum depth will occur about 2'19' before high water or at about 0925.Anser.-A depth of 24 feet occurs at 0925.
If the range of tide is more than 20 feet, the range (o e ha ird if the range is

greater than 40 feet) is used to enter table 3, and the correction to height is dou d

(trebled if one third is used). :
A diagram for a graphical soution is given in figure 1206c. Eye interpolation can It- .be used if desired. The steps in this solution are as follows:
1. Enter the upper graph with the duration of rise or fall. This is represented by

rsa horizontal line.
2. Find the intersection of th ming an ury 317re f e interval from 1206b

t eh Te earls o ae piest tiA ftr00)httisps.ecnb mdalwn

a 3. From A, follow a vertical ne to the sine curve of the lower diagram (point B).
4. From B, follow horizontally to the vertical line representing three of tide I

(point )
5. Using 0, read the correction from the series of curves.6. Add (algebraically) the correction of step 5 to the lo water height, to find the

height at the given time. io

the ang oftideis .5 eet.Theleat aceptbletideis .0 eetor .6 eet esstha
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The problem illustrated in figure 1206c is similar to that of example 1 given above.
The duration of rise is 6'25m, and the interval from low water is 5h23'. The range of
tide is 6.1 feet. The correction (by interpolation) is 5.7 feet. If the height of the pre-
ceding low tide is (-)0.2 foot, the height of tide at the given time is(-)0.2+5.7=5.5 I
feet. To solve example 2 by the graph, enter the lower graph and find the intersection I
of the vertical line representing 5.5 feet and the curve representing 3.9 feet (the mini-
mum acceptable height above low water). From this point follow hoiizontally to the
sine curve, and then vertically to the horizontal line in the upper figure representing the U
duration of rise of 6k22m. From the curve, determine the interval 4h0 0 - . The earliest

time is about 4b00m ajter low water, or at about 0922.
1207. Tidal current tables are somewhat similar to tide tables, but the coverage is]

less extensive, being given in two volumes. Each volume is arranged as follows:
Table 1 contains a complete list of predicted times of maximum currents and slack,-

with the velocity (speed) of the maximum currents, for a number of reference stations.
Table 2 gives differences, ratios, and other information related to a relatively large

number of subordinate stations.
Table 8 provides information for use in finding the speed of the current at any time U

between tabulated entries in tables 1 and 2.
Table 4 gives the number of minutes the current does not exceed stated amounts,

for various maximum speeds. _1 M
Table 5 (Atlantic Coast of North America only) gives information on rotary tidal

currents.
Each volume contains additional useful information related to currents. Extracts

from the tables for the Atlantic Coast of North America are given in appendix M.
1208. Tidal current predictions for reference stations.-The extracts of appendix

M are for The Narrows, New York Harbor. Times are given on the 24-hour basis, for
meridian 75'W. Daylight saving time is not used.

For each day, the date and day of week are given, with complete current informa-
tion. Since the cycle is repeated twice each tidal day, currents at this place are semi-
diurnal. On most days there are four slack waters and four maximum currents, two of f
them floods (F) and two of them ebbs (E). However, since the tidal day is longer than the
civil day, the corresponding condition occurs later from day to day, and on certain days
there are only three slack waters or three maximum currents. At some places, the
curren5 on some days runs maximum flood twice, but ebb only once, a minimum flood
occurring in place of the second ebb. The tables show this information.

As indicated by appendix M, the sequence of currents at The Narrows on Monday,
February 3, 1975, is as follows:

0000 Flood current, 5- after maximum velocity (speed).
0305 Slack, ebb begins.
0621 Maximum ebb of 2.0 knots, settin. 1600.
1005 Slack, flood begins.
1222 Maximum flood of 1.5 knots, setting 3400.

1516 Slack, ebb begins.
1839 Maximum ebb of 1.9 knots, setting 1600.
2216 Slack, flood begins.
2400 Flood current, 56m before maximum velocity (speed).
Only one maximum flood occurs on this day, the previous one having occurred 5

minutes before the day began, and the following one predicted for 56 minutes after the
day ends.

1209. Tidal current predictions for subordinate stations.-For each subordinate
station listed in table 2 of the tidal current tables, the following information is given:
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Nmber. The stations are listed in geographical order and given consecutive num-
bers, as in the tide tables (art. 1205). At the end of each volume an alphabetical listing
is given, and for each entry the consecutive number is shown, to assist in findir"- the
entry in table 2.

Place. The list of places includes both subordinate and reference stations, the
latter being given in bold type.

Position. The approximate latitude and longitude are given to assist in locating

the station. The latitude is north or south and the longitude east or west as indicated
by the letters (N, S, E, W) next above the entry. The current given is for the center of
the channel unless another location is indicated by the station name.

Time difference. Two time differences are tabulated. One is the number of hours
and minutes to be applied to the tabulated times of slack water at the reference station
to find the times of slack waters at the subordinate station. The other time difference
is anplied to the times of maximum current at the reference station to find thc times of
the corresponding maximum current at the subordinate station. The intervals, which
are added or subtracted in accordance with their signs, include any difference in time
between the two stations, so that the answer is correct for the standard time of the subor-
dinate station. Limited application and special conditicns are indicated by footnotes.

Velocity (,specd) ratios. Speed of the current at the subordinate station is found -I
by multiplying the speed at the reference station by the tabulated ratio. Separate
ratios may be given for flood and ebb currents. Special conditions are indicated by
footnotes.

. As indicated in appendix M, the currents at The Battery (No. 2375) can be found
by adding 130m for slack water and 1h35P for maximum current to the times for The
Narrows, and multiplying flood currents by 0.9 and ebb currents by 1.2. Applying A
these to the values for Monday, February 3, 1975, the sequence is as follows:

0000 Flood current, 1h3 0m before maximum velocity (speed).
0130 Maximum flood of 1.8 knots, setting 0150.
0435 Slack, ebb begins.
0756 Maximum ebb of 2.4 knots, setting 1950. -47

1135 Slack, flood begins. I
1357 Maximum flood of 1.4 knots, seting 015A. _
1646 Slack, ebb begins.

2014 Maximum ebb of 2.3 knots setting 1950.
2346 Slack, flood begins.
2400 Flood current, 14 = after slack.
1210. Finding speed of tidal current at any time.--Table 3 of the tidal current

table provides means for determining the approximate velocity (speed) at any time.
Instructions for its use are given below the table, which is reproduced in appendix M.

Example 1.-Find the speed of the current at The Battery at 1500 on February 3,
1975.

Solution.-The given time is between the maximum flood of 1.4 knots at 1357 and
the slack at 1646 (art. 1209). The interval between slack and maximum current (1646
-1357) is 2149r. The interval between slack and the desired time (1646-1500) is 1146m.
Enter the table (A) with 24011 at the top, and 114 0 1 at the left side (the nearest
tabulated values to 2h4 9 - and 1b46 -, respectively), and find the factor 0.8 in the body of
the table. The approximate speed at 1500 is 0.8X1.4=1.1 knots, and it is flooding.

Answer.-Speed 1.1 kn. A suitable form (fig. 1210) is used t6 facilitate the solution.
It may be desired to determine the period during which the current is less (or

greater) than a given amount. Table 4 of the tidal current tables can be used to de-
termine the period during which the speed does not exceed 0.5 knot. For greater

4A
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NAVIGATION DEPARTMENT DIVISION OF NAVAL COMMAND AND MANAGEMENT

COMPLETE CURRENT TABLE

Locality The Battez" Date: Feb. 3. 195

Refrer.ce Station. The-Nam"

Time Difference: Slack Water: (-) jb 3m

Maximum Currcnt: to) lh35m
Veocitn. Ratio MIaximunm Ilood" 9.9

Maximum Eibb 1.2

Flood Direction. 015,
Ebb Direction 19a*

Rtfecrnce Stition Th"Nam' Locality The RaUt:n

2355 20F 0130 1AP
000 0435 0
0621 2.0E 0756 Z4E
1005 0 1135 0
1= I.SF 1357 1.4F
1516 9 1646 0
1M5 1.9E 2014 Z-L

2216 30 46 0
240D F 2400 P

VFLOCITY OF CURRENT AT ANY TIMF

Int. b,'lvcen slack and desired time 1h 46 m
lnt. between slick and maimur. currert. 2h %9m (Ebb) :+
Maximum current I 4km
Factor. Table 3 0S
Velocity1 Ik

DURATION OF SLACK -

Times of maximtn current fl56 1337 i
Maximum current 24kn 1.411 1
Desired maximum 0.3 02
Pet od Table 4 25m 4SM
Sum of periods 8li
Aierage ;riod: 40m
Time of ,lack 1133
Duration of slack From. 1115 To 1155

FiGURE 1210.-U.S. Naval Academy tidal current form.

speeds, and for more accurate results under some conditions, table 3 of the tidal current
tables can be used, solving by reversing the process used in example 1.

Example 2.-During what period on the evening of February 3, 1975, does the
ebb current equal or exceed 1.0 knot at Tht Battery?

Solution.-The maximum ebb of 2.3 knots occurs at 2014. This is preceded by a
slack at 1646, and followed by the next slack at 2346. The interval between the earlier
slack and the maximum ebb is 3b2 8 =, and the interval between the ebb and following

slack is 3b32m. The desired factor is =.. Enter table A with 3b20; (the nearest
2.3

' 1
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tabulated value to 3 "28 m) at the top, and follow down the column to 0.4 (midway
betweer. 0.3 and 0.5). At the left margin the interval between slack and the desired
time is found to be 0h5 0 m (midway between 0h40m and lboo). Therefore, the current
becomes 1.0 knot at 1646+0'50m=1736. Next, enter table A with 3140m (the nearest
tabulated value to 3h3 2m) at the top, and follow down the column to 0.4. Follow this
line to the left margin, where the interval between slack and desired time is found to
be Pb0 01 . Therefore, the current is 1.0 knot or greater until 2346-1hOOm=2246. If
the two intervals between maxim, m current and slack were nearest the same 20m
interval, table A would have to be entered only once.

Answer.-The speed equals or exceeds 1.0 knot between 1736 and 2246.
The predicted times of slack water given in the tidal current tables indicate the

instant of zero velocity. There is a period each side of slack nater, however, during which
the current is so weak that for practical purposes it may be considered as negligible.
Table 4 of the tidal current tables gives, for various maximum currents, the approxi-
mate period of time during which weak currents not exceeding 0.1 to 0.5 knot will be
encountered. This duiation includes the last of the flood or ebb and the beginning of
the following flood or ebb, that is, half of the duration will be before and half after the
time of slack water.

When there is a difference between the velocities of the maximum flood and ebb
preceding and following "ie slack for which the duration is desired, it will be sufficiently
accurate for practical purr 3ses to find a separate duration for each maximum velocity
and take the average of the two as the duration of the weak curreni..

Of the two sibtables of table 4, table A should be used for all places except those
listed for table B; table T" should be used for all places listed, and all stations in table
' which are referred to wiem.

Example .- Find the period from ji t before until just after the slack at The
3attery at 1135 on February 3, 1975, that the current does not exceed 0.3 kn.

Solution.-Refer to table 4. Table A of table 4 of the tidal current tables is entered
with the maximum current before the slack to find the period during which the current
does not exceed 0.3 kn. Since there is a difference between the velocities of the maximum
ebb and flood preceding and following the slack for which the duration i desired,
tablL, A is re-entered with the maximum current after the slack to find the period during
which the current does not exceed 0.3 kn. The average of the two values so found is
taken as tl- duration of the weak current. The form shown in figure 1210 is used to
facilitate the solution.

Answer.-Duration 40 min. (fiom 1115 to 1155).
1211. Tidal current charts present a comprehensive view of the hourly speed and

direction of the current in 11 bodies of water (art. 1 ?02). They also provide a means for
determining the speed and direction of the current at various localities throughout these
bodies of water. The arrows show the direction of the current; the figures give the speed 1-
in knots at the time of spring tides, that is, during the time of new or full moon when
the currents are stronger than average. When the current is given as weak, the speed
is less than 0.1 knot. The decimal point locates the position of the station.

The charts depict the flow of the tidal current under normal weather conditions.
Strong winds and freshets, however, bring about nontidal currents which may modify
considerably the speed and direction shown on the charts.

The speed of the tidal current varies from day to day principally in accordance
w-vith the phase, distance, and declination of the moon. Therefore, to obtain the speed for
any particular day and hour, the spring speeds shown on the charts must be modified
by correction factors. A correction table given in the charts can be used for this purpose.
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Th , current diagrams are a series of 12 monthly diagrams to be used with the
tidal current charts. There is one diagram for each month of the year. A new set of I I
diagrams must be used each year. The diagrams are computer constructed lines that I
locate each chart throughout all hours of every month. The diagrams indicate directly
the chart and the speed correction factor to use at any desired time. •

1212. Current diagrams.-A current diagram is a graph showing the speed of the
current along a channel at different stages of the tidal current cycle. The current tables I
include such diagrams for Vineyard and Nantucket Sounds (one diagram); East River,
New York; N%.w York Harbor; Delaware Bay and River (one diagram); and Chesa-
peake Bay. Tne diagram for New York Harbor is reproduced in appendix M.

On this diagram each vertical line represents a given instant identified in terms
of the number of hours before or after slack at The Narrows. Each horizontal line J
represents a distance from Ambrose Channel Entrance, measured along the usually
traveled route. The names along the left margin are placed at the correct distances
from Ambrose Channel Entrance. The current is for the center of the channel opposite
these points. The intersection of any vertical line with any horizontal line represents
a given moment in the current cycle at a given place in the channel. If this intersection
is ir. --haded area, the current is flooding; if in an unshaded area, it is ebbing. The
speed in knots can be found by interpolation (if necessary) between the numbers given
in the Ludy of the diagram. The given values are averages. To find the value at any 1 -

given time, multiply the speed found from the diagram by the ratio of maximum speed
of the current involved to the maximum shown on the diagram, both values being taken
for The Narrows. If the diurnal inequality is large, the accuracy can be improved by a A
altering the width of the shaded area to fit conditions. The diagram covers 1% current A
cycles, so that the right-hand third is a duplication of the left-hand third. *

If the current for a single station is desired, table 1 or 2 should be used. The current
diagrams are intended for use in either of two ways: First, to determine a favorable -

time for passage through the channel. Second, to find the average current to be expected I
during any passage through the channel. For both of these uses a number of "speed I
lines" are provided. When the appropriate line is transferred to the correct part of the -

diagram, the current to be encountered during passage is indicated along the line.
Example.-During the morning of January 3, 1975, a ship is to leave Pier 83 at -

W. 42nd St., and proceed down the bay at ten kno'. 1

Required.-(1) Time to go-. underway to take maximum advantage of a favorable
current, allowing 15 minutes to reach mid channel. A

(2) Average speed over the bottom during passage down the bay.
Solution.-(1) Transfer the line (slope) for ten knots southbound to the diagam, 3.

locating it so that it is centered on the unshaded ebb current section betweep W. 42nd

St. and Ambrose Channel Entrance. This line crosses a horizontal line through W. 42nd AS
St. about one-half of the distance between the vertical lines representing three and
two hours, respectively, after ebb begins at The Narrows. The setting is not critical.
Any time within about half an hour of the correct time will result in about the same
current. Between the points involved, the entire speed line is in the ebb current area.

(2) Table 1 indicates that on the morning of January 3 ebb begins at The Narrows
at 0132. Two hours twenty-eight minutes after ebb begins, the time is 0400. Therefore,
the ship should reach mid channel at 0400. It should get underway 15 minutes earlier,

at 0345.
(3) To find the average current, determine the current at intervals (as every two

miles), add, and divide by the number of entries.

- .. M.
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Distance Curreni

18 1.2
16 1.4
14 1.9
12 1.5
10 2.0
8 1.9
6 1.3
4 1.2
2 1.4

0 1.2
sum 15.0

The sum of 15.0 is for ten entries. The average is therefore 15.0--10=1.5 knots.
(4) This value of current is correct only if the ebb current is an average one.

From table 1 the maximum ebb involved is 2.2 knots. From the diagram the maximum
value at The Narrows is 2.0 knots. Therefore, the average current found in step (3)
should be increased by the ratio 2.2-2.0=1.1. The average for the run is therefore
1.5 X 1.1= 1.6 knots. Speed over the botton is 10+ 1.6= 11.6 knots.

Answers.-(1) T 0345, (2) S 11.6 kn.
In the example, an ebb current is carried throughout the run. If the transferred

speed line had been partly in a flood current area, all ebb currents (those increasing
the ship's speed) should be given a positive sign (+), and all flood currents a negative
sign (-). A separate ratio should be determined for each current (flood or ebb), and
applied to the entries for that clrrent. In Ch, sapcake Bay it is not unusual for an
outbound vessel to encounter three or even four separate currents during passage down
the bay. Under the latter condition, it is good practice to multiply each current taken
from the diagram by the ratio for the current involved.

If the time of starting the passage is fixed, and the current during passage is
desired, the starting time is identified in terms of the reference tidal cycle. The speed
line is then drawn through the intersection of this vertical time line and the horizontal
line through the place. The average current is then determined in the same manner
as when the speed line is located as described above.

Problems

1202. The mean high water lunitidal interval at a certain poi t is 2b17 0.

Required.-The approximate times of each high and low water on a day when
the moon transits the local meridian at 1146.

Answers.-IW at 0139 and 1403, LW at 0751 and 2015.
1204. List chronologically the times and heights of all tides at New York (The

Battery) on February 11, 1975.
Answer.-

Time Tide Height
0222 LW (-) 0.4 ft.
0829 HW 4.6 ft.
1449 LW (-) 0.6 ft.
2053 HW 4.2 ft.

1205. List chronologically the times and heights of all tides at Castle Point,
Hoboken, N.J. (No. 1519) on March 18, 1975.
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Answer.-
Time Tide Height
0533 LW 0.2 ft.
1141 HW 3.5 ft.
1724 LW 0.3 ft.
0003 HW 4.1 ft.

1206a. Find the height of tide at Union Stock Yards, New York (No. 1523) at
0600 on February 6, 1975.

Answer.-Ht. of tide at 0600, 3.8 ft.
1206b. The captain of a vessel drawing 24 feet Nishes to pass over a temporary

obstruction near Bayonne, N.J. (No. 1505) having a charted depth of 23 feet, passage
to be made during the afternoon of March 5, 1975.

Required.-The earliest and latest times that the passage can be made, allowing
a safety margin of two feet.

Answers.-Earliest time 1316, latest time 1531.
1208. Determine the sequence of currents at The Narrows on January 15, 1975.
Answer.-

0000 Ebb current, 42m after slack.
0231 Maximum ebb of 1.9 knots.
0557 Slack, flood begins.
0822 Maximum flood of 1.7 knots.
1137 Slack, ebb begins.
1455 Maximum ebb of 2.1 knots.
1836 Slack, flood begins.
2051 Maximum flood of 1.5 knots.
2400 Flood current, 2m before slack.

1209. Determine the sequence of currents at Ambrose Channel Entrance (No.
2310) on January 12, 1975.

Answer.-
0000 Ebb current, 42m after maximum velocity (speed).
0241 Slack, flood begins.
0533 Maximum flood of 2.0 knots, setting 3100.
0828 Slack, ebb begins. :
1155 Maximum ebb of 2.5 knots.
1527 Slack, flood begins.
1801 Maximum flood of 1.5 knots, setting 3100.
2040 Slack, ebb begins.
2400 Ebb current, 3m before maximum velocity (speed).

1210a. Find the speed of the current at Bear Mountain Bridge (No. 2445) at 0900 ,
on February 19, 1975.

Answer.-Speed 0.8 kn.
1210b. At about what time during the afternoon of February 3, 1975, does the

flood current northwest of The Battery (No. 2375) reach a speed of 1.0 knot?
Answer.-T 1245.
1212. A vessel arrives at Ambrose Channel Entrance two hours after flood begins

at The Narrows on the morning of February 16, 1975.
Required.-(1) The speed through the water required to take iullest advantage of

J- -the flood tide in steaming to Chelsea Docks.
(2) The average current to be expected.
(3) Estimated time of arrival off Chelsea Docks.
Answers.-(1) S 9 kn., (2) S 1.4 kn., (3) ETA 1035.

-.
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CHAPTER XIH

SAILING DIRECTIONS AND LIGHT LISTS

1301. Introduction.--Sailing directions (pilots) and light lists provide the informa-
tion that cannot be shown graphically on the nautical chart and that is not readily
available elsewhere. In pilot waters, the prudent navigator makes effective use of all
three tools: the nautical chart, sailing directions, and light lists. He does not use one to
the exclusion of the others. j7

Sailing Directions

1302. Format.-The format of the 70 volumes of the sailing directions produced
by the Defense Mapping Agency Hydrographic Center prior to 1971 was such that
each volume, as it related to specific foreign areas, provided detailed descriptions of
coasts. channels, dangers, aids, winds, currents, tides, port facilities, signal systems,
pilotage, instructions for approaching and entering harbors, as well as a variety of other
material required by mariners. This format differed little from sailing directions of cen-turies past. There were the same geographic divisions and Inthy descriptions of ap-

proaches or harbors even though improved charts had obviated the necessity for such
detail.

In the earlier format the limited geographic coverage of a given volume precluded
inclusion of important information pertaining to transoceanic passages.

Using a new format, the Defense Mapping Agency Hydrographic Center is re- -1
placing the previous 70 volumes with 43 volumes: 35 Sailing Directions (Enroute) and 8
Sailing Directions (Planning Guide). Port facilities data is contained in Pub. No. 150,
World Port Index.

The old sailing directions described and located features by bearing and distance
from previously described landmarks and formed a maze of descriptive hydrography
covering the coasts of the world. Sometimes, the description amounted te a mass of
verbosity, especially when it pertained to an archipelago. The new Index-Gazetteer,
listing each feature by its coordinates, eliminates the need for lengthy, unwieldy descrip-
tive text. Another innovation is the fact that the features described are referred to in
the text by page numbers rather than by the chapter-paragraph method used in the
old sailing directions.

* 1303. Sailing Directions (Planning Guide).--Each of the 8 Sailing Directions
(Planning Guide) contains five chapters, the titles of which are shown in figure 1303a.

The Planning Guides are relatively permanent because of the nature of the material
they contain. Ihe Sailing Directions (Enroute) must be updated by relatively frequent
changes, and so must the World Port Index.

The new sailing directions are designed to assist the navigator in planning a voyage
of any extent, particularly if it involves an ocean passage. Each of the Sailing Directions
(Planning Guide) covers one of the world's great land-sea areas based on an arbitrary

, - division of the world's seaways into eight "ocean basins" as shown in figure 1303b.
Chapter 1 of the Planning Guide, COUxTRIES, contains useful information about all

of the countries adjacent to the particular ocean basin being covered by one of the
eight publications. This is the chapter concerned with pratique, pilotage, signals, and

327
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CHAPTER
I. COUNTRIES Governments

Regulations
Search & Rescue
Communications
Signals

2. OCEAN BASIN Oceanography
ENVIRONMENT Magnetic Disturbances

Climatology

3. WARNING AREAS Operating Areas, Firing Areas
Reference Gu;de to Warnings

and Cautions

4. OCEAN ROUTES Route Chart & Text
Traffic Separation Schemes

5. NAVAID SYSTEMS Electronic Navigation Systems
Systems of Lights & Buoyage

~~FIGURE 1303a.-Table of contents of Sailing Dired~ions (Planning Guide) .

... :..:... .......... ............. .... ....":::::. :.:.:. : ...'.:- .. .... ............
~~. . . .... :.-::.-.:'v'::y:_ ... .. .X. -<. -: .... . .. .:.".....

............... H . I O A "

rJ[H. ATALTIICOSEA

" .,.

_ i FIGURE 1303b.-Division of world's great land-sea areas into eight ocean basins.

~pertinent regulations for shipping. A treatment of Search and Rescue includes graphics
~~showing all lifesaving stations and radio stations open to public correspondence.
~~Chapter 2 of the Planning Guide, ocEAN BA.SIN ENVIRON,'.ENT, contains important.information relative to the physical env.ronment of an ocean basin. It consists of Ocean

. .. .. ... ....
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Summaries and local coastal phenomena not found in referenced atla-es, and provides A
the mariner with general, concise information concerning the physical forces he must •

consider in planning a route.
Chapter 3 of the Planning Guide, WARNING AREAS, includes firing danger areas

published in foreign sailing directions and not already shown on nautical charts or in
other Defense Mapping Agency Hydrographic Center publications. A graphic key

identifies Submarine Operating Areas. References are made to publications and
periodicals which list danger areas, for example Notice to Mariners No. 1 which gives

an annual listing of Atlantic and Pacific danger areas. General cautions pertinent to
navigation are given.

In Chapter 4 of the Planning Guide, ROUTES, the recommended steamship routes
are described and shown graphically. To facilitate planning, the new publication shows
entire routes as they originate from all major U. S. ports and naval bases and terminate
at foreign ports in the Planning Guide area. The new concept is in sharp contrast to

Ithe localized method used in the old sailing directions. Chapter 4 also includes all
applicable Traffic Separation Schemes.

The Planning Guide concludes with Chapter 5, NAVAID sYsTE.S. In keeping with
the principles of the new concept, all radionavigation systems pertaining to the ocean
area are described. The national and international systems of lights, beaconage, and
buoyage are also described and illustrated. -

1304. Sailing Directions (Enroute).-Each volume of the 35 Sailing Directions
(Enroute) is divided into numbered sectors. Figure 1304a shows a portion of the sectors I.

covered by one of the two Sailing Directions (Enroute) covering the English Channel. IAN

Figure 1304b illustrates a typical table of contents for a sector.

-- =

1-

Fiounz 1304a.-Typical diagram of sector limits.
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SECTORI 
CHART iNFORMATION GRAPHIC
COASTAL WINDS & CURRENTS GRAPHIC
OUTER DANGERS U
COASTAL FEATURES
ANCHORAGES (COASTAL)_ MAJOR PORTS

-Directions; Landmarks; Novaids; Depths;
Limitations; Restrictions; Pilotage, Regulations;
Winds; Tides; Currents; Anchorages

FiGURE 1304b.-Typical table of contents of Sailing Diredions (Enroute).
t.-

(Thirt Inform:tion, the first subtitle in the sample table of contents, refers to a I
graphic key to charts pertaining to a sector. Figure 1304c is an actual sample of the I
graphic key for Sector 1, "English Channel-Scilly Isles to Start Point." The graduation I
of the border scale of the chartlet in five-minute increments enables navigators to
quickly identify the largest scale chart for a location and to find a feature listed in the I
publications Index-Gazetteer.

The Index-Gazetteer is simply an alphabetical listing, including both described i
features and charted features. Each feature is listed with its geographic coordinates and _

sector number for use with the graphic key. Only features mentioned in the text are I
given a page number. I

Coastal Winds and Currents, the second subtitle in the table of contents, refers II
to a graphic depicting coastal winds, weather, tides, and currents. Figure 1304d is a

WI

- I

ENGLISH CHANNEL

.b~ .... a .. .. .. . .O .b .. . 3wCIb ~N~da

FiounR 1304c.-Graphic key to charts within a sector. J
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reproduction of the graphic for a sector covering the coast of Libya and which appears
in one of the new Sailing Directions (Enroute). In the new format all of the information I

previously scattered throughout a chapter of the old sailing directions is given on a single
graphic to facilitate use by na-gators.

Outer Dangers, the third subtitle in the table of contents, refers to that part of
Sector 1 which describes dangers 'to navigation in the outer portion of a harbor, bay,
river, etc. In the old format all dangers, both inner and outer, were described at length.
In the new format the outer dangers are fully described, but inner dangers which are
well-charted are for the most part omitted. The greatest offshore distance of the 20- 52
meter (10-fathom) curve, or other appropriate curve, is stated. Numerous offshore
dangers, grouped together, are mentioned on!y in general terms. Dangers adjacent to a
coastal passage or fairway are described along with supplementary information toI ensure safe passage. 4

Coastal Features, the fourth subtitle in the table of contents, consists of both text

and graphics and includes information in geographical sequence that supplements the
charted landmarks, aids to navigation, salient points, fringing reefs, shoals, river mouths,
coastal islets, inlets, and bays. In compiling this section it is assumed that the majority
of ships have- radar and, hence, annotated radarscope photographs have been included
whenever possible. Aerial and surface views of harbors and approaches are included to
aid mariners in identifying features. Where no photographs or sketches are available,
features are described in the text.

Anchorages, the f'th subtitle in the table of contents, describes in geographical
sequence all coastal anchoring information pertaining to a sector. A tabulated listing
of these anchorages is included in an appendix at the back of the book.

Major Ports, the sixth and fin. subtitle in the table of contents, gives specific
information for the major scaports within a sector. In keeping with the precepts of the
new format every effort is made to limit such information to essential facts, thus per- the
mitting a signif,!ant reduction in the textual material presented. An example is the
use of graphic directions for entering a particular port. These graphic directions consist
of an annotated chartlet with line drawings of aids to navigation and prominent land-
marks. Orientation photos may be included. Port facilities are given in the World
Port Index.

1305. United States Coast Pilots published by the National Ocean Survey
supplement the navigational information shown on nautical charts. These sailing
directions for United States coastal and intracoastal waters provide information that
cannot b3 sho 'n graphically on nautical charts and that is not readily available else-
where. Coast Pilot subjects include navigation regulations, outstanding landmarks,
channel and anchor'age peculiarities, dangers, weather, ice, freshets, routes, pilotage,
and port facilities.

Each of the eight Coast Pilots is corrected through the dates of Notice to Mariners -
shown on the title page, and should not be used without reference to the Notices to
Mariners issued subsequent to those dates.

The Great Lakes Pilot, also published by the National Ocean Survey, provides
similar information for the Great Lakes. Distances given in this publication are expressed
in statute miles.

1306. Light fists furnish more complete information concerning aides to navigation -I
than can be conveniently shown on charts. They are not intended to be used for naviga-

tion in place of charts and sailing directions (pilots), and should not be so used. The 41, .
charts should be consulted for the location of all aids to navigation. It may be dangerous

- i
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to use aids to navigation without reference to charts. Likewise, the charts should not be I
used without reference to the more detailed information given in the light list, even
during daylight. For example: Only the light list my reveal that certain channel buoys
are actually located some 50 yards beyond the charted channel limits. Or, only the light
list may reveal that. a certain charted lighted buoy with a radar reflector is replaced by
a nun buoy when endangered by ice. Since this replacement is indicated in the light list,
it would not normally be included in Notice to Mariners.

Light lists give detailed information regarding navigational lights and sound
signals. The U. S. Coast Guard Light List for the United States and its possessions,
including the Intracoastal Waterway, the Great Lakes (both United States and certain
aids on Canadian shores), and the Mississippi River and its navigable tributaries also
gives information on unlighted buoys, radiobeacons, radio direction finder calibration
stations, daybeacons, racons, and Loran stations. The Light List does not include
aeronautical lights.

In additic- .o information on lighted aids to navigation and sound signals, the
Defense Mapping Agency Hydrographic Center List qf Lights for coasts other than the
United States and its possessions provides information on storm signals, signal stations,
racons, radiobeacons, and radio direction finder calibration stations located at or
near lights. However, for detailed information on radio aids the navigator should refer
to Pubs. Nos. 117A and 117B, Radio Navigational Aids. The List of Lights does not
include information on lighted buoys in harbors. Those aeronautical lights situated
near the coast are listed in the List of Lights in order that the marine navigator may be
able to obtain more complete information concerning their description. However, it A

- should be borne -n mind that these lights are not designed or maintained for marine #01' 7 navigation, and they are subject to changes of which the marine navigator may not
receive prompt notification.

Within each volume of the Light List aids to navigation are listed in geographic
order from north to south along the Atlantic coast, from east to west along the gulf
coast, and from south to north along the Pacific coast. Seacoast aids are listed first,
followed by entrance and harbor aids listed from seaward tu the head of navigation.
In volumes I and II, Intracoastal Waterway aids are listed last and in geographic
order from north to south along the Atlantic coast and south to north and east to
west along the gulf coast.

The introductions to the light lists contain useful information pertaining to the
contents which should be carefully studied by the user. In addition to the notes in the
remarks columns of the lists, the user should be sure to refer to all othe- notes, such as lf
those which may be given near the head of the location column.

The U. S. Coast Guard Light List is published in five volumes; the Defense Mapping
Agency Hydrographic Center List of Lights is published in seven volumes. The data
in both lists are corrected through the Notice to Mariners specified in the preface of L --

each volume. For example, the 1975 Light List, Volume I, Atlantic Coast, is corrected . :
through Local Notice to Mariners issued by the 1st, 3rd, and 5th U. S. Coast Guard
District Commanders through October 5, 1974, and Notice to Mariners No. 45 of I
November 9, 1974, published by the Defense Mapping Agency Hydrographic Center.
Corrections which have accumulated since the latter date are included in section IV
weekly. All of these corrections should be applied in the appropriate places and their
insertion noted in the "Record of Corrections."

1307. Visual range of lights.&-Usually a navigator wants to know not only the
identity of a light, but also the area in which he might reasonably expect to observe it.
His track is planned to take him wvithin range of lights which can prove useful during
periods of darkness. If lights are not sighted within a reasonable time after prediction,

,--l
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a dangerous situation may exist, requiring resolution or action to insure safety of the
vessel.

The area in which a light can be observed is normally a circle with the light as I
the center, and the visual range as the radius. However, on some bearings the range 11
may be reduced by obstructions. In this case the obstructed arc might differ with -
height of eye and distance. Also, lights of different colors may be seen at different
distances. This fact should be considered not only in predicting the distance at which
a light can be seen, but also in identifying it. The condition of the atmosphere has
a considerable effect upon the distance at which lights can be seen. Sometimes lights f
are obscured by fog, haze, dust, smoke, or precipitation which may be present at the
light, or between it and the observer, but not at the observer, and possibly unknown
to him. There is always the possibility of a light being extinguished. In the case of i
unwatched lights, this condition might not be detected and corrected at once. During
periods of armed conflict, certain lights might be deliberately extinguished if they are
considered of greater vahle to the enemy than to one's own vessels.

On a dark, clear night the visual range is limited primarily by one of two ways: (1) 1
luminous intensity and (2) curvature of the earth. A weak light cannot normally be'
expected to be seen beyond a certain range, regardless of the height of eye. This distance i
is called luminous range. Light travels in almost straight lines, so that an observer below "
the visible horizon of the light should not expect to see the light, although the loom ex-
tending upward from the light can sometimes be seen at greater distances. Table 8 gives
the distance to the horizon at various heights. A condensed version of table 8 is given
in the light lists. The tabulated distances assume normal refraction. Abnormal condi-
tions might extend this range somewhat (or in some cases reduce it). Hence, the geo-
graphic range, as the luminous range, is not subject to exact prediction at any given I
time.

The luminous range is the maximum distance at which a light can be seen under
existing visibility conditions. This luminous range takes no account of the elevation of
the light, the observer's height of eye, the curvature of the earth, or interference from
background lighting. The luminous range is determined from the known nominal
luminous range, called the nomninal range, and the existing visibility conditions.
The nominal range is the maximum distance at which a light can be seex in clear
weather as defined by the International Visibility Code (meteorological visibility
of 10 nautical miles). The geographic range is the maximum distance at whichI
the curvature of the earth permits a light to be seen from a particular heighti
of eye without regard to the luminous intensity of the light. The geographic range §

sometimes printed on charts or tabulated in light lists is the maximum distance at which
the curvature of the earth permits a light to be seen from a height of eye of 15 feet above
the water when the elevation of the light is taken above the height datum of the largest
scale chart of the locality.

The geographic range depends upon the height of both the light and the observer, I
as shown in figure 1307a. In this illustration a light 150 feet above the water is shown.
At this height, the distance to the horizon, by table 8, is 14.0 miles. Within this range the

;- light, if powerful enough and atmospheric conditions permit, is visible regardless of the
height of eye of the observer (if there is no obstruction). Beyond this range, the visuel
range depends upon the height of eye. Thus, by table 8 an observer with height of eye of I

F five feet can see the light on his horizon if he is 2.6 miles beyond the horizon of the light,
or a total of 16.6 miles. For a height of 30 fee' the distance is 14.0+6.3=20.3 miles. If
the height of eye*is 70 feet, the geographic range is 14.0+9.6=23.6 miles.

Except for range and some directional lights, the nominal range is listed in the U. S.
Coast Guard Light List. The Luminous Range Diagram shown in the Light List and
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figure 1307b is used to convert the nominal range to the luminous range. When using this
diagram, it must be remembered that the ranges obtained are approximate, the trans-
nissivity of the atmosphere may vary between the observer and the light, and glare
from background lighting will reduce considerably the range at which lights are sighted
After estimating the meteorological visibilit., with the aid of the Meteorological Optical I
Range Table shown in table 1307, the Luminous Range Diagram is entered with the
nominal range on the horizontal nominal range scale; a vertical line is followed until it
intersects the curve or reaches the region on the diagrakn representing the meteorological
visibility; from this point or region a horizontal line is followed until it intersects the
vertical luminous range scale.

A

,1 .

6 3 -",

__
t

FIGURE 1307a. Geographic range of a light.

Example 1.-The nominal range of a light as extracted from the Light List is 15
nautical miles.

Required.-The luminous range when the meteorological visibility is (1) 11 nauti-
cal miles and (2) 1 nautical mile.

Solution.-To find the luminous range when the meteorological visibility is 11 K
nautical miles, the Luminous Range Diagram is entered with nominal range !5 nautical
miles on the horizontal nominal range scale; a vertical line is followed until it intersects
the curve on the diagram representing a meteorological visibility of 11 nautical miles;
from this point a horizontal line is followed until it intersects the vertical luminous
range scale at 16 nautical miles. A similar procedure is followed to find the luminous
range when the meteorological visibility is 1 nautical mile.

Answers.-(1) 16 nautical miles; (2) 3 nautical miles.
In predicting the range at which a light can be seen, one should first determine

the geographic range to compare this range with the luminous range, if known. If the
geographic range is less than the luminous range, the geographic range must be taken
as the limiting range. If the luminous range is less than the geographic range, the
luminous range must be taken as the limiting range.

a&
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Answer.-21 nautical miles. Because of various uncertainties, the range is given
only to the nearest whole mile.

If the range of a light as printed on a chart, particularly a foreign chart or a repro-
duction of a foreign chart, or tabulated in a light list other than the U. S. Coast Guard
Light List, approximates the geographic range for a 15-foot height of eye of the observer,
one is generally safo in assuming that this range is the geographic :ange. With lesser
certainty, one may also assume that the lesser of the geographic and nominal ranges
is p-inted on the chart or tabulated in the light list. Using these assumptions, the
predicted range is then found by adding the distance to the horizon for both the light
and the observer, or approximately, by the difference between 4.4 miles (the distance
to the horizon at a height cf 1-5 feet) and the discance for the height of eye of the ob-
server (a constant for any given height) and adding this value to the tabulated or
?harted geographic range (subtracting if the height of eye is less than 15 feet). In
maiing a prediction, one should keep in mind the possibility of the luminous range
being between the tabulated or charted geographic range and the predicted range. The
intensity of the light, if known, should be of assistance in identifying this condition.

Code Yards

Weather

0 Dense fog ............... .... Less than 50 _4

I Thick fog .................... 0-1)0

2 Moderate fog .......... ..... 20-500

3 Light fog ................. 90-1000

Nautical Miles

4 Thin fog....... ....... Y.. -

5 Haze .......... .. 1-2

6 Light haze ... .............. 2-YIN

7 Clear ................. ...

8 Very clear............... 1L0-27.0

9 Exceptionally clear ........ Over 27.0

From the International Visibility Code

TABLE 1307.-Meteorological 'ptical Range Table.

Example S.-The range of a light as printed on a foreign chart is 17 miles. The -f
light is 120 feet above chart datum. The meteorological visibility is 10 nautical miles.

Required.-The distance at which an observer at a height of e,'( of 60 feet can
expect to see the light.

Solution.-At 120 feet the distance to the horizo-. by 8, is 12.5 miles. Adding
4.4 miles (the distance to the horizon at a height of h. .. the geographic range is
found to approximate the range printed on the chart Then assuming that the latter ,
range is the geographic range for a 15-foot height of eye of the 6bserver and that the
nominal range is th2 greater value, the predicted range is iound by adding the distance
to the horizon for both the light and the observer (predicted range = 12.5 mi. + 8.9 mi.
= 21.4 mi.). The additional distance, i.e., the distance in excess of the assumed charted

: , ,t
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geographic range, is dependent upon the luminous intensity of the light and the mete- j
orological visibility.

If one is approaching a light, and wishes to predict the i ,me at which it should be
sighted, he first predicts the range. It is then good practice to draw an arc indicating
the visual range. The point at which the course line crosses the aic of visual range
is the predicted position of the vessel at the time of sighting the li,'it. The predicted
time of arrival at this point is the predicted time of sighting the light. The direction
of the light from this point is the predicted bearing at which the light should be sighted.
Conversion of the true bearing to a relative bearing is usually helpful in sighting the,
light. The accuracy of the predictions depends upon the accuracy of the predicted
range, and the accuracy of the predicted time and place of crossing the visual range
aic. If the course liue crosses the visual lange aic at a small angle, a small lateral
error in track may result in a large error of prediction, both of bearing and time. This
is particularly apparent if the vessel is farther from the light than predicted, in which
case the light might be passed without being sighted. Thus, if a light is not sighted
at the predicted time, the error may be on the side of safety. However, such an in-

- : terlietation should not be given unless confirmed by othei information, for there
is always the potsibility of ieduced meteorological visibility, or of the light being
extinguished.

When a light is first sighted, one might determine whether it is on the horizon by
immediately reduci- the height of eye by several feet, as by squatting or changing
position to a lower t ght. If the light disappears, and reappears when the original
height is resumed, it is on the horizon. This rrocess is called bobbing a light. If a vessel
has considerable vertical motion due to the condition of the sea, a light sighted on
the horizon may alternately appear and disappear. This may lead the unwary to
assign faulty characteristics and hence to err in its identification. The true character-
istics should be observed after the distance has decreased, or by increasing the height
of eye of the observer.

.6-f-
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CHAPTER XIV

NAVIGATIONAL ASTRONOMY

Preliminary Considerations

kv1401. Introduction.-Astronomy is that science which deals with the size, con-
stitution, motions, relative positions, etc., of celestial bodies. Navigational astronomy
is that part of astronomy of direct use to a navigator, comprising principally celestial
coordinates, time, and the apparent motions of celestial bodies with respect to the
earth. Sometimes it is called nautical astronomy.

1402. Apparent and absolute motions.-All celestial bodies of which man has
knowledge are in motion. Since the earth itself is one of these moving bodies, theImotion of other bodics, as seen by an observer on the earth, is apparent motion. If
thc earth were stationary in space, any change in the position of another body, relative

ff to the earth, would be due only to the motion of that body. This would be absolute
motion, or motion relative to a fixed point. But since it has been impossible to identify
a fixed point in space, all motion of which man is aware is apparent, made up of a
combination of the movement of the other body and the motions of the observer.
A person without suitable instruments is not aware of motion in the line of sight, and
therefore only motions across the line of sight are observed.

Since all motion is relative, one should be cognizant of the position of the ob-
server when motions are discussed. When one speaks of planets following their orbits
around the sun, he is placing the observer at some distant point in space, usually one

I of the poles of the ecliptic (art. 1419). When he speaks of . body rising or setting, I
ME the observer is on the earth. If he refers to a particular rising or setting, he must locate -J

the observer at a particular point on the earth, since the setting sun for one observer
may be the rising sun for another. At the same time it may be crossing the meridian of
a third observer.

1403. The celestial sphere.--As one looks at the sky on a dark night, he is not aware
of the differences in the distances to the various celestial bodies. They might easily be
imagined as being equally distant from the earth, all located on the inner surface of a
vast hollow sphere of infinite radius, with the earth at its center. This is the celestial
sphere (fig. 1403). For most purposes of navigation it can be considered an actuality.
Since the navigator is concerned primarily with apparent motion for an observer on the
earth, this geocentric universe of Ptolemy (art. 121) is a useful concept. W'hile the
motions of various bodies relative to each other are important to the astronomer who
predicts future positions of celestial bodies, and perhaps to the navigational scientist
who designs navigation tables, the navigator speaks of bodies rising, crossing the
celestial meridian, and setting, as though these were absolute motions.

1404. Units of astronomical distance.-The distances between celestial bodies,even those within a single family such as the solar system, are so great that terrestrial
units are unsatisfactory to express them. The units commonly used for astronomical

i distances are:

Astronomical unit (AU), the mean distance between the earth and the sun, ap- "
proximately 92,960,000 statute miles. The astronomical unit is often used as a unit of
measurement for distances within the solar system. 341
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FIGURE 1403.-The celestial sphere.

Light-year, the distance light travels in one year. Since the speed of light is about
186,000 statute miles per second and there are about 31,600,000 seconds per year, the

length of one light-year is about 5,880,000,000,000 (5.88X10 z1) statute miles, or 63,280
astronomical units. The light-year is commonly used for expressing distances to the
stars and galaxies. Alpha Centauri and its neighbor Proxima, generally considered the
nearest stars, are 4.3 light-years away. Relatively few stars ale less than 100 light-years A
away, and the most distant galaxies are in excess of one billion light-years away. How- A
ever, most navigational stars are relatively close. Light travels from the sun to the
earth in about 8Y, minutes, and from the moon to the earth in about 1Y seconds.Parsec, the distance at which the heliocentric parallax (difference in apparent

position as viewed from the earth and the sun) is 1". At this distance a star would

appear to change its position 2" among the distant stars, if observed from points 1800apart on the earth's orbit. The name is derived from the first letters of the wordsparallax and second. One parsec is equal to about 3.26 light-years. Hence, even the
nearest star is more than one parsec away. This unit is used to express distances to
stars and galaxies.
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The difficulty of illustrating astronomical distances and sizes is indicated by the
fact that if the earth were represented by a circle one inch in diameter, the moon would
be a circle one-fourth inch in diameter at a distance of 30 inches, the sun would be a circle
nine feet in diameter at a distance of nearly a fifth of a mile, and Pluto would be a circle
half an inch in diameter at a distance of about seven miles. The nearest star would be
one-fifth the actual distance to the moon. e

1405. Magnitude.-The relative brightne ci celestial bodies is indicated by a
scale of stellar magnitudes. In the Almagest (art. 121) Ptolen y divided the stars into
six groups according to brightness, the 20 brightest being classified as of the first mag-
nitude, and the dimmest being of the sixth i.,agnitude. In modern times, when it
became desirable to define more precisely the limits of magnitude, a first magnitude
star was considered 100 times brighter than one of t! c sixth magnitude, the approximate
value of Ptolemy's ratio. Since the fifth root (art. 109, vol. II) of 100 is 2.512, this number
is considered the magnitude ratio. A first magnitude ,tar is 2.512 times as bright as a
second magnitude star, which is 2.512 times as bright as a third magnitude E ar, etc. A
second magnitude is 2.512X2.512=6.310 times as bright as a fourth magnitude star.
A first magnitude star is 2.51210X1001=100,000,000 times as bright as a star of the
twenty-first magnitude, the dimmest that can be seen through the 200-inch telescope.

Brightness is normally tabulated to the nearest 0.1 magnitude, about the smallest
change that can be detected by the unaided eye of a trained observer. All stars of
magnitude 1.50 or brighter are popularly called "first magnitude" stars. Those between
1.51 and 2.50 are called "second magnitude" stars, those between 2.51 and 3.50 are

* called "third magnitude" stars, etc. Sirius, the brightest star, has a magnitude of

(-)1.6. The only other star with a negative magnitude is Canopus, (-)u.9. At
greatest brilliance Venus has a magnitude of about (-)4.4. Mars, Jupiter, and Saturn
are sometimes of negative magnitude. The full moon has a mngniude of about (-) 12.6,
but varies somewhat. The magnitude of the sun is about (-)26.7.

The Universe

1406. The solar system.-The sun, the most conspicuous celestial object in the
sky, is the central body of the solar system. Associated with it are at least nine principal
planets, of which the earth is one; a number of satellites accompanying some of the
planets; thousands of minor planets or asteroids; multitudes of comets; and vast
numbers of meteors.

1407. Motions of bodies of the solar system.-Astronomers distinguish between
the two principal motions of celestial bodies, as follows: rotation is a spinning motion
about an axis within the body, while revolution is the motion of a body in its elliptical *

orbit around another body, called its primary. For the satellites, the primary is a planet.
For the planets and other bodies of the solar system, the primary is the sun. The entire
solar system is held together by the gravitational force of the sun. The whole system r

revolves around the center of its galaxy (art. 1415) as a unit, and the galaxy is probably
in motion relative to its neighboring galaxies. The motion of bodies of the solar system
relative to surrounding stars is called space motion.

Rotation and revolution may be further classified as synodic or sidereal. During
one synodic rotation the body makes one complete turn relative to the sun. On the
earth it is called an apparent solar day. During one sidereal rotation the body makes
one complete turn relative to the stars. Because of motion of the body in its orbit, a
sidereal rotation is either longer or shorter, by a small amount, than a synodic rotation.
If both rotation and revolution are in the same direction (in the solar system they are
both cast for most bodies, that is, counter clockwise as seen from above the North Pole)

V
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FIGURE 1407a.-Relative size of planetary orbits.

the sidereal rotation is shorter. During a synodic revolution a celestial body makes one I -

trip around the sun, as viewed from the earth. Hence, the earth cannot have a synodic
revolution. During a sidereal revolution, a celestial body makes one trip around its
orbit with respect to the stars; to an observer on the celestial body, the sun would .

appear to make one trip around the celestial sphere, with respect to the stars. On the
earth this is one year. I.

All of the planets revolve around the sun in nearly circular orbits. The flattening -

or eccentricity of the earth's orbit is only 0.017 (zero would be a circle). Some of the
minor planets have orbits more eccentric than that of any principal planet (note the -
orbit of Hidalgo in fig. 1407a). The orbits of comets are highly eccentric. The orbits
of all known planets except Pluto are in nearly the same plane, that of the ecliptic

_ _ (art. 1419). The orbit of Pluto is inclined more than 170 to the ecliptic.
The laws governing the motions of planets in their orbits were discovered by 1 * .

Johannes Kepler, and are now known as Kepler's laws: ,
1. The orbits of the planets are ellipses, with the sun at a common focus.

IN
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2. The straight line joining the sun and a planet (the radius vector) sweeps over
equal areas in equal intervals of time.

.3. The squares of the sidereal periods of any two planets are proportional to the cubes
of their mean distances from the sun.I

In 1687 Isaac Newton sta' -d three "laws of motion," which he believed were
applicable to the planets. Newton's laws of motion are:

1. Every body continues in a state of rest or of uniform motion in a straight line unless -

acted upon by an externalforce.
2. When a body is acted upon by an external force, its acceleration is directly pro-

portional to that force, and inversely proportional to the mass of the body, and acceleration
takes place in the direction in which the force acts.

3. To every action there is an equal and opposite reaction.
Newton also stated a single universal law of gravitation, which he believed applied

to all bodies, although it was based upon observation within the solar system only:
Every particle of matter attracts every other particle with a force that varies directly

as the product of their masses and inversely as the square of the distance between them.
From these fundamental laws of motion and gravitation, Newton derived Kepler's

empirical laws. He proved rigorously that the gravitational interaction between any
two bodies results in an orbital motion of each body about the barycenter of the two
masses that is some form of conic section, that is a circle, ellipse, parabola, or hyperbola.

Circular and parabolic orbits are unlikely to occur in nature because of the

precise speeds required. Hyperbolic orbits are open, that is one body, due to its speed,
recedes into space. Therefore, a planet's orbit must be elliptical as found by Kepler.

Both the sun and each body revolve about their common center of mass. Because •~~of the preponderance of the mass of the sun over that of the individual planets, the

common center of the sun and each planet except Jupiter lies within the sun. The
common center of the combined mass of the solar system moves in and out of the sun.

The various laws governing the orbits of planets apply equally well to the orbit
of any body with respect to its primary. I

In each planet's orbit that point nearest the sun is called the perihelion. That
point farthest from the sun is called the aphelion (A.f'l-6n). The line joining periphelion
and aphelion is called the line of apsides (Ap'si.d~z). In the orbit of the moon, that
point nearest the earth is called the perigee, and that point farthest from the earth is
called the apogee. Figure 1407b shows the orbit of the earth (with exaggerated eccen-
tricity), and the orbit of the moon around the earth.

1408. The sun is the dominant member of the solar system because its mass is
nearly a thousand times that of all other bodies of the solar system combined. It supplies
heat and light to the entire system.

The diameter of the sun is about 866,000 miles. At the distance of the earth, varying
between 91,300,000 and 94,500,000 miles, the visible diameter is about 32'. At the
closest approach early in January the sun appears largest, being 32:6 in diameter.
Six months later the apparent diameter is 31:5, the minimum. --

Of the various physical features of the sun, one of particular interest is the appear-
ance from time to time of sun spots on the surface (fig. 1408). These spots are appar-
ently areas of cooler gas which have risen to the surface and appear dark in contrast
to the hotter gases around them. In size they vary from perhaps 50,000 miles in di-
ameter to the smallest spots that can be detected (a few hundred miles in diameter),
and perhaps smaller. They generally appear in groups. At the start of each cycle of
about 11 years the spots appear at a maximum distance of about 400 on each side of the
solar equator. Succeeding spots of the cycle appear progressively closer to the solar
equator, until a minimum solar latitude of 50 may be reached. The maximum number

--I
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of sun spots occurs about midway in the cycle, when the spots are about 16' from the
solar equator. Large sun spots can be seen without a telescope if the eyes are protected,
as by the shade glasses of a sextant. The shade glasses of inexpensive "training" sex-
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tants may not have the optical quality required for protection. Sun spots have magnetic
properties. For one cycle all spots north of the solar equator are of positive polarity,
and all those to the south are of negative polarity. During the next cycle, which may be-
gin before the last spots of the old cycle have disappeared, the polarity is reversed. Sun
spots are related to magnetic storms which adversely affect radio, including radio aids
to navigation, on the earth. At such times the auroras (art. 2526) are particularlybrilliant and widespread.

The sun rotates on its axis, the period of rotation varying from about 25 days at
the solar equator to 34 days at the poles, but this fact has little or no navigational
iignificance beyond its effect upon the changing positions of sun spots relative to the
earth. The sun is moving approximately toward Vega at about 12 miles per second,
or about two-thirds as fast as the earth moves in its orbit around the sun. The path
of the sun toward Vega is called the sun's way. This _s in addition to the motion of
the sun around the center of its galaxy (art. 1415).

1409. Planets.-The principal bodies having nearly circular orbits around the
sun are called planets, from a Greek word meaning "wandering." They were so r amed
becuse they were observe,] to change position or "wander" among the "fixed stars" ,
which remained in about the same positions relative to each other. Because the sun
and moon had a similar wandering motion, the ancients considered them planets, also.

Nine principal planets are known. In order of increasing distance from the sun,
these are Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune, and Pluto.
Of these, only four are commonly used for celestial navigation. These are Venus,
Mars, Jupiter, and Saturn, sometimes called the navigational planets. The two planets
with orbits smaller than that of the earth are called inferior planets, and those with or-
bits larger than that of the earth are called superior planets. The four planets nearest
the sun are sometimes called the inner planets, and the others the outer planets. Jupiter,
Saturn, Uranus, and Nepture are so much larger than the others that they are sometimes
classed as major planets. Neptune and Pluto are not visible to the unaided eye, and
Uranus is barely so, being of the sixth magnitude.

The orbits of the many thousand tiny minor planets lie chiefly between the orbits
of Mars and Jupiter.

Six of the planets -re known to have satellites, a total of 33 having been discovered I
Mercury, Venus, and 'luto have no known satellites.

1410. The earth as a planet.--In common with other planets, the earth rotates on
its axis and revolves in its orbit around the sun. These actual motions (discussed in
articles 1416 and 1417) are the principal source of the apparent motions of other celes-
tial bodies. Also, the rotation of the earth results in a deflection of water and air cur-
rents to the right in the Northern Hemisphere and to the left in the Southern Hemi-
sphere. Because of the earth's rotation, the high tides on the open sea lag behind the
meridian transit of the moon.

For most navigational purposes, the earth can be considered a sphere, but, like the
other planets, the earth is approximately an oblate spheroid, or ellipsoid of revolution,
being flattened at the poles and bulged at the equator. Therefore, the polar diameter
is less than the equatorial diameter, and the meridians are slightly elliptical, rather
than circular. The dimensions of the earth are recomputed from time to time, as
additional and more precise measurements become available. Since the earth is not
exactly an ellipsoid, results differ slightly when equally precise and extensive measure-
ments are made on different parts of the surface. Hence, different "sphercids" are
used for mapping various parts of the earth. Thai used for charts of North America
was computed by the English geodesist A. R. Clarke in 1866. However, since Clarke
did not clearly define his units, the U. S. Coast and Geodetic Survey in 1880 considered



48 NAVIGATIONAL ASTRONOMY

- I --- -0-

FIGURE 1410. Oblate spheroid or ellipsoid of rnvolution.

it desirable to adopt standard values which probably added about 170 feet to the4
diameter computed by Clarke. In 1880, also, Clarke himself made a new estimate of
the size and shape of the earth but this has not been adopted by the United States.
Although the Clarke spheroid of 1866 is still used for charting North America, the =
International Astronomical Union System of Astronomical Constants provides a
slightly better approximation of the size and shape of the earth. According to these
constants, the dimensions of the earth are (fig. 1410):

Equatorial radius (a)=3,963.205 statute miles=3,443.931 nautical miles
P olar radius (b) =3,949.917 statute miles=3,432.384 nautical miles I
Mean radius =3,958.775 statute miles=3,440.0S2 nautical miles .

Flattening or ellipticity a 29825

The mean radius is the average of the polar radius and two equatorial radii perpendic-

ular to each other (the three dimensions of the solid), or (2a-b)
3

1411. Other planets and the minor planets.-Mercury in some ways resembles the
moon more than it does other planets. Its diameter is only about 50 percent larger than
that of the mocn and about the same as those of Jupiter's two largest satellites. Like
the moon it has little or no atmosphere, and is believed to keep the same side turned
toward its primary. Merzury's mass is only about five percent that of the earth, and its
orbit is so small that the planet is never seen more than about 28' from the sun. It
is for this reason that Mercury is not commonly used for navigation. Near greatest
elongation (art. 1422) it appears near the western horizon after sunset or the eastern
horizon before sunrise. At these times it resembles a first magnitude star, and is some-
times reported as a new or strange object in the sky. As seen from the earth, Mercury .
goes through all the phases similar to those of the moon, and occasionally transits
(crosses) the face of the sun, appearing as a tiny, dark, inconspicuous dot on the sur-
face. Mercury has no known satellite. Mercury rotates with a period of about 59 days.

Ii
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Venus, like Mercury, has no known satellite, goes through the various phases simi-
lar to those of the moon, and may transit the sun. In size of orbit, sidereal period of
revolution, diameter, volume, mass, density, and surface gravity it resembles the earth
more than any other planet. Its orbit is more nearly circular than that of any other
planet (eccentricity 0.007). At maximum brilliance, about five weeks before and after
inferior conjunction (art. 1422), it has a magnitude of about (-)4.4 and is brighter than
any other object in the sky except the sun and moon. At these times it can be seen

during the day, and is sometimes observed for a celestial line of position.
Mars (fig. 1411) has a diameter only a little more than half that of the earth, and a

mass of 11 percent as much, although its density is nearly 72 percent that of the earth.
It has a thin atmosphere, but few clouds. Its day is only slightly longer than that
on the earth, but its year is nearly twice as long. Being a superior planet (art. 1409),
it is seen only in the full or gibbous phase (art. 1423). When nearest the earth, its
apparent diameter is about eight times that at conjunction (art. 1422). Mars has
two satellites. Phobos is about 10 miles in diameter and has an orbit the diameter of
which is only about three times the diameter of Mars. To an observer on Mars it would
appear to have a diameter about one-third the diameter of the moon as seen from the
earth, and would appear to rise in the west and set in the east, going through three-
fourths of its cycle of phases while above the horizon. It would do this three times each
day, since its sidereal period of revolution is only about one-third the period of rotation 13
of Mars. No other natural satellite is known to revolve faster than its primary rotates. I
Deimos is only about 5 miles in diameter, and at greatest brilliance would appear

as a very bright star. About 66 hours would elapse between rising and setting, during
which it would go through the various phases twice.

Jupiter (fig. 1411), largest of the known planets, has more than twice the mass of all
other known planets combined. Its density is low and its rotation fast (9h5o0), resulting
in a pronounced equatorial bulge. It is believed to h¢e a dense, solid core, surrounded
by lighter material, and a deep atmosphere of ammonia, methane, helium, and hydro-

gen. Two of Jupiter's 13 known satellites are about the same size as Mercur-.,, and may
have atmospheres. The four outermost satellites revolve from east to west, opposite to
the general direction of revolution within the solar system.

Saturn (fig. 1411) is the only planet having a density less than that of water, yet it
has a mass of nearly one-third that of Jupiter, and nearly three times that of all other
known planets combined. Its composition is believed to be similar to that of Jupiter.
It is more oblate than any other known planet. Perhaps the most interesting feature
of this planet is its rings, composed of a great number of small solid particles spread
out in thrce thin, flat rings more than 170,000 miles in diameter. The particles nearest
the planet revolve more rapidly than those farther out, the innermost ones completing
a revolution in less time than the planet completes a rotation. During half the 29.5-
year sidereal period of revolution of the planet one side of the rings is visible to observers
on the earth, and during the second half of the period the opposite side is visible.
Saturn has ten known satellites, the outermost one of which revolves from east to west.

Uranus is barely visible to the unaided eye, being of the sixth magnitude. It is
a comparatively large planet, and probably is similar in composition to Jupiter and
Saturn. The inclination of the equator of Uranus to the plane of the ecliptic is 9E' or
820 if the revolution is considered from east to west. Its five known satellites, all small,
revolve in the equatorial plane, in the same direction as that of rotation of the planet. 

Neptune is slightly smaller than Uranus, but has greater mass, and a longer period
of rotation. Relatively little is known of this remote planet of the eighth magnitude.
However, it is known to have two satellites, the larger (probably bigger than the moon)
revolving from east to west.

- .
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Pluto (fig. 1411) was identified in 1930. It is of the 15th magnitude, and cannot
be seen in small telescopes. In all but the 200-inch telescope it appears as a point of light. I
Its diameter is less than half that of the earth. Its orbit is the most. eccentric and has I
the greatest inclination to the ecliptic of any of the known )lanets. At perihelion it.
is closer to the s, thanl Neptune, and there is some evidence to support the view that
it was at one time a satellite of the larger planet.

Minor planets. About 1,800 of these tiny planets have been discovered, but it is
estimated that there may be as many as 50,000 bright enough to be seen by the largest
telescopes, when they are nearest the earth. The largest, Ceres, has a diameter of
about 480 miles. All but a few are iess than 100 miles in diameter. Since there is no __

-known lower limit, there may be no distinction between minor planets and meteors.
The combined mass of all minor planets probably does not exceed 0.1 percent that of the
earth. The orbits, of various degrees of eccentricity and inclination to the ecliptic, lie
mostly between those of Mars and Jupiter. However, at perihelion some of the minor
planets are inside the earth's orbit. The orbit of Hidalgo is shown in figure 1407a.

1412. The moon is the only satellite of direct navigational interest, although the
satellites of Jupiter were at one time used to determine Greenwich mean time, so that
longitude could be found (art. 126). The rotation and revolution of the moon are both
west to east, and both are cf the same duration, 2 700 7 4 3 E11!5 with respect to the
stars (the sidereal month) and 2 9d12h4 40 2 .8 with respect t( .. e sun (the synodical .

month). Because there is no difference in the periods of rotation and revolution, the -
same side of the moon is always turned toward the earth. However, about 59 percent
of the moon's surface has been seen from earth, due to libration. Libration in latitude

[%I
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occurs because the a-ds of rotation is tilted about 6?5 with respect to the axis of revolu-

tion. Libration in lohgitude occurs becauss the speed of revolution varies in accordance
with Kepler's second law (art. 1407), while the rotational speed is essentially constant. J
Diurnal libration occurs because of the changing position of the observer relative to

the moon, due to rotation of the earth. Physical libration is a small pendulum-like
rotational osciilation of the moon with respect to its radius vector.

At perigee the moon is about 221,000 statute miles from the earth's center, and
* apogee it is about 253,000 miles distant. The average distance is about 238,862

ies. Because of the relative nearness of the moon, its geocentric parallax (difference
, osition relativ- to the background of stars, as observed from the surface and center

of the earth) is comparutively large. It is a maximum when the moon is on the horizon, --

when it is called horizontal parallax. The equatorial horizontal parallax for an observer
at the equator, where the maximum radius c! the earth is involved, is tabulated in the
Nautical Almanac and the American Ephemeris and Nautical Almanac, and used in
sextant altitude corrections g-en in thie nautical and air almanacs. The parallax varies
from a mtaximum at the horizeo. to zero at the zenith. The parallax at any altitude is
sometimes called par-ilax in altitude. The apparent diameter of the moon is approxi-
wately the same as that of the sun, but varies throuph wider limits. Because the moon
is so near, the radius of the earth is an appreciable percen-,ge of the distance between
earth and moon, and lie apparent diameter of the m jon increases at measurable amount
as its altitude increases (decreasing the distance from the obser-7er). This apparent
increase is called augmentation (fig. 1412). A similar effect for the sun is very small.

As with the planets and su:., the moon and earth both revolve around their common
center of mass, which is about 2,900 miler from the center of the earth. It is this center j
of mass that describes the orbit of the earth (and moon) around the sun.

Because of its ielativo nearness and size, the moun is the principal source of the
gravitational attraction that causes tides, although the sun has an appreciable effect,
a}-o. The action of these bodies in causing tides is described in art; le 3113. Because of I
the frictional action of tides, the rotation of the earth is slo~ing, the length of the day
increasing about 0!001 per century.

On the moon, the (lay is equal in length to the synodical month (about 29Y days).
The earth would remi , almost stationary in the sky for an observer on the 41 percent
of the moon's surface always visible from the earth, would rise and set at about the same
point on the horizon for one on the 18 percent which is sometimes visible, and would
never appear for one on the 41 percent not seen from the earth.

1413. Comgts and meteors.-Comets are swarms of relatively small, widely
-parated, solid bodies held together by mutual attraction. Around this nucleus, a

more spectacular, gaseous head or coma and tail m.iay form as the comet approaches
the sun. Tne tuil is directed away from the sun, so that it follows the head while the
comet is approaching the sun, and precedes the head while the comet is receding. The
total mass of a comet is very small, and the tail is so thin that stars can easily be seen
through it. In 1910 'ie earth passed through the tail of Halley's comet (fig. 1413)
without noticeable effect.

Comets are erratic and inconsistent. Some travel east to west and some west to
east. in highly eccentrk. orbits inclined at any angle to the ecliptic. The shortest period~of revol-:tion i-, abott 3.3 years. Some periods are so long that astronomers speculate -

as to whether soate comets may n,'. come in from outside the solar system for a single
ip around the sun, and then leave the solar system, never o return. In such a case

the ,,:bit would be approximately a parabola (art. 134, vol. II).
Without their tails, which exist only when fear the sun, comets are not spectacular.

Because of the small ,ize of their nuclei, which shine by reflected light from the sun,

A o
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comets are visible for only a small part of their period of revolution, and this is the
part of most rapid motion, in accordance with Kepler's second law (art. 1407). An
average of about five comets is observed each year, and about two-thirds of these are
identified as previously observed comets. Very few comets are ever visible without
a telescope. The spectacular Halley's comet reached aphelion in 1948 and started back
toward the sun. It is expected to reach perihelion about February, 1986.

Meteors, popularly called shooting stars, are tiny, solid bodies too small to be
seen until heated to incandescence by air friction while passing through the earth's
atmosphere. A particularly bright meteor is called a fireball. One that explodes is
called a boUde. A meteor that is not consumed during its fall through the atmosphere,
but lands as a solid particle, is called a meteorite. These are composed principally of
iron, with some nickel, and smaler quantities of other material.

Vast numbers of meteors exist. It has been estimated that an average of about
1,000,000 bright enough to be seen enter the earth's atmosphere each hour, and man'.T

times this number undoubtedly enter, but are too small to attract et~aion. A faint
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FIGURE 1413.-Halley's Comet; fourteen views, made between April 26 and June 11, 1910.

glow sometimes ebserved extending upward approximately along the ecliptic before
sunrise and after sunset has been attributed to the reflection of sunlight from quantities
of suc! nv-terial. This glow is called zodiacal fight. A faint glow at that point of the
ecliptic 1800 from the sun is called the gegenschein or counterglow. Comets may be
an assemblage of a large number of meteors traveling together, and minor planets (art.
1411) may be larger meteors. Meteor showers occur at certain times of the year when
the earth is believed to be passing through meteor swarms, the scattered remains of
comets that have broken up. At these times the number of meteors observed is mtny
thnes the usual number.

Since such large amounts of this material aro in existence, much uf it in an orbit
near the ecliptic, and since the orbits of most minor planets lie between those -f Mars
and Jupiter, where astronomers compute the orbit of another planet should be located,
it is possible that another planet may have existed there at one time and been (lisrupted, .,

perhaps by an atomic explosion of hydrogen or other material. The estimated total
mass of all meteors, comets, and minor planets would make a small planet, but if the
material which has fallen on other planets and satellites, and perhaps some or all of the
satellites themselves, are added, a sizeable planet might be accounted for.

N.N
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354 NAVIGATIONAL ASTRONOMYI1414. Stars are distant suns, in many ways resembling the body which provides
the earth with most of its light and heat. Even the nearest star is too distant to be

seen as more than a point of light in the largest telescope. If planets, satellites, comets,
etc., accompany those distant suns, as they do the one nearby, they have not been
detected. However, comparatively dark companions of planetary size are known toaccompany some stars. Nonluminous stars may exist, since most of the rasdio, stars

(points from which radio energy emanates) are not marked by a body visible to observers
on the earth. The distance of the stars is so great that none is known to have a helio-
centric parallax (difference in apparent position as observed from the earth and the sun)
of as much as 1'.

Stars differ in size from gaseous giants having diameters greater than that of the

orbit of the earth, to dense dwarfs which may be no larger than the major planets.
Although the size and density cover wide ranges, the mass does not differ greatly.
Relatively few stars have more than five times or less than one-fifth the mass of the
sun, which is also about average in size, density, and temperature. The color varies
ivith the temperature. A very hot star, having a surface temperature of perhaps 20,0000
K (Celsius absolute) or more, is bluish-white; while a cooler star, having a temperature
of perhaps 2,0000 K, is faintly reddish. In Orion, blue Rigel and red Betelgeuse, located _
on opposite sides of the belt, constitute a noticeable contrast.

Under ideal viewing conditions, the dimmest star that can be seen with the unaided
eye is of the sixth magnitude. In th. entire sky there are about 6,000 stars of this
magnitude or brighter. Half of these are below the horizon at any time. Because of
the greater absorption of light near the horizon, where the path of a ray travels for a I
greater distance through the atmosphere, not more than perhaps 2,500 stars are visible
to the unaided eye at any time. The 200-inch te.escope on Palomar Mountain permits
stars as dim as the twenty-first magnitude to be seen. It has been estimated that
there are about 1,000,000,000 of this magnitude or brighter. A long-term photographic I.
exposure with the 200-inch telescope permits observation of about twice this number.
There is no indication that this is more than a tiny fraction of the total number. How-
ever, the average navigator seldom uses more than perhaps 20 or 30 of the brighter
stars. Stars which exhibit a noticeable change of magnitude are called variable stars.
A star which suddenly becomes several magnitudes brighter and then gradually fades
is called a nova. A particularly brigit one is called a supernova.

Two stars which appear to be very close together are called a double star. If
more than two stars are included in the group, it is called a multiple star; and if a
large numbr appear in approximately spherical shape, it is called a globular cluster.

A group of stars moving through space together, but not exhibiting the intimate
relationship of a globular cluster, is called an open cluster. The -leiades and some
stars of the Big Dipper (with certain other stqrs) are examples of open clusters. A
group of stars which appea? close together, regardless of actual distances, is popularly 4
called a constellation, particularly if the group forms a striking configuiation. Among
astronomers a constellation is iow considered a region of the sky having precise bound- M
aries so arranged that all of the sky is covered, without overlap. The ancient Greeks
recognized 48 consteli.ions covering only certain groups of stars. Modern astron-
omers recognize 88 constellations. The constellatiou names and meanings are given in
appendix K.

A cloudy patch of matter in the heavens is called a nebula (plural nebulae). If it
is within the galaxy of which the sun is a part, it is called a galactic nebula; if outside,
it is called an extragalactic nebula.

Stars rotate on their axes, and revolve around Ehe center of their galaxy, in addition N
to influencing and being influenced by surrounding stars. Motion of a star through
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space, :e that of any celestial body, is called space motion. That component in the
line ot ight is called radial motion; while that component across the line of sight, M
causing a star to change its apparent position relative to the background of more
distant stars, is called proper motion.

1415. Galaxies.-A great number of the nebulae have been identified as extra-
galactic, and as telescopes became more powerful, it was discovered that these small
cloudy patches are groups of stars, in many ways resembling the group of stars of which
the sun is a part. Each such vast assemblage of stars constitutes an island universe as
widely separated from others, comparatively, as individual stars in one group. Such
a group is called a galaxy. It was not until well within the twentieth century that the
sun was recognized as a part of such a galaxy, the Milky Way. In a galaxy the stars
tend to congregate in groups called star clouds arranged in long spiral arms. The spiral
nature is believed due to revolution of the stars about the center of the galaxy, the iDner
stars revolving more rapidly than the outer ones (fig. 1415). At the position of the
sun, about two-thirds of the way out from the center, and nearly midwIay between
"top" -and "bottom," the period of revolution is about 200,000,000 years at the present
speed of about 175 miles per second. This is nearly ten times the speed of the earth in -A

its orbit. An average estimate of the size of a galaxy is that it is about 100,000 light
years in diameter, 15,000 light years thick at the center, and 5,000 light years thick -

near the outer edge, and that it contains perhaps 100,000,000,000 stars. This is about 100
times the number of stars that can be seen through the 200-inch telescope. Within the
radius of 1,600,000,000 light years that man is able to penetrate there are perhaps
100,000,000 galaxies, although only a small fraction of this number has been actually 3
observed.

The galaxies which have been discovered are observed to congregute in groups,
somewhat similar to stars in a galaxy. Whether the part seen is but a small portion of a
larger unit too vast to be seen with present instruments has not been established.
Through his progress in astronomy man hopes to see much more of what surrounds
him in space, and perhaps to answer some of the questions which'confront him.

-A4
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FIGua 1415.-Spiral nebula Messier 51, in Canes Ve-dict.
Satellite nebula is NGC 5195.
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Apparent Motion

1416. Apparent motion due to rotation of the earth is much greater than any other
observed motion of celestial bodies. It is this motion that causes celestial bodies to
appear to rise somewhere along the eastern half of the horizon, climb to maximum
altitude as they cros the meridian, and set along the western horizon, at about the
same point relative to due west as the rising point was to due east. This apparent motion
along the daily path, or diurnal circle, of the body is approximately parallel to the plane
of the equator. It would be exactly so if rotation of the earth were the only motion,
and the axis of rotation of the earth were stationary in space (arts. 1417 and 1419).

The apparent effect due to rotation of the earth varies with the latitude of the ob-
server. At the equator, where the equatorial plane is vertical (since the axis of rotation

ME- of the earth is parallel to the plane of the horizon), bodies appear to rise and set verti-
cally. Every celestial body is above the horizon approximately half the time. The

0i celestial sphere as seen by an observer at the equator is called the righi sphere, shown in
figure 1416a. Several unique relationships of the right sphere are discussed in article 1433.

For an observer at one cf the poles, bodies having constant declination neither
rise nor set (neglecting precession of the equinoxes and changes in refraction), but circle
the sky, always at the same altitude, making one comple! - trip around the horizonI each day. At the North Pole the motion is clockwise, and at tne . outh Pole it is counter-
clockwise. Approximately half the stars are always above the horizon and the otherI half never are. This is modified somewhat by actual conditions, a description of which
is given in chapter XXV. The parallel sphere at the poles is illustrated in figure 1416b.

Between these two extremes, the apparent motion is a combination of the two.
On this oblique sphere, illustrated in figure 1416c, circumpolar celestial bodies remain
above the horizon during the entire 24 hours, circling the elevated celestial pole (art.
1426) each day. The stars of the Big Dipper and Cassiopeia re circumpolar for many
observers in the United States. An approximately equal part of the celestial sphere I
remains below the horizon during the entire day. The Southern Cross is not visible j
to most observers in the United States. Other bodies rise obliquely along the eastern
horizon, climb to maximum altitude at the celestial meridian, and set along the western
horizon. The length of time above the horizon, and the altitude at meridian transit,
vary with both the latitude of the observer and the declination of the body. Several
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useful relationships of the oblique sphere are indicated in article 1432. At the polar
circles (art. 1419) of the earth and beyond, even the sun becomes circumpolar. This
is the land of the midnight sun, where the sun does not set during part of the summer,
and does not rise (luring part of the winter.

The increased obliquity at higher latitudes explains why days and nights are
always about the same length in the tropics, and the change of length of the day becomes
greater as the latitude increases. It also explains why twilight lasts longer in higher
latitudes. Twilight is that period of incomplete darkness following sunset and preceding
sunrise. Evening twilight starts at sunset, and morning twilight ends at sunrise. The
darker limit of twilight occurs when the center of the sun is a stated number of degrees
below the celestial horizon. Three kinds of twilight are defined, depending upon the
darker limit. These are:

Twzlight Lighter limit Darker limit At darker limit

civil -050' -60 Horizon clear and bright stars visible
nautical -0o50 -120 Horizon not visible 4
astronomical -050'  -180 Full night

The conditio-is at the darker limit are relative and vary considerably under different
atmospheric conditions.

In figure 1416d the twilight band is shown, with the darker limits of the various
kinds indicated. The nearly vertical celestial equator line is for an observer at latitude
20'N .The nearly horizontal celestial equator line is for an observer at latitude 60 N.
The broken line in each case is the diurnal circle of the sun when its declination is
15*N. The relative duration of any kind cf twilight at the two latitudes is indicated
by thit portion of the diurnal circle between the horizon and the darker limit, although
it is not directly proportional to the relative length of line shown, since the projection is
orthographic (art. 319). The duration of twilight at the higher latitude is longer,
proportionally, than shown. Note that complete darkness does not occur at latitude
60*N when the declination of the sun is 150N.

1417. Apparent motion due to revolution of the earth.--If it were possible to
stop the rotation of the earth so that the celestial sphere would appear stationary,
the effects of the revolution of the earth would become more noticeable. In one year
the sun would appear to make one complete trip around the earth, from west to east.
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FIGURE 1416c.-The oblique sphere at FIGURE 1416d.-The various twilights at lat.
lat. 400 N. 200 N and lat. 600 N.
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Hence, it would seem to move eastward a little less than 10 per day. This motion can
be observed by watching the changing position of the sun among the stars. But since
both sun and stars generally are not visible at the same time, a better way is to observe
the constellations at the same time each night. On any night a star rises nearly four

REminutes earlier than on the previous night. Thus, the celestial sphere appears to shift
westward nearly 10 each night, so that different constellations are associated with
different seasons of the year.

Apparent motions of planets and the moon are due to a combination of their
motions and those of the earth. If the rotation of the earth were stopped, the combined 1
apparent motion due to the revolutions of the earth and other bodies would be similar
to that occurring if both rotation and revolution of the earth were stopped, as discussed I
:u article 1418, but with different timing. Stars would appear nearly stationary in
the sky, but would undergo a small annual cycle of change due to aberration. The
motion of the eorth in its orbit is sifficiently fast to cause the light from stars to appear
to shift slightly in the direction of the .arth's motion. This is similar to the illusion
one has whien walking in rai:L that is falling vertically, but appearing to come from
ahead due to his own motion. The apparent direction of the light ray from the star is
the vector difference (art. 118, vol. II) of the motion of light and the motion of the
earth, similar to that of apparent wind on a moving vessel. This effect is mobt apparent
for a body perpendicular to the line of travel of the earth in its orbit, for which it reaches
a maximum value of 20.5. The effect of aberration can be noted by comparing the co-Lordinates (declination and sidereal hour angle) of various stars throughout the year.
A change is observed in some bodies as the year progresses, but at the end of the year
the values have returned almost to what they were at the beginning. That they do notI return exactly is due to proper motion (art. 1418), precession of the equinoxes (art.
1419), and nutation, which ib an irregularity in the motion of the earth due to the
disturbing effect of other celestial bodies, principally the moon. Eulerian motion is a
slight wobbling of the earth about its axis of rotation, often called polar motion, and
sometimes wandering of the poles. This motion, which does not exceed 40 feet from
the mean position, produces slight variation of latitude and longitude of places on the
earth.

By the calendar, one year is of 365 days duration for common years and 366 days
for leap years. A leap year is any year divisible by four, unless it is a century year,
which must be divisible by 400 to be a leap year. Thus, 1900 was not a leap year, but
2000 will be. This calendar, now in general use, is called the Gregorian calendar. 

Astronomically, the year is not divisible into a whole number of days, and the present
WE system will introduce an error of three days in about 10,000 years. The length of the

year with respect to the vernal equinox (art. 1419) is about 365 days, 5 hours, 48
minutes, 46 seconds. This is the tropical, astronomical, equinoctial, natural, or solar
year. Since the vernal equinox is in motion on the celestial sphere (art. 1419), this
does not quite agree with the sidereal year of about 365 days. 6 hours, 9 minutes, 10
seconds, with respect to the stars. The period of revolution from perihelion to perihelion,
about 365 days, 6 hours, 13 minutes, 53 seconds, is called the anomalistic year. These
values vary slightly from year to year, and progressively over the years, as shown in
appendix D.

1418. Apparent motion due to movement of other celestial bodies.-Even if it
were possible to sep both the rotation and revolution of the earth, celestial bodies
would not appear stationary on the celestial sphere. The moon would make one revo-
lution about the earth each sidereal month (art. 1412), rising in the west and setting in
the east. The inferior planets would appear to move eastward and westward relative to

V-
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the sun, as explained in article 1422, staying within the zodiac. Superior planets would
appear to make one revolution around the earth, from west to east, each sidereal period.

Since the sun (and the earth with it) and all other stars, as far as is known, are in
motion relative to each other, slow apparent motions would result in slight changes in
the positions of the stars relative to each other. This space motion (art. 1414) is, in
fact, observed by telescope. That component of such motion across the line of sight,
called proper motion, produces a change in the apparent position of the star. The
maximum which has been observed is that of "Barnard's Star," which is moving at the
rate of 10.3 per year. This is a tenth-magnitude star, and hence not visible to the
unaided eye. Of the 57 stars listed on the daily pages of the almanacs, Rigil Ken-
aurus has the greatest proper motion, about 3 "7. Arcturus, with 2.!3, has the greatest

proper motion of the navigational stars in the Northern Hemisphere. In a few thousand
years proper motion will be sufficient to materially alter some familiar configurations
of stars, notably the Big Dipper.

1419. The ecliptic is the path the sun appears to take among the stars due to the
annual revolution of the earth in its orbit. It is considered a great circle of the celestial
sphere, inclined at an angle of about 23"027 ' to the celestial equator, but undergoing a
continuous slight change. This angle is called the obliquity of the ecliptic. This inclina-
tion is due to the fact that the axis of rotation of the earth is not perpendicular to its
orbit. It is this inclination which causes the sun to appear to move north and south
during the year, giving the earth its seasons, and changing lengths of periods of day-

* light. This seasonal variation is one of the factors making the earth a desirable place
on which to live.

Refer to figure 1407b. The earth is at perihelion early in January and at aphelion
six months later. On or about June 21, about ten or eleven days before reaching aphelion,
the northern part of the earth's axis is tilted toward the sun. The north polar regions
are having continuous sunlight; the Northern Hemisphere is having its summer with
long, warm days and short nights; the Southern Hemisphere is having winter witb
short days and long, cold nights; and the south polar region is in continuous darkness.
This is 'the summer solstice. Three months later, about September 23, the earth has

* moved a quarter of the way around the sun, but its axis of rotation still points in
about the same direction in space. The sun shines equally on both hemispheres, and
days and nights are the same length over the entire world. The sun is setting at the
North Pole, and rising at the South Pole. The Northern Hemisphere is having its autumn,
and the Southern Hemisphere its spring. This is the autumnal equinox. In another three
months, on or about December 22, the Southern Hemisphere is tilted toward the sun
and conditions are the reverse of those six months earlier, the Northern Hemisphere
having its winter, and the Southern Hemisphere its summer. This is the winter solstice.
Three months later, when both hemispheies again receive equal amounts of sunshine,
the Northern Hemisphere is having spring and the Southern Hemisphere autumn, the
reverse of conditions six months before. This is the vernal equinox.

The word "equinox," meaning "equal nights," is applied because it occurs at the
time when days and nights are of approximately equal length all over the earth. The
word "solstice," meaning "sun stands still," is applied because the sun stops its apparent -
northward or southward motion and momentarily "stands still" before it starts in the
opposite direction. This action, somewhat analogous to the "stand" of the tide (art. =

3104), refers to the motion in a north-south direction only, and not to the daily apparent
revolution around the earth. Note that it does not occur when the earth is at peri-
helion and aphelion (fig. 1407b), Refer to figure 1419a. At the time of the vernal
equinox, the sun is directly over the equator, crossing from the Southern Hemisphere to
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Fic.URE 1419a.-Apparent motion of the sun in the ecliptic.

the Northern Hemisphere. It rises due east and sets due west, remaining above the
horizon about 12 hours. It is not exactly 12 hours because of refraction, semidiameter,
and the height of the eye of the observer. These cause it to be above the horizon a little
longer than below the horizon. Following the vernal equinox, the northerly declina-
tion increases, and the sun climbs higher in the sky each day (at the latitudes of the
United States), until the summer solstice, when a declination of about 23027 ' north
of the celestial equator is reached. The sun then gradually retreats southward until it
is again over the equator at the autumnal equinox, at about 23o27' south of the celestial
equator at the winter solstice, and back over the selestial equator again at the next
vernal equinox.

The sun is nearest the earth during the northern hemisphere winter. Hence, it is
not the distance that is responsible for the difference in temperature during the
different seasons. The reason is to be found in the altitude of the sun in the sky and the
length of time it remains above the horizon. During the summer the rays are more
nearly vertical, and hence more concentrated, as shown in figure 1419b. Since the sun is
above the horizon more than half the time, heat is being added by absorption during a
longer period than it is being lost by radiation. This explains the lag of the seasons.
Following the longest day, the earth continues to receive more heat than it dissipates,
but at a decreasing proportion. Gradually the proportion decreases until a balance is

, :reached, after which the earth cools, losing more heat than it gains This is analogous iA.
to the day, v hen the highest temperatures normally occur several hours after the sun
reaches maximum altitude at meridian transit, and for the same reason. A similar lag
occurs at other seasons of the year. Astronomically, the seasons begin at the equinoxes
and solstices. Meteorologicaly, they differ from place to place.I.
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[ June 22

F Uu 1419b.-Sunlight in summer and winter.

Compare the surface covered I: the same
amount of sunlight on the two dates.

By Kepler's second law, the earth travels faster when nearest the sun, as shown I
in figure 14' 9c. Hence, the northern hemisphere (astronomical) winter is shorter than j
its summer, the difference being about seven days. -

Everywhere between the parallels of about 23 *27'N and about 23 *27'S the sun
is directly overhead at some time during the year. Except at tae extremes, this occurs
twice, once as the sup upptars to move northN ard, and the second time as it moves Isouthward. This is the torrid zone. The northern limit is the Tropic of Cancer, andI

the southern limit the Tropic of Capricorn. These names come from the constellations
which the sun entered at the solstices when the names were fi, t applied, more than
2,000 years ago. Today, the sun is in the next constellation toward the west, because
of precession of the equinoxes, described below. TLe parallels about 23027 ' from the

FioGUR 1419c.-Kepler's second law. Since the
shaded areas are equal, speed at perihelion is
greater than at aphelion.
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poles, marking the approximate limits of the circumpolar sun, are called polar circles, V

the one in the Northern Hemisphere being the Arctic Circle and the one in the South- i
em Hemisphere the Antarctic Circle. The areas inside the polar circles are the north
and south frigid zones. The regions between the frigid zones and the torrid zones are I

the north and south temperate zones.
The expression "vernal equinox," and associated expressions, are applied both to

the times and points of occurrence of the various phenomena. Navigationally, the vernal
equinox is sometimes called the first point of Aries, because, when the name was given,
the sun entered the constellation Aries, the ram (T), at this time. This point is of
interest to navigators because it is the origin of measurement ..i bidereal hour angle
(art. 1426). The expressions March equinox, June solstice, September equinox, and 1
December solstice are occasionally applied as appropriate, because the more common I
names are associated with the seasons in the Northern Hemisphere, and are six months
out of step for the Southern Hemisphere.

The axis of the earth is undergoing a precessional motion similar to that of a top
spinning with its axis tilted. In about 25,800 years the axis completes a cycle and
returns to the position from which it started. Since the celestial equator is 900 from the
celestial poles, it too is moving. The result is a slow westward movement of the equinlxes
and solstices, w.hich has already carried them about 300, or one constellation, along I
the ecliptic from the positions they occupied when named more than 2,000 years ago. _

Since sidereal hour angle (art. 1426) is measured from the vernal equinox, and declina-
tion (art. 1426) from the celestial equator, the coordinates of celestial bodies would be I
changing even if the bodies themselves were stationary. This westward motion of the
equinoxes along the ecliptic is called precession of the equinoxes (fig. 1419a). The
total amount, called general precession, is about 50!27 per year (in 1975). It may be
considered divided into two components, precession in right ascension (about 46".10 AS
per year) measured along the celestial equator, and precession in declination (about
20!04 per year) measured perpendicular to the celestial equator. The annual change in
the coordinates of any given star, due to precession alone, depends upon its position on
the celestial sphere, since these coordinates are measured relative to the polar axis
while the precessional nmotion is relative to the ecliptic axis (art. 1431).

Due to precession of the equinoxes, the celestial poles are describing circles in the
-sky. The north celetial pole is moving closer to Polaris, which it will pass at a distance

of approximately 28' about the year 2102. Following this, the polar distance will in-
crease, and eventually other stars, in their turn, will become the Pole Star. Similarly,the south celestial pole will some day be marked by stars of the false Southern Cross.

The precession of the earth's axis (fig. 1419d) is the result of gravitational forces
exerted principally by thc sun and moon on the earth's equatorial bulge. The spinning
earth responds to these forces in the manner of a gyroscope (art. 630). Regression of the
nodes (art. 1423) introduces certain irregularities known as nutation in the precessional
motion.

1420. The zodiac is a circular band of the sky extending 80 on each side of the
ecliptic. The navigational planets and the moon are within these limits. The zodiac
is divided into 12 sections of 30' each, each section being given the name and symbol
("sign") of the constellation within it. These are shown in figure 1420. The complete
list of signs and names is given in appendix C. I

t The sun remains in each part for approximately one month. When the names were
assigned, more than 2,000 years ago, the sun entered Aries (T) at the vernal equinox,
Cancer (9) at the summer solstice, Libra (-) at the autumnal equinox, and Capricornus .
(VI) at the winter solstice. Even though this is no longer true because of precession
of the equinoxes, these constellations are still used for the position of the sun at the

"
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AD 2102' AD VEGA0
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/FORCE TENDING TO ROTATEI EARTH'S AXIS PERPENDICULAR
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AD 14000 AD 2102
FIGuRtE 1419d.-Precesion and nutation-
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FxcIURE 1420.-The zodiac.

times of the equinoxes and so!stices. The pseudo science of astrology assigns additional
significance, not recognized by scientists, to the positions of the sun and planets amongthe 

signs 
of the 

zodiac.| 

-

i1421. Time.--Traditionally, astronomy has furnished the. basis for measurement
of time, 

a subject 
of prim ary importance 

to the navigator. 
The year is associatedM

with the revolution of the earth in its orbit. The day is one rotation of the earth about

Ts hd u ne le earth depends upon the external reference pointi 

u s e d . O n e r o t a t i o n r e l a tiv e t o t h e s u n i s c a l l e d a s o l a r d a y . H o w e v e r , r 
o t a t i o n r e l a t i v e 

-l

te apparent sun (the actual 5un that appears in the sky) does not provide time of
uniform rate, because of variations in the rate of revolution and rotation of the earth.
The error due to lack of uniform rate of revolution is removed by using a fictitious mean
sun. Thus, mean solar time is Learly equal to .he arere.ge apparent solar time. Because
the accumulated diiference between these times, called equation of time, is continually
changing, the period of daylight is shifting slightly, in addition to its increase or decrease
in length due to changing declination. Apparent and mean suns seldom cross the
celestal mcrdian at the seie tiC. The enri,-! snet (jin 1tith,,t nf the Inited
States) occurs about two weeks before the winter solstice, and the latest sunrise about
two weeks after winter solstice. A similar but smaller apparent discrepancy occurs at°the 

summer 
solstice. 

" 

. .-

solr1  verWo Time is a particular case of the measure known in peneral as mean
solar time. Univerai Time is the mean solar time on the Greenwich meridian, reckoned
in days of 24 mean solar hours beginning with 0h at midnight Universal Time and
sidereal time are rigorously related by a formula so that if one is tnown the other can

-A.i

-b-e found.- 

V
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Universal Time, in principle, is determined by the average rate of the apparent "
daily motion of the sun relative to the meridian of Greenwich; but in practice the
numerical measure of Universal Time at any instant is computed from sideral time.

Universal Time is the standard in the application of astronomy to navigation.
Observations of Universal Times are made by observing the times of transit of stars.

If the vernal equinox is used as the reference, a sidereal day is obtained, and from
it, sidereal time. This indicates the approximate positions of the stars, and for this
reason is the basis of star charts (art. 2204) and star finders (art. 2210). Because of
the revolution of the earth around the sun, a sidereal day is about 3m563 shorter than a
solar day, and there is one more sidereal than solar days in a year. One mean solar day
equals 1.00273791 mean sidereal days. Because of precession of the equinoxes, one
rotation of the earth with respect to the stars is not quite the same as one rotation with

3respect to the vernal equinox. One mean solar day averages 1.0027378118868 rota-- tions of the earth with respect to the stars.
In tide analysis, the moon is sometimes used as the reference, producing a lunar M

day averaging 24h5 0m (mean solar units) in length, and lunar time. 4
Since each kind of day is divided arbitrarily into 24 hours, each hour having 60 1

minute , of 60 seconds, the length of each of these units differs somewhat in the various
kinds of time.

Time is also classified according to the terrestrial meridian used as a reference.
Local time results if one's own meridian is used, zone time if a nearby reference meridian
is used over a spread of longitudes, and Greenwich or Universal Time if the Greenwich

-meridian is used.
The subject of time is discussed in more detail in XVIII.
1422. Planetary configurations.-Since the orbit of an inferior planet lies within

that of the earth, the planet and sun are nearly in line twice each synodic period of
revolution of the inferior planet. When the sun is between the earth and the other
planet, that planet is at superior conjunction. When the planet is between the earth
and sun, it is at inferior conjunction. If the orbit of the planet had no inclination to
the ecliptic, the planet would cross or transit the face of the sun at inferior conjunction
and be eclipsed or occulted by the sun at superior conjunction. Occasionally this does

occur.Refer to figure 1422, showing orbits of the earth, Venus (an inferior planet,) and _

Mars (a superior planet). As shown, the relative sizes of the orbits are correct, and the
relative sizes of the planets are correct, but the planets are too large for their orbits and
the sun, and the sun is too large for the orbits of the planets. The earth is considered

stationary in its orbit. The positions of Venus are shown at superior and inferior con-
junctions. In moving eastward from one to the other. Venus appears to move to
the left of the sun. As observed from the earth, the angle between lines to the sun and
a planet, particularly an inferior planet, is called the planet's elongation, which may be

A- designated east or west to indicate the apparent position of the planet relative to the
sun. As Venus continues along its orbit, its elongation increases slowly until the planet
arrives at the point -where a straight line from the earth is tangent to its orbit, when the --

elongation becomes maximum. Here it is called greatest elongation east. As Venus
continues along its orbit, its elongation decreases rapidly, becoming zero at inferior
conjunction. Through the second half of its synodic period its elongation increases
rapidly to greatest elongation west, and then decreases slowly to zero at the next
superior conjunction. The greatest elongation of Venus is about 460, but varies be-
cause its orbit and that of the earth are elliptical, and the phenomenon occurs at different
points on the orbits.

!-..
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FIGURE 1422i-Planetary configurat ons.

The orbit of the 5lanet Mercury lies inside that of Venus, and hience the greatest
elongation is not as great, being about 2S0 . It. is because the apparent position of
Mercury is nev er far from thec sun that this planet is not considered nav igationally
important. Since its synodic period of revolution is onhly 1.9 days, it is at conjulnc-
tion a little oftener than once e' erv tw~o months. By' comnparison, Venus is at coni uno-
tion a little oftener than once every ten months, having a synodic period of revolution
of 583.9 days.

As shown in figure 1422, an inferior planet goes through all phases similar to :5
those of the moon (art. 1423), being "full" at superior conjunction, "new" at inferior
conjunction, and at "quarter" when it reaches greatest elongation. A telescope is needed
to see the phases.

For a superior planet the situation is different. Refer again to figure 1422. When
the sun is betwveen the earth and the planet, that planet (l'Iars in the illustration)
is at conjunction (ei). The adjective "superior" is not needed because a superior planet,
when on the opposite side is away from the sun, or at, opposition (00) andl can never be K
at inferior conjunction. When its elongation is 900, a superior planet is at east or wvest
quadrature (EI), depending upon its apparent position relative to the sun inc
superior planet has a longer period of revolution than the earth, it appears to move
westward1 around the sun, being at conjunci ion, east qu adrature, opposition, west quad-10
rature, and back lo conjunction. It is at "full" phase at conjunction and oppositik',
and gibbous between.

A m
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Unless a planet is in the ecliptic, it is not directly in line with the earth and sun
at conjunction and opposition. These points are defined as those at which either the
sidereal hour angles (art. 1426) or the celestial longitudes (art. 1431) are the same (in
the case of conjunction) or 1800 apart (at opposition).

The apparent positions of the planets in relation to other members of the solar
system, particularly the relationships shown in figure 1422, are called planetary con-

figurations. The motions of planets with respect to the sun would be true, generally
with respect to the stars, also, if the earth were stationary in its orbit, as shown. How-
ever, because of the earth's motion around the sun, the sun appears to move eastward
among the stars. This is usually the direction of apparent motion of the planets, too,
and is called direct motion. When a planet is near opposition or inferior conjunction, _

its apparent westerly motion relative to the sun is greater than the apparent easterly
motion of the sun relative to the stars, and the planet appears to move in a westerly

direction relative to the stars. This is called retrograde motion.
The brightest planet in the western sky following sunset is popularly called the

evening star, and the brightest planet in the eastern sky preceding sunrise is popularly
called the morning star.

1423. Phases of the moon.-Relative to the sun, the moon makes one complete
trip around the celestial sphere each synodical month (about 29% days). As it does so,
it goes through a cycle of aspects or phases to an observer on the earth, because the I
moon, like the planets, shines chiefly by reflected light from the sun. The orbit of the
moon is inclined about 50 to the ecliptic, and undergoes a precessional motion called:
regression of the nodes. It is similar to precession of the equinoxes of the earth (art. |

1419), and is chiefly responsible for nutation (art. 1417). However, the cycle is com- 2

pleted in a little more than 18 years, as compared with about 25,800 years for the earth.
Because of the small inclination of its orbit, the moon is never far from the ecliptic.

At conjunction, when the moon passes nearly between the earth and sun, its illuminated
portion is away from the earth (toward the sun), as shown in figure 1423. (In this illus-
tration, the outer figures show various positions of the moon relative to the earth and
sunlight. The inner circle of moons shows the appearance from the earth.) It is then
a new moon, and may be barely visible because of earthshine, which is sunlight reflected
from the illuminated side of the earth. To an observer on the moon, the "full earth"
would be visible at this time, three and one-half times as gieat in diameter and nearly 40
times as bright as the full moon appears to an observer on the earth. Since it is at
conjunction, the new moon rises, transits the celestial meridian, and sets at approxi-
mately the same time as the sun.

A day later the moon has moved about 12?2 eastward of the sun and a thin crescent
appears on the side toward the sun, with the horns or cusps pointing away from the sun.
The moon is low in the western sky after sunset. Because of glow from this illuminated
portion, and the fact that the side of the earth toward the moon is not quite "full,"
that part of the moon illuminated by earthshine is not quite as bright. Each day the
moon moves approximately 12?2 cast, relative to the sun. As it does so, the crescent I
grows fatter, and the earthshine less conspicuous.

When the moon reaches quadrature, about a week after new moon, it is at first
quarter. That half of the moon toward the sun is illuminated. The moon is now about
900 or six hours behind the sun. It rises about noon, is on the celestial meridian about
6 r.t, and sets about midnight.

As the moon continues eastward on successive days, the line separating the il-
luminated and dark portions, called the terminator, moves on across the moon. The
moon is now in the gibbous phase, which continues until the. moon is at opposition,
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~~~~~FJGURC 1423" Phases of the moon" The inner figures of the moon represent its appearance from theerh =

or full momn. It now rises about the time of sunset, reaches the celestial meridian €
-  about midnight, and sets about tihe time of sunrise. *

' On succeeding days the moon again becomes gibbous, and at quadrature it is at
last quarter, rising about midnight, crossing tihe celestial meridian about 6 AM , and
setting about noon. During the remainder of its cycle the moon again goes through ;-
the cresent phase and returns to new moon to start another cycle.

During the first half of the cycle, the moon is waxing, and during the second half

~~it is waning. The elapsed time since new moon, usually expressed as days and tenths -
i ~of a day is called age of the moon. Since the moon appears to move eastward relative : "

to the sun, crossing the meridianla~er each day, one day each synodical month is witho' t L

a moonrise, and another is without a moonset.
The times of moonrise and moonset indicated above are approximate only. When

~the difference between the declination of the sun and moon is considerable, the times

given may be in error by as much as several hours, particularly in high latitudes.

: The times of crossing the t:elestial meridian vary through smaller limits. I
i - At full moon, the sun and moon are on opposite sides of the ecliptic. Therefore,
.in the winter the full moon rises early, crosses the celestial meridian high in the sky, 1 w

~~and sets late; as the sun does in the summer. In the summer the full moon rises in I _
the southeastern part of the sky (Northern Hemisphere), remains relatively low in the

. - sky, and sets along the southwestern horizon after a short time above the horizon. '

tvt i r
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At the time of the autumnal equinox, that part of the ecliptic opposite the sun

is most nearly parallel to the horizon. Since the eastward motion of the moon is approxi-
mately along the ecliptic, the delay in the time of rising of the full moon from night to
night is less than at other times of the :ear. The full moon nearest the autumnal

equinox is celled the harvest moon. The full moon occurrmg about a.month later is
called the hunter's moon.

1424. Ecipses,-Because of the inclination of the moon's orbit with respect to
the ecliptic, the sun, earth, and moon are usually not so nearly in -line at conjunction
and opposition of the moon that either the earth or moon passes.througbithe shadow
of the other. However, when this does occur, an eclipse takes place. Sincethe sun
and moon are of -nearly the same apparent size to an observer on the earth, an eclipse
is a much more spectacular occurrence than the transit of an inferior planet across
the face of the sun, or the occultation of a star or planet by the sun or-moon (art. 1422).

When conditions are suitable, the moon passes between the sun and earth, as
shown in figure 1424a. If the moon's apparent diameter is larger than that of.the sun,
the moon being near perigee, its shadow reaches the earth as a nearly round dot only
a few miles in diameter. The dot moves rapidly across the earth, from west to east,
as the moon continues in its orbit. Within the dot, the sun is completely hidden

from view, and a total eclipse of the sun occurs. FPr a considerable distance around
the shadow, part of the surface of the sun is obscured, and a partial eclipse occurs. In I
the line of travel of the shadow a partial eclipse occurs as the round disk of the moon
appears to move slowly across thd surface of the sun. hiding an ever-increasing part of
it, until the total eclipse occurs. Because of the uneven edge of the mountainous
moon, the light is not cut off evenly, but several last illuminated portions appear through
the valleys or passes between the mountain peaks. These are called Baily's Beads.

total eclipse is a spectacular phenomenon. As the last light from the sun is cut off.
the solar corona, or envelope of thin, illuminated gas around the sun, becomes visible.
Wisps of more dense gas may appear as solar prominences (fig. 1424b). The only
light reaching the observer is that diffused by the atmosphere surrounding the shadow.
As the moon appears to continue on across the face of the sun, the sun finally emerges
from the other side, first as Baily's Beads, and then as an ever widening crescent
until no part of its surface is obscured by the moon.

The duration of a total eclipse depends upon how nearly the moon crosses the
center of the sun, the location of the shadow on the earth, the relative orbital speeds
of the moon and earth, and (principally) the relative apparent diameters of the sun and
moon. The maximum length that can occur is a little more than seven minutes.

If the apparent diameter of the moon is less than that of the sun, its shadow does
not quite reach the earth. Over a small area of the earth directly in line with the 4
moon and sun, the moon appears as a black disk almost covering the surface of the sun,

oii oft ..

FiGvnz 1424a.-Eclipses of the sun and moon.

I.->.



370 NAVIGATIONAL ASTRONOMY

i

Cbuwy of.11. HILIM and Palomar Obenotorier.
FiWURE 1424b.--Solar prominence 140,000 miles high, photographed in light of calcium.

July 9, 1917. Smad white disk shows relative size of earth.

but with a thin ring of the sun around its edge. This is an annular eclipse, and occurs
a little oftener than a total eclipse.

If the shadow of the moon passes close to the earth, but not directly in line with
it, a partial eclipse may occur without a total or annular eclipse. i

An eclipse of the moon occurs when the moon passes through the shadow of the
earth, as shown in figure 1424a. Since the diameter of the earth is about three and =0
one-half times that of the moon, the earth's shadow at the distance of the moon is much i
larger than that of the moon. A total eclipse of the moon can last nearly one andI
three-quarters hours, and some part of the moon may be in the earth's shadow for,
almost four hours. During a total solar eclipse no part of the sun is visible because a
body (the moon) intervenes in the line of sight. During a lunar eclipse some light does
reach the moon because of diffraction by the atmosphere of the earth, and hence the
eclipsed full moon is visible as a faint reddish disk. A lunar eclipse is visible over the
entire hemisphere of the earth facing the moon. Anyone who can see the moon can
see the eclipse.

During any one year there may be as many as five eclipses -f tl,, sun, and always
there are at least two. There may be as many as three eclipses of :he moon, or none.
The total number of eclipses during a single year does not exceed seven, and can be as
few as two. There are more solar than lunar eclipses, but the latter are more numerous
at any one place because of the restricted areas over which solar eciipses are visible. "

7 @R
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The two points of intersection of the moon's orbit and the ecliptic are called nodes,
and the line connecting them, the line of nodes. Eclipses occur when the sun, earth, !
and moon are nearly on this line, twice each eclipse year of 346.6 days. This is less than -
a calendar year because of regression of the nodes (art. 1423). In a little more than
18 years the line of nodes returns to approximately the same position with respect to
the sun, earth, and moon. During an almost equal period, called the saros, a cycle
of eclipses occurs. During the following saros the cycle is repeated with only minor
differences. -

Eclipses have considerable value in establishing additional facts about the sun
and moon, and in determining distances between two widely separated points on the
earth, at which accurate timing of the eclipse is made.

Coordinates

1425. Latitude and longitude are coordinates used for locating positions on the
earth. Several types, differing slightly from each other, are defined. Three of these

are discussed here. 
- ..

Astronomic latitude is the angle (ABQ, fig. 1425) between a line in the direction
of gravity (AB) at a station and the plane of the equator (QQ'). Astronomic longitude
is the angle between the plane of the celestial meridian at a station and the plane of the
celestial meridian at Greenwich. These coordinates are customarily found by means of
celestial observations. If the earflh were perfectly homogeneous and level, these positions
would be consistent and satisfactory. However, because of deflection of the vertical
(app. X) due to uneven distribution of the mass of the earth, lines of equal astronomic I
latitude and longitude are not circles, although the irregularities are small. In the
United States the prime-vertical component (affecting longitude) may be a little
more than 1S", and the meridional component (affecting latitude) as much as 25'.

Geodetic latitude is the angle (ACQ, fig. 1425) between a normal to the spheroid
(AC) at a station and the plane of the geodetic equator (QQ'). Geodetic longiiude is the
angle between the plane defined by the normal to the spheroid and the axis of the earth, Z
and the plane of the geodetic meridian at Greenwich. These values are obtained when
astronomical latitude and longitude are corrected for deflection of the vertical. These
coordinates are the ones used for charting, and are frequently referred to as geographic
latitude and geographic longitude, although these expressions are sometimes used to refer
to astronomical latitude and longitude.

Geocentric latitude is the angle (ADQ. fig. 1425) at the center of the ellipsoid
between the plane of it. equator (QQ') and a straight line (AD) to a point on the surface

Q,. Equator

south Pole
FioGun, 1425.-Three kinds of latitude at point A.
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of the earth. This differ- from geodetic latitude because the earth is a spheroid, rather
than a sphere, and the meridians are ellipses. Since the parallels of latitude are consideredt
to be circles, geodetic longitude is geocentric, and a separate expression is not used. The
difference between geocentric and geodetic latitudes is a maximum of about 11:6 atlatitude 45"

Because of the oblate shape of the ellipsoid, the length of a degree of geodetic

latitude is not everywhere the same, increasing from about 59.7 nautical miles at the
equator to about 60.3 nautical miles at the poles, as shown by table 6. The value of 60
nautical miles customarily used everywhere by the navigator is correct at about latitude
450.

Measurement on the Celestial Sphere

1426. Elements of the celestial sphere.--The celestial sphere (art. 1403) is an
imaginary sphere of infinite radius with the earth at its center (fig. 1426a). The north
and south celestial poles of this sphere are located by extension of the earth's axis.
The celestial equator (sometimes called equinoctial) is formed by projecting the plane
of the earth's equator to the celestial sphere. A celestial meridian is formed by the
intersection of the plane of a terrestrial meridian, extended, and the celestial sphere.
It is the are of a great circle through the poles of the celestial sphere.

The point on the celestial sphere vertically overhead of an observer is the zenith
and the point on the opposite side of the sphere, vertically below him,. is the nadir.
The zenith and nadir are the extremities of a diameter of the celestial sphere through
the observer and the common center of the earth and the celestial sphere. The arc of a
celestial meridian between the poles is called the upper branch if it contains the zenith
and the lower branch if it contains the nadir. The upper branch is frequently used in
navigation and references to a celestial meridian are understood to mean only its upper
branch unless otherwise stated. Celestial meridians take the names, as 650 wes.. of
their terrestrial counterparts.

An hour circle is a great circle through the celestial poles and a point or body on the
celestial sphere. It is similar to a celestial meridian, but moves with the celestial sph .re
as it rotates about the earth, while a celestial meridian remains fixed with respect to ',he
earth.

The location of a body along its hour circle is defined by the body's angular dis-
tance from the celestial equator. This distance, called declination, is measured north
or south of the celestial equator in degrees, from 00 through 900, similar to latitude
on the earth.

A circle parallel to the celestial equator is called a parallel of declination, since it
connects all points of equal declination. It is similar to a parallel of latitude on the
earth. The path of a celestial body during its daily apparent revolution around the
earth is called its diurnal circle. It is not actually a circle if a body changes its declina-
tion. Since the declination of all navigational bodies is continually changing, the bodies
are describing flat, spherical spirals as they circle the earth. However, since the change
is relatively slow, a diurnal circle and a parallel of declination are usually considered
identical. -

-. A point on the celestial sphere may be identified at the intersection of its parallel
of declination and its hour circle. The parallel of declination is identified by the -
declination. _

Two basic methods of locating the hour circle are in use. Its angular distance I
west of a reference hour circle through a point on the celestial sphere called the vernal|["
equinox or first point of Aries is called sidereal hour angle (SHA) (fig. 1426b). This

5r ;:k
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~FIGUR 1426a.-Elements of the celestial sphere. The celestial equator is the primary great circle. j
angle measured eastward from the vernal equinox is called right ascension, and isI usually expressed in time units.

The second method of locating the hour circle is to indicate its angular distance -
west of a celestial meridian (fig. 1426c). If the Greenwich celestial meridian is used

, as the reference, the angular distance is called Greenwich hour angle (GHA), and

if the meridian of the observer, it is called local hour angle (LHA). It is sometimes more
convenient to measure hour angle either eastward or westward, as longitude is measured

+ on the earth, in which case it is called meridian angle (t). These coordinates are dis-cussed further in article 1428.Z

A point on the celestial sphere may~ also be located by means of altitude and
,azimuth, coordinates based upon the horizon as the primary great circle, instead of the

celestial equator. This system is discussed in article 1430. -
Two additional systems used by astronomers are based upon the ecliptic (art. -

coordinates of the ecliptic system are celestial latitude and celestial longitude and those
of the galactic system are galactic latitude and galactic longitude. I-

1427. Coordinate systems.--Various systems of coordinates on the celestial sphere,
all of them similar to the familiar latitude and longitude on the earth, were discussed

-! " briefly in article 1426. Of these, the navigator is rarely concerned with any but the
celestial equator system and the horizon system. The former is but an extension to the
celestial sphere of the geographical system of the earth. The latter is a similar system -
in which the horizon replaces the celestial equator as the primary great circle, and the

- - --~-------- - - - - -
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FiGUR: 1426b.-A point on the celestial sphere can be located by its declination and sidereal hour I
angle.

zenith and iau a the poles. These two systems are the almost constant companions
of the celestial i. vigator. fa fr n

1428. The celestial equator system of coordinates.-If the familiar graticule of
latitude and longtude lines is expanded until it reaches the celestial sphere of infinite [
radius, it forms the basis of the celestial equator system of coordinates, as explained in
article 1426. On the celestial sphere the familiar latitude bepomes declination (Dec. or d),
and longitude, measured always toward the west, through 3600, becomes sidereal hour
angle (SHA) if measured from the vernal equinox.

Declination (Dec. or d) is angular distance north or south of the celestial equator I
(d in fig. 1428a). It is measured along an hour circle, from 00 at. the celestial equator
through 900 at the celestial poles, and is labeled N or S to indicate the direction of i -
measurement. All points having the same declination lie along a parallel of declination.

Polar distance (p) is angular distance from a celestial pole, or the are of an hour 4
circle between the celestial pole and a point on the celstial sphere. It is measured along
an hour circle and may vary from 0* to 180, since either pole may be used as the origin
of measurement. It is usually considered the complement of declination, though it may I
be either 90'-d or 90'+d, depending upon the pole used.

Local hour angle (LHA) is angular distance west of the local celestial meridian, or
the are of the celestial equator between the upper branch of the local celestial meridian I
and the hour circle through a point on the celestial sphere, measured westward from the -
local celestial meridian, through 300. It is also the similar arc of the parallel of declina-
tion and the angle at the celestial pole, similarly measured. If the Greenwich (0')
meridian is used as the reference, instead of the local meridian, the expression Green- f %'
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FIGURE 1426c.-A point on the celestial sphere can be located by its declination and hour angle.

wich hour angle (GHA) is applied. It is sometimes convenient to measure the arc or f.
angle in either an easterly or westerly direction from the local meridian, through 1800,
when it is called meridian angle (t) and labeled E or W to indicate the direction of
measurement. All bodies or other points having the same hour angle lie along the
sme hour circle.

Because of the apparent daily rotation of the celestial sphere, hour angle con-
tinually increases, but meridian angle increases from 00 at the celestial meridian
to 1800W, which is also 180°E, and then decreases to 0* again- The rate of change
for the mean sun (art. 1421) is 150 per hour. -he rate of all other bodies except the
moon is within 3' of this value. The average rate of the moon is about 145.

As the celestial sphere rotates, each body crosses each branch of the celestial
meridian approxmately once a day. This crossing is called meridian transit (sometimes
called culmination). It may be called upper transit to indicate crossing of the upper
branch of the celestial meridian, and lower transit to indicate crossing of the lower
branch.

The time diagram shown in figure 142Sb illustrates the relationship between the
various hour angles and meridian angle. The circle is the celestial equator as seen from
above the South Pole. with the upper branch of the observer's meridian (P.31) at the

!= ~top. The radius PG is the Greenwich meridian, PT the hour circle of the vernal_--L

equinox, and IPS and PI.' the hour circles of eleia! bodies to the west and east,
respectv elyg of the observer's celestial meridian. Note that when MIA is ler: than ISO*,
t is numerically ti se and is labeled W, but that when MIA is greater ehan alO*,

.t=360-LHA and is labeled E. In figure 142Sb arc GM is the longitude, which in
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this case is west. The relationships shown apply equally to other arrangements of radii, I
except for relative magnitudes of the quantities involved.

1429. The horizons.-The second set of celestial coordinates with which the J
navigator is directly concerned is based upon the horizon as the primary great circle.
However, since several different horizons are defined, these should be thoroughly
understood before proceedipg with a consideration of the horizon system of coordinates.

The line where earth and sky appeak to meet is called the visible or apparent
horizon. On land this is usually an irregular line unless the terrain is level. At sea the
visible horizon appears very regular and often very sharp. However, its position rela-
tive to the celestial sphere depends primarily upon (1) the refractive index of the air, IM
and (2) the height of the observer's eye above the surface.

Figure 1429 shows a cross section of the earth and celestial sphere through the
position of an observer at A above the surface of the earth. A straight line through A
and the center of the earth 0 is the vertical of the observer, and contains his zenith
(Z) and nadir (Na). A plane perpendicular to the true vertical is a horizontal plane,
and its intersection with the celestial sphere is a horizon. It is the celestial horizon if
the plane passes through the center of the earth, the geoidal horizon if it is tangent to
the earth, and the sensible horizon if it passes through the eye of the observer at A.
Since the radius of the earth is considered negligible with respect to that of the celestial IN

sphere, these horizons become superimposed, and most measurements are referred i
only to the celestial horizon. This is sometimes called the rational horizon from the I
latin word "ratio," reckoning. I

If the eve of the observer is at the surface of the earth, his visible horizon coincides -
with the plane of the geoidal I- :zon; but when elevated above the surface, as at A, '. -
his eye becomes the vertex of a cone which, neglecting refraction, is tangent to the Q

earth at the small circle BB, and which intersects the celestial sphere in B'B', the A
geometrical horizon. This expression is sometimes-buu less appropriately-applied to j
the celestial horizon. I;

Because of refraction (art. 1605), the visible horizon C'C' appears above but is 2M-
actually slightly below the geometrical horizon as shown in figure 1429. -

F iGUE 1429.The horizons used in navigation.

7eo n. ... .
2 -V . . _ Horizon _
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For any elevation above the surface, the celestial horizon is usually above the
geometrical and visible horizons, the difference increasing as elevation increases. It is
thus possible to observe a body which is above the visible horizon but below the-celestial
horizon. That is, the body's altitude is negative and its zenith distance is greater than
90" (art. 1430).

1430. The horizon system of coordinates is based upon the celestial horizon as
the primary great circle, and a series of secondary vertical circles, which are great
circles through the zenith and nadir of the observer and hence perpendicular to his
horizon (fig. 1430a). Thus, the celestial horizon is similar to the equator, and the vertical
circles are similar to meridians, but with one important difference. The celestial horizon
and vertical circles are dependent upon the position of the observer and hence move with
him as he changes position, while the primary and secondary great circles of both the
geographical and celestial equator systems are independent of the observer. The
horizon and celestial equator systems coincide for an observer at the geographical pole
of the earth, and are mutually perpendicular for an observer o: ae equator. At all
other places the two are oblique.

The vertical circle through the north and south points of the horizon passes through
the poles of the celestial cquatur system of coordinates. One of these poles (having the
same name as the latitude) is above the horizon and is called the elevated pole. The I
other, called the depressed pole, is below the horizon. Since this vertical circle, is a
great circle through the celestial poles, and includes the zenith of the observer, it is l
also a celestial meridan. In the horizon system it is called the principal vertical circle.

ZI

NORTH AST MI

WES/ \CLSIA OSOUTH

lI

FIGURE 1430a.-Elerents of the celestial sphere. The celestial horizon is the primary great Circle. --_
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The vertical circle through the east and west points of the horizon, and hence perpen-
dicular to the principal vertical circle, is called the prime vertical circle, or simply the
prime vertical.

As shown in figure 1430b, altitude is angular distance above the horizon. It is meas-
ured along a vertical circle, from 00 at the horizon through 90' at the zenith. Altitude
measured from the visible horizon may exceed 900 because of the dip of the horizon, as
shown in figure 1429. Angular distance below the horizon, called negative altitude, is AA
provided for by including certain negative altitudes in some tables for use in celestial
navigation, such as Pub. No. 249. All points having the same altitude lie along a parallel
of altitude or almucantar.

Zenith distance (z) is angular distance from the zenith, or the arc of a vertical circle
between the zenith and a point on the celestial sphere. It is measured along a vertical
circle from 00 through 1800. It is usually considered the complement of altitude. For
a body above the celestial horizon it is equal to 90o--h and for a body below the celestial
horizon it is equal to 90'-(-h) or 90+h; or 90°+a niegative altitude.

The horizontal direction of a point on the celestial sphere, or the bearing of the geo-
graphical pobition is called azimuth or azimuth angle depending upon the metbc3d of
measurement. In both methods it is an arc of the horizon (or parallel of altitude) or
an angle at the zenth. It is azimuth (Zn) if measured clockwise through 3600, starting
at the north pcint on the horizon; and azimuth angle (Z) if measured either clockwise or
counterclockwise through 1800, starting at the north point of the horizon in north
latitude and the south point of the horizon in south latitude.

ofltitude

N _______ -- - '-

Celestial Horizon

FIGUR 1430b.-The horizon system of coordinates, showing measurement of altitude, zenith distance,
azimuth, and azimuth angle.
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The ecliptic system is based upon the ecliptic as the primary great circle, analogous
to the equator. The points 90* from the ecliptic are the north and south ecliptic poles.
The series of great circles through these poles, analogous to meridians, are circles of
latitude. The circles parallel to the plane of the ecliptic, analogous to parallels on the j

earth, are parallels of latitude or circles of longitude. Angular distance north o: south
of the ecliptic, analogous to latitude, is celestial latitude. Celestial longitude is measured
eastward along the ecliptic through 3600, starting at the vernal equinox. This system
of coordinates is of interest chiefly to astronomers. Another system of interest primarily
to astronomers is known as the galactic system.

1431. Summary of coordinate systems.-The four systems of celestial coordinates
are analogous to each other and to the terrestrial system, although each has distinctions
such as differences in directions, units, and limits of measurement. The following
table indicates the analogous term or terms under each system. For differences, see
the description of each system, given earlier in the chapter, or appendix E.

Earth Celestial Equator Horizon Ecliptic

equator celestial equator horizon ecliptic

poles celestial poles zenith, nadir ecliptic poles

meridians hour circles, celestial vertical circles circles of latitude I
meridians

prime meridian hour circle T, Green- principal vertical circle of latitude
wich celestial me- circle, prime vertical through 'P
ridian, local celestial circle
meridian -Q2

parallels parallels of declination parallels of altitude parallels of latitude

latitude declination altitude celestial latitude

colatitude polar distance zenith distance celestial colatitude

longitude SHA, RA, GHA, azimuth, azimuth celestial longitude
LiHA, t angle, amplitude

1432. Diagram on the plane of the celestial meridian.--From a point outside the
celestial sphere (if this were possible) and over the celestial equator, at such a distance
that the view would be orthographic, the great circle appearing as the outer limit would
be a celestial meridian. Other celestial meridians would appear as ellipses. The celestial
equator would appear as a diameter 900 from the poles, and parallels of declination as A
straight lines parallel to the equator. The view would be similar to the orthographic
view of the earth, as shown in figure 319b. .=

A number of useful relationships can be demonstrated by drawing a diagram on -

the plane of the celestial meridian showing this orthographic view. Arcs of circles can
be substituted for the ellipses without destroying the basic relationships. Refer to .
figure 1432a. In the lower diagram the circle represents the celestial meridian, QQ' the
celestial equator, PA and Ps the north and south celestial poles, respectively. If a star
has a declination of 300 N, an angle of 300 can be measured from the celestial equator, as
shown. It could be measured either to the right or left, and would have been toward
the south pole if the declination had been south. The parallel of declination is a line I
through this point and parallel to the celestial equator. The star is somewhere on this

line (actually a circle viewed on edge).
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FiGuRE 1432a.-Measurement of celestial Fmiun 1432b.-Measurement of horizon
equator system of coordinates, system of coordinates.

To locate the hour circle, draw the upper diagram so that Pn is directly above
Pr of the lower figure (in line with the polar axis Pn P&), and the circle is of the same di- I
ameter as that of the lower figure. This is the plan view, looking down on the celestial
sphere from the top. The circle is the celestial equator. Since the view is from above
the north celestial pole, west is clockwise. The diameter QQ' is the celestial meridian
shown as a circle in the lower diagram. If the right half is considered the upper branch, -
local hour angle is measured clockwise from this line to the hour circle, as shown. In

- . this case the LHA is 800. The intersection of the hour circle and celestial equator,
point A, can be projected down to the lower diagram (point A') by a straight line parallel
to the polar axis. The elliptical hour circle can be represented approximately by an
arc of a circle through A', Pn, Ps. The center of this circle is somewhere along the

f celestial equator line QQ', extended if necessary. It is usually found by trial and error.
Tile intersection of the hour circle and parallel of declination locates the star.

Since the upper diagram serves only to locate point A' in the lower diagram, the
two can be combined. That is, the LHA are can be drawn in the lower diagram, as
shown, and point A projected upward to A'. In practice, the upper diagram is nut
drawn. being shown here for illustrative purposes only.

* 9'-. '.°° -- =N
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In this example the star is on that half of the sphere toward the observer, or the
western part. If LHA had been greater than 1800, the body would have been on the -

eastern or "bablk" side.
From the east or west point over the celestial horizon, the orthographic view of the

horizon system of coordinates would be similar to that of the celestial equator system
from a point over the celestial equator (fig. 1432a), since the celestial meridian is also
the principal vertical circle. The horizon would appear as a diameter, parallels of
altitude as straight lines parallel to the horizon, the zenith and nadir as poles 90* from
the horizon, and vertical circles as ellipses through the zenith and nadir, except for the
principal vertical circle, which would appear as a circle, and the prime vertical, which
would appear as a diameter perpendicular to the horizon.

A celestial body can be located by altitude and azimuth in a manner similar to
that used with the celestial equator system. If the altitude is 25 ° , this angle is meas-
ured from the horizon toward the zenith and the parallel of altitude is drawn as a
straight line parallel to the horizon, as shown at hh' in the lower diagrain of figure
1432b. The plan view fronm above the zenith is shown in the upper diagram. If north
is taken at the left, as shown, azimuths are measured clockwise from this point. In the
figure the azimuth is 290' and the azimuth angle is N70°W. The vertical circle is located
by measuring either arc. Point A thus located can be projected vertically downward to
A: on the horizon of the lower diagram, and the vertical circle represented approximately
by the arc of a circle through A' and the zenith and nadir. The center of this circle
is on NS, extended if necessary. The body is at the intersection of the parallel of altitude
and the vertical circle. Since the upper diagram serves only to locate A' on the lower
diagram, the two can be combined, point A located on the lower diagram and projected i
upward to A', as shown. Since the body of the example has an azimuth greater than j
1800, it is on the western or "front" side of the diagram.

Since the celestial meridian appears the same in both the celestial equator and 7
horizon systems, the two diagrams can be combined and, if properly oriented, a body -
can be located by one set of coordinates, and the coordinates of the other system
can be determined by measurement.

Refer to figure 1432c, in which the black lines represent the celestial equator
system, and the red lines the horizon system. By convention, the zenith is shown at
the top and the north point of the horizon at the left. The west point on the horizon
is at the center, and the east point directly behind it. In the figure the latitude A
is 37°N. Therefore, the zenith is 370 north of the celestial equator. Since the zenith

is established at the top of the diagram, the equator can be found by measuring an
arc of 370 toward the south, along the celestial meridian. If the declination is 30°N andI the LHLA is 80', the body can be located as shown by the black lines, and described
above.

The altitude and azimuth can be determined by the reverse process to that de-
scribed above. Draw a line hh' through the body and parallel to the horizon, NS,
The altitude, 25, is found by measurement, as shown. Draw the arc of a circle through
the body and the zenith and nadir. From A', the intersection of this arc with the
horizon, draw a vertical line intersecting the circle at A. The azimuth, N70°W, is
found by measurement, as shown. The prefix N is applied to agree with the latitude.
The body is left (north) of ZNa, the prime vertical circle. The suffix W applies because
the LHA, 800. shows that the body is west of the meridian. I -

If altitude and azimuth are given, the body is located by means of the red lines.
The parallel of declination is then drawn parallel to QQ', the celestial equator, and the
declination determined by measurement. Point L' is located by drawing the arc of a
circle through Pr. the star, and Ps. From L' a line is drawn perpendicular to QQ',

1. -
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F!GURE 1432c.-Diagram on the plane of the celestial meridian.

locating L. The meridian angle is then found by measurement. The declination is
known to be north because the body is between the celestial equator and the north
celestial pole. The meridian angle is west to agree with the azimuth, and hence LHA I -!
is numerically the same.

Since QQ' and PnPs are perpendicular, and ZNa and NS are also perpendicular,
arc NPn is equal to arc ZQ. That is, the altitude of the elevated pole is equal to the declina-
tion of the zenith, which is equal to the latitude. This relationship is the basis of the method
of determining latitude by an observation of Polaris (art. 2105).

The diagram on the plane of the celestal meridian is useful in approximating a
number of relationships. Consider figure 1432d. The latitude of the observer (NPn
or ZQ) is 45°N. The declination of the sun (Q4) is 20°N. Neglecting the change in

' declination for one day, note the following: At sunrise, position 1, the sun is on the
horizon (NS), at the "back" of the diagram. Ls altitude, b, is 00. Its azimuth angle,
Z, is the arc NA, N63°E. This is prefixed N to agree with the latitude and suffixed A
E to agree with the meridian angle of the sun at sunrise. Hence, Zn=0°+63°=063 ° .  30
The amplitude, A, is the arc ZA, E27°N. The meridian angle, t, is the arc QL, IIO0*E.
The suffix E is applied because the sun is east of the meridian at rising. The LHA is i _l
360o_110o=250.

As the sun moves upward along its parallel of declination, its altitude increases.
It reaches position 2 at about 0600, when t=90oE. At position 3 it is on the prime
vertical, ZNa. Its azimuth angle, Z, is N90°E, and Zn=0900 . The altitude is Nh' or
Sh, 270.

Moving on up its parallel of declination, it arrives at position 4 on the celestial
meridian about noon-when t and LHA are both 0*, by definition. On the celestial
meridian a body's azimuth is 0000 or 1800. In this case it is 1800 because the body
is south of the zenith. The maximum altitude occurs at meridian transit, in this case
the are S4, 65'. The zenith distance, z, is the are Z4, 250. A body is not in the zenith

ifm
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FirURE 1432d.-A diagram on the plane of the celestial
meridian for lat. 450 N. j

at meridian transit unless its declination is numerically, and by name, the same as the

latitude.
Continuing on, the sun moves downward along the "front" or western side of the

diagram. At position 3 it is again on the prime vertical. The altitude is the same as when
previously on the prime vertical, and the azimuth angle is numerically the same, N-A
but now measured toward the west. The azimuth is 2700. The sun reaches position a
2 six hours after meridian transit, and sets at position 1, when the azimuth angle is
numerically the same as at sunrise, but westerly, and Zn=3600 -63 0 2970 . The
amplitude is W27°N.

After sunset the sun continues on downward along its parallel of declination until
it reaches position 5, on the lower branch of the celestial meridian, about midnight. - 2
I-. negative altitude, are N5, is now greatest, 250, and its azimuth is 0000. At this
point it starts back up along the "back" of the diagram, arriving at position 1 at the
next sunrise, to start another cycle.

Half the cycle is front the crossing of the 9G hour circle (the PnPs line, position]
2) to the upper branch of the celestial meridian (position 4) and back to the PnPs
line (position 2). When the declination and latitude have the same name (both north!)
or both south), more than half the parallel of declination (position 1 to 4 to 1) is above i
the horizon, and the body is above the horizon more than half the time, crossing the I
900 hour circle above the horizon. It rises and sets on the same side of the prime vertical A-
as the elevated pole. If the declination is of the same name but numerically smaller
than the latitude, the body crosses the prime vertical above the horizon. If the declina- A

- tion and latitude have the same name and are numerically equal. the body is in the
zenith at upper transit. If the declination is of the same name but, numerically greater
than the latitude, the body crosses the upper branch of the celestial meridian between
the zenith and elevated pole, and does not cross the prime vertical. If the declination 4
is of the same name as the latitude and complementary to it (d+L=90°, the body is
on the horizon at lower transit, and does not set. If the declination is cf the same name
as the latitude and numerically greater than the colatitude, the body is above the horizon

N
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during its entire daily cycle, and has maximum and minimum altitudes, as shown by
the black dotted line in figure 1432d. 4W

If the declination is 00 at any latitude, the body is above the horizon half the time, ?q
following the celestial equator QQ', and rising and setting on the prime vertical. If the
declination is of contrary name (one north and the other south), the body is above the
horizon less than half the time, and crosses the 900 hour circle below the horizon. It
rises and sets on the opposite side of the prime vertical from the elevated pole. If the
declination is of contrary name and numerically smaller than the latitude, the body
crosses the prime vertical below the horizon. This is the situation with the sun in
winter, when days are short. If the declination is of contrary name and numerically
equal to the latitude, the body is in the nadir at lower transit. If the declination is of
contrary name and complementary to the latitude, the body is on the horizon at upper
transit. if the declination is of contrary name and numerically greater than the co- A
latitude, the body does not rise.

All of these relationships, and those that follow, can be derived by means of a
diagram on the plane of the celestial meridian. They are modified slightly by atmos-
pheric refraction, height of eye, semidiameter, parallax, changes in declination, and
apparent speed of the body along its diurnal circle. I

It is customary to keep the same orientation in south latitude, as shown in figure -7
1432e. In this illustration the latitude is 45°S, and the declination of the body is 15 *N.
Since Ps is the elevated pole, it is shown above the southern horizon, with both SP8
and ZQ equal to the latitude, 45 ° . The body rises at position 1, on the opposite side
of the prime vertical from the elevated pole; moves upward along its parallel of dec-
lination to position 2, on the upper branch of the celestial meridian, bearing north;
and then downward along the "front" of the diagram to position 1, where it sets;
remaining above the horizon for less than half the time because declination and latitude
are of contrary name. The azimuth at rising is arc NA, the amplitude ZA, and the
azimuth angle SA. The altitude circle at meridian transit is shown at hi'.

A diagram on the plane of the celestial meridian can be used to demonstrate the
effect of a change in latitude. As the latitude increases, the celestial equator becomes
more nearly parallel to the horizon. The colatitude becomes smaller, increasing the
number of circumpolar bodies and those which neither rise nor set, and also increasing
the difference in the leng.h of the days between summer and winter. At the poles (fig.
1416b), celestial bodies circle the sky, parallel to the horizon. At the equator (fig. 1416a)
the 900 hour circle coincides with the horizon. Bodies rise and set. vertically; and are AS
above the horizon half the time. At rising and setting the amplitude is equal to the
declination. At meridian transit the altitude is equal to the codeclination. As the latitude
changes name, the same-contrary name relationship with declination reverses. This
accounts for the fact that one hemisphere has winter while the otlher is having summer.

The error arising from showing the hour circles and vertical circles as arcs of
circles instead of ellipses increases with increased declination or altitude. More accurate
results can be obtained by measurement of azimuth on the parallel of altitude instead
of the horizon, and of hour angle on the parallel of declination inste I of the celestial
equator. Refer to figure 1432f. Tie vertical circle shown is for a be ] having an azi-
muth angle of S60°W. The arc of a circle is shown in black, and the ellipse in red. The
black arc is obtained by measuiement around the horizon, locating A' by means of A,
as previously described. The intersection of this arc with the altitude circle at 600 places
the body at -1. If a semicircle is drawn with the altitude circle as a diameter, and the
azimuth angle measured around this, to B, a perpendicular to the hour circle locates -
the body at l', on the ellipse. By this method the altitude circle, rather than the hori-
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FIGURE 1432e.-A diagram oil the plane of the celestial
meridian for lat. 450 S.
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zon, is, in effect, rotated through 90' for the measurement. This refinement is seldom

used because actual values are usually found mathematically, the diagram on the plane
of the meridian being used primarily to indicate relationships.

With experience, one may mentally visualize the diagram on the plane of the t
celestial meridian without making an actual drawing. Devices with two sets of spherical

•coordinates, on either the orthographic (art. 319) or stereographic (art. 318) projection. -

pivoted at the center, have been produced commercially to provide a mechanical dia-
gram on the plane of the celestial meridian. However, since the diagram's principal use I
is to illustrate certain relationships, such a device is not a necessary part of the naviga-
tor's equipment.

1433. The navigational triangle.-A triangle formed by arcs of great circles of a
sphere is call3d a spherical triangle. A spherical triangle on the celestial sphere is called a
celestial triangle. The spherical triangle of particular significance to navigators is called
the navigational triangle. It is formed by arcs of a celestial meridian, an hour circle, and
a vertical circle. Its vertices are the elevated pole, the zenith, and a point on the celestial
sphere (usually a celestial body). The terrestrial counterpart is also called a naviga-
tional triangle, being formed by arcs of two meridians and the great circle connecting
two places on the earth, one on eac], meridian. The vertices are the two places and a
pole. In great-circle sailing these places are the point of departure and the destina-
tion. In celestial navigation they are the assumed position (AP) of the observer and
the geographical position (GP) of the body (the place having the body in its zenith).
The GP of the sun is sometimes called the subsolar point, that of the moon the sub-

, 'lunar point, that of a satellite (either natural or artificial) the subsatellite point, and
that of a star its substellar or subastral point. When used to solve a celestial obser-
vation, either the celestial or terrestrial triangle may be called the astronomical triangle. I

The navigational triangle is shown in figure 1433a on a diagram on the plane of
the celestial meridian, labeled as in article 1432, but with the hour circle and vertical
circle properly shown as ellipses. The earth is at the center, 0. The star is at M, dd' is
its parallel of declination, and hh' its altitude circle.

In the figure, arc QZ of the celestial meridian is the latitude of the observer, and
PnZ, one side of the triangle, is the colatitude. Arc AM of the vertical circle is the -A

altitude of the body, and side ZM of the triangle is the zenith distance, or coaltitude.
Arc L11 of the hour circle is the declination of the body, and side PnM of the triangle
is the polar distance, or codeclination.

The angle at the elevated pole, ZPnM, having the hour circle and the celestial ,
meridian as sides, is the meridian angle, t. The angle at the zenith, PnZM, having
the vertical circle and that arc of the celestial meridian which includes the elevated
pole as sides, is the azimuth angle. The angle at the celestial body, ZMPn, having
the hour circle and the vertical circle as sides, is the parallactic angle (X) (sometimes
called the position angle), which is not generally used by the navigator.

A number of problems involving the navigational triangle are encountered by the
navigator, either directly or indirectly. Of these, the most common are:

1. Given latitude, declination, and meridian angle, to find altitude and azimuth
angle. This is used in the reduction of a celestial observation, to establish a line of
position (ch. XX).

2. Given latitude, altitude, and azimuth angle, to find declination and meridian
angle. This is used to identify an unknown celestial body (cl. XXII).

3. Given meridian angle, declination, and altitude, to find azimuth angle. This
may be used to find azimuth when the altitude is known (ch. XX).

4. Given the latitude of two places on the earth and the difference of longitude
between them, to find the initial great-circle course and the great-circle distance (ch.

AR
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FloGURs 1433a.-The navigational triangle.

IX). This involves the same parts of the tri ngle as in 1, above, but in the te ?strlal
triangle, and hence defined differently.

Both celestial and terrestrial navigational triangles are shown in prorspective in
figure 1433b.

Problems

1428. Given.-An observer is at longitude 77'E. The sun is 600 eat of the meridian.
GHA T is 370'.

Required.-(1) LHA of the sun.
(2) GHIA of the sun.
(3) SHA of the sun.
(4) Approximate time at the local meridian.
Answe-s.-(1) LHA 3000, (2) 2230, (3) SHA 1860, (4) T 0800. Z
1430a. Reguired.-Convert Z to Zn in the following:

(1) N1740E, (4) S39 0E
(2) SI 'E (5) N106-W
(3) SNO0W (6) N90-W

Aswers.-(1) Zn 1740, (2) Zn 1790, (3) Zn 2700, (4) Zn 1410, (5) Zn 2540, (6 Zn
270*.

1430b. Required.-Convert Zn to Z in the following, using the 1800 system:
Zn Lat. Zn Lai.

(1) 2140 N (4) 3330 S
(2) 1630 S 5) 2060 N
(3) 0070 N (6) 2060 S

Answers.-(1) Z N146*W, (2) Z S17 0E, (3) Z N7 0E, (4) Z S1530W, (5) ZI
N154 0 W, (6) Z S260W.

1430c. Required.-Convert~ Zn to Z in the followving, using the 900 system:
(1) 0510 (3) 2510
(2 1510 (4) 3510

SA
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FICunt, 1433b.MThe navigational triangle in perspective.

Aiwwers.-(1) Z N51°E, (2) Z S29*E, (3) Z S71°W, (4) Z N9°W.
Solve the following problems by diagrams on the plane of the celestial meridian:
1432a. Girem.-L 32°N, t 71OW, d 27ON.
Required.-Altitude and azimuth.
Answrs.-h 280, Zn 288.
1432b. Girtn.-L 170S, t, 640E, d 28 0S.
Rquired.-Altitude and azimuth.
-Answers.-h 280, Zn 11.50.
1432c. Girtn.-L 59°N, i 270, Zn 0520.
Required.-Declination and meridian angle.
Aneers.-d 41°N, t 111°E.

I 1432d. Gir.-b 31 ON. declination of sun 18°S.
Rcquired.-(1) Azimuth at sunrise. (2) maximum altitude, (3) altitude when the

azimuth is 2340, (4) azimuth angle when the altitude in the afternoon is 10', (5)
amplitude at sunset.

Arswrs.-(!) Zn Il-, (2) h 410, (3) h 18', (4) Z NilS°W, (5) A W21°S.

Al"



390 NAIIG ATIO. A ATRONOMY

1432e. Given.-The decination of the star Dubhe is approximately 62 0N. Wheni
observed at lower transit, its altitude is 430.

Required.-(l) Latitude of the observer, (2) azimuth at upper transit.
Aisoers.-(1) L-71°N,-(2) Zn 1800.
1432r. Reiqired.-For an observer at latitude 39°N, find for the sun at summer and

winter solstices, respectively: (1) 1 71A at sunrise, (2) LHA when on the prime verti

during the morning, (3) maximum altitude, (4) LHA at sunset, (5) length of dayligh
if the sun moves 15' per hour.

(I) LiA 2480 2920

(2) LHA 3040 2360 (below horizon)
(3) h 740 2S
(4) LHA 1120 680
(5) T 14b56n 9f42

1432g. Given.-L 83 0N, sun's declination 4°S.
Required.-(1) LffA. at sunrise, (2) maximum altitude, (3) LHA at sunset, (4) °

length of daylight (sun moving 15 per hour).
Ansters -(1) LHA 305%, (2) max h 30, (3) LHA 550, (4) T 7120f.
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CHAPTER XV

INSTRUMENTS FOR CELESTIAL NAVIGATION

1501. The marine sextant is a hand-held instrument for measuring the angle
between the lines of sight to two points by bringing into coincidence at the eye of the
observer the direct ray from one point, and a double-reflected ray from the other, the
measured angle being twice the angle between the reflecting surfaces. Its principal
use is to measure the altitudes of celestial bodies above the visible sea horizon. Some-
times it is turned on its side and used for measuring the dffereiwe in bearing of two
terrestrial objects. Because of its great value for determining position at sea, the sextanthas been a symbol of navigation for more than 200 years. The quality of his instrument,

the care he gives it, and the skill with which he makes observations are to the navigator
matters of professional pride.

The name "sextant" is from the Latin sextanw, "the sixth part." The arc of early
marine sextants is approximately the sixth part of a circle, but because of the optical
principle involved (art. 1502), the instrument measures angles of 1200. Most modem

-instruments measure something more than this.
1 1502. Optical principles.-When a ray of light is reflected from a plane su-face,

angle of reflection is equal to the angle of incidence (fig. 1502a). From optics the 4

angle between the first and final directions of a ray of light that has undergone double
reflection in the same plane is twice the angle that the two reflecting surfaces make
with each other (fig. 1502b).

In figure 1502b, AB is a ray of light from a celestial body. The index mirror of =

the sextant is at B, the horizon glass at C, and the eye of the observer at D. Construction
lines EF and CF are perpendicular to the index mirror and horizon glass, respectively,
and lines BG and CG are parallel to these mirrors. Therefore, angles BFO and BGO
are equal because their sides are mutually perpendicular (art. 127, vol. II). Angle BGCis,
the inclination of the two reflecting surfaces. The ray of light AB is reflected at mirror B,

A

Bn-

Sequals ageof incidence. of the marine sextant. WWI .
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proceeds to mirror C, where it is again reflected, and then continues on to the eye of
the observer at D. Since the angle of reflection is equal to the angle of incidence,

ABE=EBC, and ABC=2EBC
BCF=FCD, and BCD=2BCF.

Since an exterior angle of a triangle equals the sum of the two nonadjacent interior!
angles (art. 128, vol. II),

ABC=BDC+BCD, and EBC=BFC+BOF.
Transposing,

BDC=ABC-BCD, and BFC=EBC-BCF.

Substituting 2EBC for ABC, and 2BGF for BCD in the first of these equations,

BDC=2EBC-2BF, or BDC=2(EBC-BGF). _

Since -

BFC=EBC-BCF, and BF BGC, 39
therefore 1

BDC==2BFC=2BGC.
.1A

That is, BDC, the angle between the first and last directions of the ray of light, is
equal to 2BGC, twice the angle of inclination of the reflecting surfaces. Angle BDC is the
altitude of the celestial body. b

If the two mirrors are parallel, the incident ray from any observed body
must be parallel to the observer's line of sight through the horizon glass; i.e., the
altitude of the body is zero. Accordingly, the 0' graduation on the arc coincides with
that position of the index arm when the index mirror is parallel to the horizon glass.
Since the angle that these two reflecting surfaces make with each other is one-half the
angle actually observed, the arc is so graduated that 100 of arc on the limb is labelled _7M
20', 20' of arc is labelled 400, etc.

1503. Micrometer drum sextant.-A modern marine sextant, called a micrometer
drum sextant, is shown in figure 1503a. In most marine sextants, the frame, A, is
made of brass or aluminum. There are several variations of the design of the frame,
nearly all conforming generally to that shown. The limb, B, is cut on its outer edge
with teeth, each representing one degree of altitude. The altitude graduations, C,!
along the limb, are called the arc. Some sextants have an are marked in a strip of
brass, silver, or platinum inlaid in the limb.

The index arm, D, is a movable bar of the same material as the frame. It is pivoted i1P%
about the center of curvature of the limb. The tangent screw, E, is mounted perpen- i
dicularly on the end of the inde: arm, where it engages the teeth of the limb. Because
the index arm can be moved through the length of the arc by rotating the tangent i
screw, this is sometimes called an "endlesr tangent screw," in contrast with the limited- A
range device on older instruments. The release, F, is a spring-actuated clamp which
keeps the tangent screw engaged with the teeth of the limb. By applying pressure on M
the legs of the release, one can disengage the tangent screw. The index arm can then
be moved rapidly along the limb. Mounted on the end of the tangent screw is a
micrometer drum, G, which is graduated in minutes of altitude. One complete turn
of the drum moves the index arm one degree of altitude along the arc. Adjacent to the
micrometer drum and fixed on the index arm is a vernier, H, which aids in reading
fractions of a minute. The vernier shown is graduated into ten parts, permitting read-
ings to six seconds. Other sextants (generally of European manufacture) have verniers

gig
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F'IGRE 153a.-LU. S. Navy Mark 2 micrometer drum sextant. I-
gradluated into only five parts, permitting readings to 12 seconds.

The index mirror, I, is a piece of silvered plate glass mounted on the index arm, :
perpen]dicular to the plane of the instrument, with the center of the reflecting surface
directly over the pivot of the index arm. 'rhe horizon glass, J, is a piece of optical glass )
silvered on its half nearer the frame. It is mountedl on the frame, perpendicular to -

the plane of the sextant. The index mirror and horizon glass are mounted so that
their surfaces are parallel when the micrometer drum is set at 0°, if the instrument is -I.
in perfect adjustment. Shade glasses, K, of varying or variable darkness, are mounted 2~on the frame of the sextant in front of the index mirror and horizon glass. They can
be moved into the line of sight at will, to reduce the intensity of light reaching the eye -

The telescope, L, screws into an adjustable collar in line with the horizon glass,

and should then be parallel to the plane of the instrument..XMost modern sextants € :
~are provided with only one telescope, but some are equipped with two or more. When

only one telescope is provided, it is of the "erect image type," either such as shown or one
•with a wider "object, glass" (far end of telescope), which generally is shorter in length--

"* and gives a greater field of view. The second telescope, if provided, may be the "invert- -
ing type." The inverting telescope, having one lens less inhan the erect type, absorbs less j

light, but at the expense of producing an inverted image. A small colored glass cap is
* ~sometimes provided, to be placed over the "eyepiece" (near end of telescope) to reduce o

, the glare. With this in place, shade glasses are generally not needed. A "peep sight,"

A-
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may be provided. It is a clear tube which serves to direct the line of sight of the observer
when no telescope is used.

The telescope shown in figure 1503a is fitted with a "spiral focusing mechanism."
Other sextants substitute a "draw" for this mechanism. The draw is fitted inside the
telescope tube without threads and is slid in or out as necessary to focus the instrument.
The spiral focusing mechanism is easily adjusted each time the sextant is used, but on

the draw type, the navigator should mark the draw to indicate the correct extension
for his eyes.

The handle, M, of most sextants is made of wood or plastic. Sextants are designed'
to be held in the right hand. Some are equipped with a small light on the index arm to'
assist in reading altitudes. The batteries for this light are fitted inside a recess in the M
sextant handle.

Figure 1503b shows the U. S. Navy Mark 3 micrometer drum sextant from the
handle side. This figure shows parts no, clearly shown in figure 1503a, such as the legs
and the tangent screw. This sextant, which is generally similar to sextants used in the A

merchant marine, is fitted with a four power telescope. A diopter scale is provided on
the focusing mechanism of the telescope for adjustment to the individual user's eye.
The "anatomical" handle is designed for decreased arm fatigue and hand tremor. A

CENTER

LAMP CABLE

BATTERY HOLDER CAP -I

PUSH -BUTTON LIGHT SWITCH
LEGS (3) -

zAMTELESCOPE CLAMP

TELESCOPE

1'I~HANDLE ;

FRAME

RUBBER EYE GUARD.,... - -

~ARC TEETH= -'7

TANGENT WORM SCREW MICROM.TERADRUMi- -J I. MICROMETER DRUM .

FIoURa 1503b.-U. S. Navy Mark 3 micrometer drum sextant.
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light switch and batteries are conveniently located in the handle. Large coated optics
are provided for more light transmission and improved field of view, resolution, and
magnification.

There are two basic designs commonly used for mounting and adjusting mirrors
on marine sextants. On the U. S. Navy Mark 3 and other sextants, the mirror is mounted
so that it can be moved against retaining or mounting springs within its frame. Only

one perpendicular adjustment screw is required. On the U. S. Navy Mark 2 and other
sextants the mirror is fixed within its frame. Two perpendicular adjustment screws are
required. One screw must be loosened before the other screw bearing on the same surface is
tightened.

Figure 1503c shows a sextant with a silver arc inserted in the limb, a micrometer -A
drum graduated oppositely to the one in figure 1503a, a vernier graduated into six
parts, a shorter telescope with a wider object glass than that in figure 1503a, a telescope
draw substituted for a spiral focusing mechanism, and a light fitted on the index arm.

FIGuRE 1503c.-A micrometer drum sextan; used in the merchant marine. i

1504. Vernier sextant.-Nearly all marine sextants of recent manufacture are of J
the type described in article 1503. At least two older-type sextants are still in use. These
differ from the micrometer drum sextant principally in the manner in which the final
reading is made. They are called vernier sextants.

The clamp screw vernier sextant is the older of the two. In place of the modern
"release," a clamp screw is fitted on the underside of the index arm. To move the
index arm, one loosens the clamp screw, releasing the arm. When the arm is placed at
the approximate altitude of the body being observed, the clamp screw is tightened.
Fixed to the clamp screw and engaged with the index arm is a long tangent screw. When
this screw is turned, the index arm moves slowly, permitting accurate setting. Move-
ment of the index arm (by the tangent screw) is limited to the length of the screw
(several degrees of arc). Before an altitude is measured, this screw should be set to the

I'. '
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approximate mid-point of its range. The final reading is made on a vernier set in the
index arm below the arc. A small microscope or magnifying glass fitted to the index
arm is used in making the final reading. Figure 1504 shows a clamp screw vernier sextant.

Tile endless tangent screw vernier sextant is identical with the micrometer drum
sextant, except that it has no drum, and the fine reading is made by a vernier along the
arc, as with the clamp screw vernier sextant. The release is the same as on the microm-
eter drum sextant and teeth are cut into the underside of the limb which engage with!
the endless tangent screw. The vernier itself is explained in article 1506.

FIGURE 1504.-A clamp screw vernier sextant.

1505. Use of the sextant.-When the sun is observed, the sextant is held vertically
in the right hand, and the line of sight is directed at the point on the horizon directly 2
below the body. Suitable shade glasses are moved into the line of sight, and the index
arm is moved outward from near the 00 point until the reflected image of the sun
appears in the horizon glass, near the direct, view of the horizon. The sextant is then I
tilted slightly to the right and left to check its perpendicularity. As the sextant is
tilted, the image of the sun appears to move in an arc, and the observer may have to
change slightly the direction in which he is facing, to prevent the image from moving
out of the horizon glass. When the sun appears at the bottom of its apparent arc re-
sulting from this swinging the arc, or rocking the sextant, the sextant is vertical,

Kj
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and in the correct position for making the observation. If the sextant is tilted, too
great aii angle will be measured. When the sextant, is vertical, and the observer is
facing directly toward the sun, its reflected image appears at the center of the horizon
glass, half on the silvered part, and half on the clear part. The index arm is then moved
slowly until the sun appears to be resting exactly on the horizon, which is tangent to
the lower limb. Occasionally, the sun image is brought below the horizon, and the
upper limb observed. It is good practice to make several observations, moving the limb
away from the horizon, alternately above and below it, between readings. Practice
is needed to determine the appearance at tangency, which occurs at only one point, to
avoid the common error of beginners of bringing the image down too far (too little for an
upper-limb observation). Some navigators get more accurate t bservations by letting
the body contact the horizon by its own apparent motion, bringing it slightly below
the horizon if rising, and above if setting. At the instant the horizon is tangent to
the disk, the time is noted. The sextant altitude is the uncorrected reading of the sex-
tant. Figure 1505a illustrates the major steps in making an observation of the sun.
At the left, the index arm has been moved a short distance from 00. In the center, it
has been clamped with the sun in the approximate position for a reading, and the
sextant is being rocked. At the right, the sun is in the correct position for a reading.

When the moon is observed, the procedure is the same as for the sun, except that
shade glasses are usually not required. The upper limb of the moon is observed more
often than that of the sun, because of the phases of the moon. When the terminator
(art. 1423) is nearly vertical, care should be exercised in selecting the limb that is
illuminated, if an inaccurate reading is to be avoided. Sights of the moon are best
made during daylight hours, or during that part of tvilight in which the moon is least
luminous. During the night, false horizons nearly alwivs appear below the moon, due
to illumination of the water by moonlight.

When a star or planet is observed, three methods of making the initial approxima-
tion of the altitude are in common use. In a common method, the index arm and
micrometer drum are set on zero and the line of sight is directed at the body to be ob- - -

served. Then, while keeping the reflected image of the body in the mirrored half of
the horizon glass, the index arm is slowly swung out and the frame of the sextant is
rotated down. The reflected image of the body is kept in the mirror until the horizon
appears in the clear part of the horizon glass.

When there is litt'e contrast between brightness of the sky and the body, this
procedure is difficrit, for if the body is "lost" while it is being brought down, it may
not be recovered without starting again at the beginning of the procedure. An alter-
native method fraquently used consists oA' holding the sextant upside down in the left -

__ - _A

FiunE 1505a.-Left, view through telescope with index arm set near zero. Center, "swinging the
arc" after the sun has been brought close to the horizon. Right, sun at the instant of tangency.
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MORIZON

FIGURE 1505b.- Method of bringing horizon "up" to body.

hend directing the line of sight at the body, and slowly moving the index arm out I

until t:.- horizon appears in the horizon glass. This is illustrated in figure 1505b. After I
* contact is made, the sextant is inverted and the sight taken in the usual manner.

A third method consists of determining in advance the approximate altitude and 3
azimuth of the body bv a star finder such as No. 2102-D (art. 2210). The sextant is-
set at, the indicated altitude, and the observer faces in the direction indicated by thei
azimuth. After a short search, during which the index arn is moved backward and I
forward a few degrees, and the azimuilh in which the observer faces is changed a little j
to each sidle, the image of thle body should appear in thle horizon glass. The best method
to use for any observation is that which produces the desired result with the least effort.
It is largely a matter of personal preference. J

Measurement of the altitude of a star or planet (liffers from tiat of the sun or

cidence with the horizon. Figure 1505c shows the reflected image of a star as it should,
appear at. the time of observation. Because of this difference, and the limited time -

usuall available for observation (luring twilight, the method of letting a star or planet
intersect the horizon by its on motion is little used. As with the s and moon, h ow-
ever, the navigator should not forget to swing the are to establish perpendicularity of the
sextant.

Occasionally, fog, haze, or other ships may obscure the horizon directly below a
body which the navigator wishes to observe. If the are of the sextant is sufficiently
long, a back sight might be obtained, using the opposite point of the horizon as the refer-
ence. The observer faces away from the body and observes the supplement of the alti-
tude. If the sun or moon is observed in this manner, what appears in the horizon glass
to be the lower limb is in fact the upper limb. In the case of the sun, it is usually prefer-
able to observe what appears to be the tipper limb. The are that appears when racking ,-

the sextant for a back sight is inverted; that is, the highc.qt point indicates the positiona 'I
If more than one telescope is furnished with tie sextant, the erecting telescope is

used to observe the sun. Generally, the inverting telexscope will produce the best results.
~. for daylight observations, although some navigators prefer not to use any telescope,

thus obtaining a wider field of view. The collar into which the sextant, telescope fits

Ix
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FIGURE 1505.-Correct position of planet or star at moment of observation.

may be adjusted in or out in relation to the frame. When moved in, more of the mirrored
half of the'horizon glass is visible to the navigator, and a star or planet is more easily
observed wnen the sky is relatiely bright. Near the darker limit of twilight, the tele-
scope can be moved out, giving a broader view of the clear half of the glass, and making
the less distinct horizon more easily discernible. If both eyes are kept open until the
last moments of a) observation, eve strain will be lessened. But in making the final
measurement, the nonsighting eye should be closed to permit full ocular concentration.
Practice will permit observations to be made quickly, reducin, inaccuracy due to eye
fatigue. If several observations are made in succession, with a short rest between them, j
the best results should be obtained. With experience, the observer should be able to
"call his shots," identifying the better ones.

When an altitude is being measured, it is desirable to have an assistant note the
time, so that simultaneous values of time and altitude will be available. He should be
given a warning "stand-by" when the measurement is nearly completed, and a "mark"
at the moment a reading is made. He should be instructed to read the three hands in
order of their rapidity of motion; the second hand first, then the minute land, and
finally the hour hand. If it is sufficiently (lark that a light is needed to make the read-
ing, the assistant should read both the time, and then the altitude, behind the observer
and facing away from him, to avoid inipairmuent of the observer's eye adaption to sky
and horizon lighting conditions.

-2If all assistant is not, available to time the observations, the observer holds the

watch in the palm of his left hand, leaving his fingers free to manipulate the tangent

screw of the sextant. After making the observation, he quickly shifts his view to the
watch, and notes the positions of the second, minute, and hour hands, respectively.
The delay between completing the altitude observation and noting the time should
not be nmre than one or two seconds. The average time should be determined by
having someone measure it for several observations, or by counting the half seconds
(learning to count with the half-second beats of a chronometer). This interval can

-then be subtracted from the observed time of each sight.
1506. Reading the sextant.-The reading of a micrometer drum sextant is made

in three steps. The degrees are read by noting the position of the arrow on the index
arm ii relation to the are. The minutes are read by noting the position of the zero
on the vernier with relation to the graduations on the micrometer drum. The fraction
of a minute is read by noting which mark on the vernier most nearly coincides with -
one of the graduations on the micrometer drum. This is similar to reading the time
by means of the hour, minute, and second hands of a watch. In both, the relation-
ship of one part of the reading to the others should be kept in mind. Thus, if the hour
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FIGURE 1506a.-Micrometr drum sextant set at 29042 S.5 -

hand of a watch were about on "4," one would know that the time was about fourI
o'clock. But if the minute hand were on "58," one would know that the time was
0358 (or 1558), not 0458 (or 1658). Similarly, if the arc indicated a reading of about '
400, and 58' on the micrometer druim were opposite zero on the vernier, one would :-

, know that thle reading was 39°58', not 40058 ' . Similarly, any doubt as to the correct =
, minute can be removedl by noting the fraction of a minute from the position of the

vernier. In figure 1506a the reading is 29042.5. The arrow on the index mark is between
290 and 300. the zero on the vernier is between 42' and 43', andl the "0'.5" graduation s
on the vernier coincides with one of the gradulations on the micrometer drum. -

The principle of reading a vernier type sextant is the same, hut the reading is
made in two steps. Figure 1506ib shows a typical altitude setting on this type sex-
tant. Each degree on the arc of this sextant is graduated into three parts, permitting - -
an initial reading by the reference mark on the index arm to the nearest full 20 minutes =
of arc. In this illustration the reference mark lies between 290401 and 3000, indi-

..-. _cating a readling between these values. Thle readling for the fraction of 20' is made =
by means of the vernier, which is engraved on the indlex arm and has the small refer- °
ence mark as its zero graduation. On this vernier, 40 graduation~s coincide with 39 _ :

J graduations on the arc. Each gradluation on the vernier is equivalent to o of one
i - |" ~ ~graduation (20') on the arc, or 0:5 (.30w). In the illstration, the vernier graduation _., :

representing 23/i minutes (2'30") most nearly coincides wvith one of the graduations: [ "

-=-o on the arc. Therefore, the reading is 290421301, or 29°42:5, as before. When a vernier
: of this type is used, any doubt as to which mark on the vernier coincides with a gradua- i

tion on the arc can usually be resolved by noting, the position of the vernier mark on '

~each side of the one that seems to be in coincidence..

i 
°
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FIGURE 1506b.-Vernier sextant set at 29*42'3Vf.

IWI

Negative readings (as in determining index correction, art. 1603) are made in _
the same manner as positive readings, the various parts being added algebraicall3 ,
(art. 106, vol. 11). Thus. if the three parts of a micrometer drum reading are (-) 1'°, 56'.i
and 0f3, the total reading is (-)1*+56 --I0..=(-)37. " ,

1507. Developing observational skiil.-A well-constructed marine sextant is AP.

capable of measuring angles with an instrument error not exceeding 0O 1. Lines of position!
from altitudes of this accuracy would not be in error by more than about 200 yards.
However, there aevrosources of error, other than instrumental, in altitudes -
measured by sextant. One of the principal sources is the observer himself. There is

, probably no single part of his work that the navigator regards with the same degree
:@ of professional pride as his ability to make good celestial observations. Probably none

!:: of his other tasks requires the same degree of skill. :

i The first fix a student navigator obtains by his observation of celestial bodies is Win-
- likely to be disappointing. Most navigators require a great amount, of practice to !
, ~developt"he skill needed to make good observations. But practice alone is not sufficient,
~~for if a mistake is repeated many times, it will be difficult to eradicate. Early in his I,

career a navigator would do well to establish good observational technique-and
continue to develop it during the remainder of his days as nav-igator. -Many good

. pointers can be obtained from experienced navigators, but it should be remembered
that each develops his own technique, and a practice that proves highly successful for
one observer may not help another. Also. an experienced navigator is not necessarily

good observer, although lie may consider himself such. Navigators have a natural
~tendency to judge the accuracy of their observations by the size of the figure formed

. ,,when the lines of position are plotted. Although this is some indication, it is an im-
perfect one, because it does not indicate the errors of individual observations, and

%I I
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may not reflect constant errors. Also, it is a compound of a number of errors, some!

of which are not subject to control by the navigator. 3

When a student first begins to -use the sextant, he can eliminate gross errors ofn
principle in it- use, and gain some ability in making observations, by accepting the1
coaching of an experienced navigator. By-watching the novice make observationsI
the experienced navigator cat observe a tendency to hold the instrument incorrectly,swing the arc improperly, or make other mistakes. When a celestial body is near the I
celestial meridian, the experienced navigator might make an observation and quickly,
transfer the sextant to the inexperienced one, who can see how the sight should appear.'
The two might make simultaneous observations and compare results. At first it isi
well to select bodies of low altitude, if they are available.

This procedure is helpful in detecting gross mistakes, but since the observations of
the experienced navigator are not without error, this method is not suitable for final:
polishing of technique. For this purpose, observations should be compared with a
more exact standard. Lines of position from celestial observations can be compared

= - with good positions obtained by electronics or by piloting, if near a shore. Although
this is good practice and provides a means of checking one's skill from time to time,
it does not provide the large number of comparisons in a short time needed if technique
is fo be perfected.

This can sometimes be accomplished when a vessel is at anchor, or at a pier, if a'
stretch of open horizon is available. In advance, the altitude of a celestial body which
will be over the open horizon at a time favorable for observation is computed at interval.
of perhaps eight minutes (change in hour angle of 2'). If the body will be near the
meridian, .i smaller interval should be used. 'fhe altitude is determined for the posi-ia
tion of the vessel, and all sextant altitude corrections (cl. XVI) are applied with re- ' -

versed sign. These altitudes are then plotted versus time on cross-section paper, to all
large scale, and a curve drawn through the points. At the selected time, a large num-1
her of observations are made at short intervals, allowing only enough time between i  1
observations for resting the eyes and arms. Irhese observations are then plotted oni
the cross-section paper and compared with the curve.

An analysis of the results should be instructive. Erratic results indicate poor
observational conditions or the need for practice and more care in making observa-1
tions. If the measured altitudes are consistently too great, the sextant may not bej
rocked properly, the condition of tangency of the lower limb of the sun or moon may,
not. be judged accurately, a false horizon in the water may have been used, subnormalj
refraction (dip) might be present, the eye might be higher above water than estimated,. A
time might be in error, the index correction may have been determined incorrectly, thel
sextant inight be out of adjustment, an error may have been made in the computation,! -
the horizontal (vertical) may be tilted slightly by nearby mounta:ns, etc. If the _

Yneasuredl altitudes are consistently too low, the condition oif tangencey of the upper lim~b,
of the sun or moon may not. be judged accurately, a low cloud may have been used as'
the horizon, abnormal refraction (dip) might be present, height of eye niiht be lower--

than estimated, time might be in error, the iid(-x error may have been determined
incorrectly, the sextant migh t be out of adjustment, tin error many have been made in

- the computation, the waves or swell at. the horizon might be higher than at *lhe ship, the-
horizontal (vertical) may be tilted slightly, a planet or bright star may have beenr
placed "tangent" to the horizon rather than centered on the horizon, etc.

A single test of this type, while instructive, may not be conclusive. Several tests -
jshould be made with different celestial bodies, at various altitudes, under various con--

ditions of weather and sea, andi at. different places. Generally, it is possible and desir- . -
able to correct. any errors being ,made in the technique of observation, but occasionally a

lNM
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personal error (sometimes called personal equatien) will persist. This might be differ-
ent for the sun and moon than for planets and stars, and might vary with degree of
fatigue of the observer, and other factors. For this reason, a personal error should be
applied with caution. However, if a relatively constant personal -rror persists, and
experience indicates that observations are improved by applying a correction to remove
its effect, better results might be obtained by this procedure than by Mtempting to __

eliminate it from one's observations.
When lines of position of great rliability are desired, even an exper.:zced navigator

can usually improve his results by averaging to reduce random error (art. 304, vol. II). A
number of observations, preferably not less than ten, are made in quick succession.
These can then be plotted versus time, on crom-section paper, and a curve faired through _

the points. Unless the body is near the celestial meridian, this curve sho-ild be very
nearly a straight line. Any point on the curve can be used as the observa-don, using

the time and altitucte indicited by the point. It is best to use a point near the middle
of the line, to avoid possible errors in its slope.

The slope can be determined by means of Pub. No. 214, using At, which is the I
change of altitude relative to change in meridian angle (time). Meridian angle changes
at the rate of 1' in 49. Therefore, the change in altitude, in minutes of arc per second I
of time, is equal to At (expressed as minutes of arc) divided by 4", or " Thus, if

At is 0.66, the altitude changes - - 0165 per second, or 15' X0'66=9.9 per minutep of

time, increasing if the body is rising, and decreasing if it is setting. This rate may be I
altered by motion of the ship, the amount being the distance traveled in one minute,
multiplied by the natural coine of the relative azimuth of the body. Thus, if the speed
-1 v Knot., - ' - - .25 ile 1. 2,, If thp hndv is 30* on the bow, the al-
titude changes 0.25X0.86603=0'.2 per minute due to motion of the ship, in addition to
its own appaient motioii due to rotation of the earth. If the body is forward of the beam,
the effect of the ship's motion is to increase the altitude; if abaft the beam. to decrease
it. The total effect is tbo algebraic sum of the separate effects due to rotation of the f
earth and motion of the vessel, since rate at the essel is desired. Rapid change of At
indicates a curved rate line. If a large number of cbservations is "nade, the slope of the

I- line should be apparent from the plotted points.
A somewhat simpler variation is generally available if observations are made at

equal in:ervals, unles the body is near the meridian. It is based upon the assumption
that the change in altitude should be equal for equal intervals of time. A number of
observations might be made by having an asistant give a warning "stand-by" and
then a "mark" at equal intervals of time, as every ten or 20 seconds. Perhaps a betIr

procedure is to make the obser ations a equal altitude increments. After the firstI observation, the altitude is chan~ed by a set amount according to its rate of change,
as 5'. 1 setting is increased if the body is rising, and decreased if it is setting. The 4
body is then permitted to cross the horizon by its own motion, and at the instant of
doing so, the time is noted. If time intervals are constant, the mid time ani the arrage
altitude are used as the observation. If altitude increments are constant, the average
time and mid altitude are used. An uneven number of observations simplifies the finding
of the mid value, but with ten observations the finding of the average value is easier.

J. If only a small number of observations is available, as three, it. is usually prefhr.ible
to solve all observations anti plot fle resulting lines of position, adjusting them to a
common time. The average position of the line might be used, but it is generally better
practice to use the middle line (or a line midway between the two middle ones if there
are an even number).

S %,
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In this discussion of averaging, it has been assumed that all observations are!
considered of nearly equal value. Any observation considered unreliable, either intI
the judgment of the observer or as a result of a plot, should be rejected in finding ant
average.

1508. Care of the sextant.-The modern marine sextant is a well-built., precision;
instrument capable of rendering many years of reliable service, with ninimum attention.
However, its usefulness can easily be impaired by careless handling or neglect. If it is
ever dropped, it may never again provide reliable information. If this occurs, the
instrument should be taken to an expert for careful testing and inspection.

When not. in use, a sextant should invariably be kept in its case and properly stowed.
The sextant case should be a well-constructed hardwood box fitted on ;ts exterior with
a lock, a handle, and two hooks, preferably the type having safety catch, s. The interior
of the case should be fitted with blocks in which the handle or leg,, zr h~th, are placed
when the sextant is stowed. Some sextant cases are fitted with catches which clamp
over the handle when the sextant is stowed, and some are fitted with felt-lined blocks on
the inside of the cover, to clamp down on the extreme ends of the are when the case is
closed. The case should be so constructed that it can be closed with the shade glasses and
index arm in nearly any normal position, and preferably with the telescope in place
The last is particularly valuable to the navigator on an overcast day when only one i
opportunity to observe the sun may present itself, and the , ight may have to be taken,
quickly. A case such as the plastic case (fig. 1508) for the U. S. Navy Mark 3 sextant is t
an adequate alternative. In this case, the sextant is stowed snugly within a polyurethane 'I
cushion. A keeper prevents movement of the sextant. However, the index arm must be
placed at 200 before the sextant can be placed in the recesses of the cushion. I

The case itself should be securely stowed in a convenient place away from excessive
heat, dampness, and vibration. A shelf with built-up sides into which the case fits
snugly is a good stowage place. The practice of leaving the sextant in its case on a chart.-
room settee is a bad one, and the instrument should nerer be left- unattended on thechart, table. 

helfthn
To remove the sextant from its case, grasp the frame firmly with the left hand,

making sure that no pressure is applied to the index arm, and lift. the instrunment from. I ]

the box. Then take the sextant in the right hand, by its handle, leaving the left hand'
free to make any adjustments necessary before taking a sight. The instrument should
never be held by its limb, index arm, or telescope.

Next to careless handling, the greatest enemy of the sextant is moisture. The
mirrors, especially, and the arc should be wiped (Iry after each use. A new sheet of
plain lens paper is best to use for this purpose, and linei second best. Over a period
of time, however, linen collects dust, which may contain abrasives that will scratch
the surface of the mirrors. For this reason, linen, if it is used, should be kept in a small
bag to protect it from dust in the air. Chamois leather and silk are particularly likely to
collect ebrasive dusts from the air anti they should not be used to clean the mirrors ]
or telescope lenses. Should the mirrors become particularly dirty, they can be cleaned
with a small amount of alcohol, applied Nvih a clean piece of lens paper. The arc can
be cleaned, when necessary. with ammonia, but never with a polishing compound. In --

cleaning or drving the mirrors and arc, care should be taken that excessive pressure is
not applied to any part of the instrument. ii

A small bag of silica gel kept in the sextant case will help in keeping the air in the
case free from moisture, and will help to preserve the mirrors. Occasionally, the silica

gel should be heated in an oven to remove the absorbed moistre.ii'_N ~_ -
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It may be necessary to wash the sextant with fresh water if it is subjected -sea
* spray. After washing, the sextant should be wiped gently, using a soft cotton cloth.

Then, the optics should be gently polished using lens paper.
tendenc optics do not transmit the whole of the light received. This is due L,' the

tednyof air-to-glass surfaces to reflect a portion of the light received with resultant
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FIGURE 1508.-Case for Mark 3 sextaint showing sc~tant stowed in polyurethane cushion.
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decrease in the light transmitted. This loss of light reduces the brightness of the image,
of the object viewed through such a glass optic. If the object is viewed through severalI
glass optics, as is the case with the sextant telescope assembly, then the brightness of
the image seen will be seriously affected and the image will be indistinct. The refiec-'
tion also causes a glare which obscures the image of the object being viewed. I

To reduce to a minimum the effect of this reflection from air-to-glass surfaces, andj
aius, to improve light transmission, the glass optics are treated with an anti-reflection(
coating. The coatings are extremely thin and can be easily damaged. Therefore, only i

light pressure should be applied when polishing the coated optics with lens paper. Iti
is good practice to blow loose dust off the lens before attempting to clean. This willj
insure that there will be no grit under the lens paper.

'he tangent screw and the teeth on the side of the limb should be kept clean and -
lightly oiled, using the oil provided with the sextant. It is good practice to set occa-)
sionally the index arm of an endless tangent screw at one extremiiy of the limb and!
then to rotate the tangent screw over the length of the arc. This will clean the teeth !
and spread the oil through them. At any time that the sextant is to be stowed fori
a long period, the arc should be piotected with a thin coat of petroleum jelly.

If the mirrors need resilvering, they are best taken to an instrument shop where a
professional job can be done. However, on rare occasions it may be necessary to re--
silver the mirrors of a sextant at sea. In anticipation of this possibility, the navigator I
should obtain the necessary materials in advance, as makeshift substitutes cannot be A
Selied upon to do the job adequately. The required materials are xylene (available in

, most pharmacies), dilute nitric acid (optional), alcohol, cotton, tin foil about 0.005 inch 1
thick, a small amount of mercury, a clean blotter, and some tissue paper. Do not sub- '.

stitute aluminum foil commonly used in packaging candy and cigarettes.
First, remove the protective coating with alcohol (or better, acetone) from the

back of the mirror to be resilvered, and clean the glass with xylene or acid. If the old
silvering is difficult to remove, soak it in water. Place the blotter on a flat surface and A
turn up and seal the edges to form a tray. This will serve to contain the mercury if the
vessel should roll during the operation. Using cotton, clean and smooth out both sides
of a piece of tin foil slightly larger than the glass to be silvered, first with alcohol and
then with xylene (do not use acid). Make certain that no lint adheres to the foil, and
place it on the blotter. Clean the mercury by squeezing it through cheese cloth, and l
apply a drop to the foil. Carefully spread it over the surface with a finger, making sure
that none of the mercury gets under the foil. Add a few more drops of mercury until,
the entire surface of the foil is covered and tacky. The mercury combines with some of!
the tin to form an amalgam. Place the chemically cleaned glass on a piece of cleani
tissue paper with the side to be silvered face down. Then place the glass and the paper i
on te amalgam. Apply slight pressure to the glass and withdraw the tissue paper. I
Following this, grasp the edge of the tin foil and lift it and the mirror from the blotter.
Invert, the glass and the tin foil and place in an inclined position, silvered side up. Any
mercury remaining on the blotter is no longer pure and should be disposed of. Five or'

.- six hours later any toose foil may be scraped from the sides of the mirror, and the fol-
lowing day a coat of commercial varnish or lacquer should be applied to the silvered
surface. Should the mirrored half of the horizon glass require silvering, the clear half
may be protected by a strip of cellulose or adhesive tape. I

k 1509. Sextant adjustments.-There are at least seven sources of error in the
marine sextant, three nonadjustable by the navigator, and four adjustable.

ez mv°
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The nonadjustable errors are: "prismatic error," "graduation error," and "center-
ing error."

The prismatic error is present if the two faces of the shade glasses and mirrors are
not parallel. Error due to lack of parallelism in the shade glasses may be called shade
error. Shade error in the shade glasses near the index mirror can be determined by
comparison of an angle measured when a shade glass is in the line of sight with the
same angle measured when the glass is not in the line of sight. In this manner, the
error for each shade glass can be determined and recorded. If shade glasses are used in
combination, their combined error should be determined separately. If additional
shading is needed for the observations, use the colored telescope eyepiece cover. This
does not introduce an error because direct and reflected rays are traveling together when
they rea'ih it, and are therefore affected equally by any lack of parallelism of its two
sides.

Lack of parallelism of the two faces of the index mirror can be detected by carefully
measuring a series of angles; then removing the index mirror, inverting it, and replacing
it; and then measuring the same angles again. Half the differ ence is the prismatic error.
After the index mirror has been inverted, it should b- . -ked carefully for perpen-
dicularity lo the frame of the sextant, as explained "

Lack of parallelism of the two faces of the honzon glass will appear as part of the
index error, and so need not have separate attention. The iame is true of prismatic
error in the shade glasses located near the horizon glass, but unless index error is deter-
mined with the shade glasses in place, the measured index error will not be the correct
value for the combined error.

Graduation errors occur in the arc, micrometer drum, and vernier of a sextant ..
which is improperly cut or incorrectly calibrated. Normally, the navigator cannot
determine whether the are of a sextant is improperly cut, but the principle of the vernier
makes it possible to determine the existence of graduation errors in the micrometer j
drum or vernier and is a useful guide in detecting a poorly made instrument. The first
and last markings on any vernier should align perfectly with one less graduation on
the adjacent micrometer drum. In figure 1503a, the vernier is graduated in ten units.
When the zero point is aligned with any graduation on the micrometer drum, the
"ten" graduation should be in perfect alignment with a micrometer graduation nine
units greater than the one in line with zero on the vernier. In figure 1503c, the vernier
is graduated in six units and should align perfectly with any two graduations five
units apart on the micrometer.

Centering error results if the index arm is not pivoted at the exact center of curva-
ture of the arc. It can be determined by measuring known angles, after the fdjustable
errors have been removed. Horizontal angles can be used by determining the accurate
value by careful measurement with a theodolite. Several readings by both theodolite
and sextant should minimize errors. An alternative method is to measure angles between _
the lines of sight to stars, comparing the measured angles with computedt values. To
minimize refraction errors, one should select stars at about the same altitude, and avoid
stars near the horizon.

The same shade glasses, if any, used for determining or eliminating index error
should be used for measuring centering error. The errors determined in this manner
include any error due to faulty graduation, and prismatic error of the index mirror,
unless corrections are applied for these errors. However, since all vary with the angle
measured, they need not be separated. Usually, it is preferable to make a single correc-
tion table for all three errors, called instrument error. Customarily, such a table is
determined by the manufacturer and attached to the inside cover of the sextant case.

,h. .-
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The sign of the error is reversed, so that the values given are for instrument correction

The adjustable errors in the sextant are those related to perpendicularity of (1)
the frame and the index mirror, and (2) the frame and the horizon glass, and parallelism
of (3) the index mirror and horizon glass to each other at zero setting, and of (4) the
telescope to the frame. Each of these errors, if it existk, can be removed from the sextant
by careful adjustment. In making these adjustments, rever tighten one adjusting screw
without first loosening the other screw which bears on the same surface. The adj astments
should be made in the order indicated.

The first adjustment is for perpendicularity of the indx mirror to the frame of
the sextant. To test for perpendicularity, place the index arm at about 350 on the arc,
and hold the sextant on its side, with the index mirror "up" and toward the eye ")b-
serve the direct and reflected views of the sextant arc, as illustrated in figure 1509a.
If the two views do not, appear to be joined in a straight line, the index mirror is not
perpendicular. If the reflected image is above the direct view, the mirror is inclined
forward. If the reflected im-.-o is below the direct view, the mirror is inclined back-
ward. An alternative and sometimes more satisfactory method of determining per-

- pendicularity involves the use of two small vanes, or similar objects, of exactly the
same height. Figure 1509b illustrates this method. Again the index arm is set at ahout
350 . The vanes are placed upright cn the extremities of the limb, in such a way that the
observer can, by placing his eye ner the index mirror, see the direct view of one vane
and the reflected image of the other. The tops of the objects are then observed for align-
ment. The use of vanes permits observation in the plane of adjustment, rather than
at an angle. Adjustment is made by means of two screws at the back of the index mirror.

The second adjustment is for perpendicularity of the horizon glass to the frame
)f the sextant. An error resulting from the horizon glass not being perpendicular is -

called side error. To test for perpendicularity, set the index arm at zero and direct
the line of sight at a star. Then rotate the tangent screw back and forth so that the I -_
reflected image passes alternately above and below the direct view. If, in changing from
one position to the other, the reflected image passes directly over the star as seen without I
reflection, no side error exists, but if it passes to one side, the horizon glass is not
perpendicular to the frame of the sextant. Figure 1509c illustrates observations without j

MIRROR LEANING FORWARD

e

FinGuR 1509a.-Testing the perpendicularity of the index mirror. Here the mirror is not K 'perpendicular.
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SFIGURE 1509b.-Alternative method of testing the perpendicularity of the index mirror. Here the
~mirror is perpendicular.

- 'side error (left) and with side error (right). Whether the sextant reads zero whenthe true and reflected images are in coincidence is immaterial in this test. An alternative

method is to observe a vertical line, such as one edge of the mast of another vessel

(or the sextant can be held on its side and the horizon used). If the direct and reflected
portions do not form a continuous line, the horizon glass is not perpendicular to the

frame of the sextant. A third method is to hold the sextant vertical, as in observing
the altitude of a celestial body, and bring the reflected image of the horizon into coin- he

cidence with the direct view, so that it appears as a continuous line across the horizon
glass. Then tilt the sextant right or left If the horizon still appears continuous, thehorizon glass is perpendicular to the frame, but if the reflected portion appears above or

belowthat part seen direct, the glass is not perpendicular. Adjustment is made by means
of two screws sear the base of the horizon glass. dc

t alttue o a FIGsRa 1509c.-Testing the perpendicularity of the horizon into coin
gls.Thnt glass. Left, side error does not exist. Right, side error inosth

does exist.

The third adjustment is to make the index mirror and horizon glass parallel when
the index arm is set exactly at zero. The error which results when the two are not
parallel is the principal cause of index error, the total error remaining after the four
adjustments have been made. Index error should be determined each time the sextant
is used and need not b removed if its value is known accurately. To make the test
for parallelism of the mirrors, set the instrument at zero, and direct the line of sight
at the horizon or a star. Side error having been eliminated, the direct view and reflected
image of the horizon appear as a continuous line, or the star as a single point, if the two
mirrors are parallel. If the mirrors are not parallel, the horizon appears broken at
the edge of the mirrored part of the horizon glass, one part being higher than the other. -.
The reflected image of a star appears above or below the star seen without reflection.
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If the star appears as a single point, move the tangent screw a small amount to be sure
both direct view and reflected image are in the range of vision. The sun can be used by I
noting the reading when the reflected image is tangent to the sun as seen direct, first I
above it and then below. These should be rumerically equal but of opposite sign (one i
positive and the other negative). To avoid variations in refraction, do not use low
altitudes; or turn the sextant on its side and use the two sides of the sun. Adjustment
is made by two screws near the base of the horizon glass. If the error is not to be re-
moved, turn the tangent screw until direct view and reflected image of the horizon or
a star are in coincidence. The reading of the sextant is the index error. It is positive if
the reading is "on the arc" (positive angle), and negative if "off the arc" (negative
angle). In the case of the sun it is half the numerical difference (algebraic sum) of the
readings, positive or negative to agree with the larger reading. Index correction (I) is {
numerically the same as index error, but of opposite sign. Since both the second and I
third adjustments involve the position of the horizon glass, it is good practice to recheck
for side error after index error has been eliminated. Index error should always be checked I

after adjustment for side error.
" The fourth adjustment is to make the telescope parallel to the frame of the sex-

tant. If the line of sight through the telescope is not parallel to the plane of the instru-
ment, an error of collimation will result, and altitudes will be measured as greater
than their actual values. To check for parallelism of the telescope, insert it in its collar,
and observe two stars 90' or more part, bringing the reflected image of one into J
coincidence with the direct view of the other, near either the right or left edge of the
field of view (the upper or lower edge if the sextant is horizontal). Then tilt the sextant j
so that the stars appear near the opposite edge. If they remain in coincidence, the
telescope is parallel to the frame, but if they separate, it is not. An alternative method
is to place the telescope in its collar and then lay the sextant on a fiat table. Sight
along the frame of the sextant and have an assistant place a mark on the opposite
bulkhead, in line with the frame. Place another mark above the first at a distance
equal to the distance from the center of the telescope to the frame. This second line
should be in the center of the field of view of the telescope if the telescope is parallel
to the frame. Adjustment for nonparallelism is made to the collar, by means of the
two screws provided for this purpose.

Determination of any of the errors should be based upon a series of observations,
rather than a single one. This is particularly true in the case of index error, which
should be determined by approaching coincidence from opposite directions (up and
down) on alternate readings. If adjustments are made carefully, and the sextant is
given proper handling, it should remain in adjustment over a long period of time. i
Unless the navigator has reason to question the accuracy of the adjustments, they
need not be checked at intervals of less than several months, except in the case of
index error, which has the greatest effect on accuracy of readings, and should be checked t Z
each time the sextant is used. If the horizon is used for determining index error, this
check should be made before evening twilight observations, and after morning twilight
observations, while the horizon is sharp and distinct. If a star is used, the index error M
should be determined after evening observations aad before morning sights are taken.
During the day, it should be checked both before and after observations.

Frequent manipulation of the adjusting screws should be avoided, as it may cause
excessive wear. Except in the case of index error, slight lack of adjustment has little -
effect on the results, and should be ignored. If adjustments are needed at frequent
intervals, the sextant is not receiving proper care, or has worn parts which should be
replaced at a navigation instrument shop. If index error is not constant, it should F
not be removed, but index correction should be determined before or after every obser- -

I-i
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vation and applied to the readings, until the sextant can be repaired. A small variable
error might well be accepted, but should be watched to see that it does not become
unduly large. "

1510. Selection of a sextant.-For satisfactory results a sextant should be selected
carefully. For accurate work the radius of the arc should be about 6% inches or more.
The instrument should be light, but strongly built. The various moving parts should
fit snugly, but movo freely without binding or gritting. If the index arm is either too
loose or too tight at either end J the arc, the pivot may not be perpendicular to the
frame of the sextant. The telesce"- should be easy to insert or remove from its holder,
and to focus.

The use to be made of a sextunt should be considered in its selection. For ordinary
use in measuring altitudes of celestial bodies, an arc of 90" or slightly more is sufficient.
A longer arc is desirable if back sights are to be made, or if horizontal angles are to be
measured. If use of the sextant is to be limited to horizontal angles, less accuracy is re- A
quired. The arc can be of smaller radius, and small nonadjustable errors are unimportant.

If practicable, a sextant should be examined by an expert, and tested for non-
adjustable errors before acceptance.

1511. Octants, quintants, and quadrants.--Originally, the term "sextant" was
applied to the navigator's double-reflecting, altitude-measuring instrument only if its
arc was 60' in length-a sixth of a circle-permitting measurement of angles from 00
to 1200. In modern usage tha term is applied to all navigational altitude-measuring
instruments, regardless of angular range or principles of operation, although some are
octants (angular range 90), some quintants (1440), some quadrants (18001, and many
have an intermediate range.

1512. The artificial horizon.-Measurement of altitude requires a horizontal
reference. In the case of the marine sextant this is commonly provided by the visible
sea horizon. If this is not clearly visible, reliable altitudes cannot be measured unless
a different horizontal reference is available. Such a reference is commonly called an
artificial horizon. If it is attached to, or part of, the sextant, altitudes can be measured
at sea, on land, or in the air, whenever celestial bodies are available for observations. 3_9
On land, where the visible horizon is not a reliable indication of the horizontal, an __9
external artificial horizon can be devised.

Any horizontal reflecting surface will serve the purpose. A pan of mercury, heavy
oil, molasses, or other viscous liquid sheltered from the wind is perhaps simplest.
A piece of plate glass fitting snugly across the top o: the container is usually the best
shelter. If there is any reasonable doubt as to the parallelism of the two sides of the
glass, two readings should be made with the glass turned 18C0 in azimuth between
readings, and the average value taken. The pan and liquid should be clean, as foreign
material on the surface of the liquid is likely to distort the image and introduce an -

error in the reading. • 13
To use an external artificial horizon, the observer stands or sits in such a position

that the celestial body to be observed is reflected in the liquid, and is also visible by
direct view. By means of the sextant, the double-reflected image is brought into co-
incidence with the image appearing in the liquid. In the case of the sun or moon the
bottom of the double-reflected image is brought into coincidence with the top of the
image in the liquid, if a lower-limb observation is desired. For an upper-limb obser-vation, the opposite sides are brought into coincidence. If one image is made to cover

the other, the observatiop is of the center of the body.
When the observation has been made, apply the index correction and any other

instrumental correction, as well as any correction for personal error. Then take hal
the remaining angle and apply all other corrections except dip (height of eye) cor-

I2_42
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rection, since this is not applicable. If the center of the sun or moon is observed, omit,
also, the correction for semidiameter. Chapter XVI explains the various corrections
and their applications.

A commercial artificial horizon consisting of a metal tray, mercury, cover of two
sloping glass sides held in a metal frame, metal bottle to hold the mercury when not in
use, and a funnel for pouring, was at one time a familiar part of a navigator's equipment,
but the modern navigator might experience difficulty in locating such a device.

1513. Artificial-horizon sextants.--Shortly after the marine sextant was invented
(art. 124), an attempt was made to extend its use to periods of darkness. This was done
by providing a spirit level attachment. The observer brought the double-reflected image
of the celestial body being observed into coincidence with the bubble of the spirit level.
Such devices have been made available from time to time, and are still being manu-
factured. However, they have never come into general use, and are of questionable
value.

Charles A. Lindbergh's historic solo flight across the North Atlantic in 1927 demon-
strated the practicability of long over-water flights. The development of a suitable
instrument for observing altitudes of celestial bodies during darkness and when the
horizon was obscured by clouds or haze became a virtual requirement. Various forms
of artificial horizon have been used, including a bubble, gyroscope, and pendulum. Of
these, the bubble has been most widely used. Figure 1513a illustrates a modem pert- I
scopic sextant permitting observation with only a small tube protruding through the I
top of the aircraft. Figure 1513b shows the optical principle of a different type aircraft i
sextant.

With an artificial horizon of the bubble or pendulum type, considerable skill is
needed to make an observation. Tb image of the horizontal reference (a circle or I
horizontal line) and the celestial body uoth appear in the field of view, and both may I
seem unsteady. An observation is made by matching the two near the center of the field U
of view. The appearance at coincidence depends upon the instrument. Some bubbles -
appear dark and are placed on a level with the body. Others have a clear center and are
placed over the body. One pendulum type has a horizontal line that is customarily
placed directly across the body, although a limb observation can be made if desired.
Bubbles can be regulated in size, and the instructions provided with the instrument
should be followed. In general, the bubble diameter should be about one-sixth to
one-fourth the size of the field of view. This is about three to four times the size of the
sun or full moon as seen through the eyepiece. A very small bubble should be avoided
because it tends to lag sextant movements so much that it is unreliable as a horizontal
reference.

A considerable amount of practice is needed to develop skill in making reliable I
observations with an artificial-horizon sextant, even on land or other steady platform.
At sea or in the air the motions of the craft greatly increase the difficulty of observation.
In addition to compounding the difficulty of making coincidence, the craft motion
introduces a sometimes large and rapidly varying acceleration error. That is, motions
of the craft produce an acceleration on the pendulum or the liquid of the bubble cham-
ber, causing false indication of the horizontal, in smooth air the accelerations tend Z
to follow a cycle of about one to two minutes in length. They are largely eliminated _M9
by use of an averaging device. In making an observation, the observer attempts to I
maintain coincidence continuously over a period, usually two minutes. The awrage
altitude, generally indicated on a dial or drum, is used with the mid time of observation.
Thus, perhaps 60 individual observations, or a continuously integrated altitude, are
available to smooth out errors of individual observations.

_ =
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On land or other steady platform a skillful observer using a two-minute averagingi
bubble or pendulum sextant can measure altitudes to ani accuracy of perhaps 2' (two S
miles). 'his, of course, refers to the accuracy of measurement only. and does not include i
additional errors such as abnormal refraction, deflection of the vertical, computational

and plotting errors, etc. In steady flight through smooth air the error of a two-minute :
observation is increased to perhaps five to ten miles. At sea, conditions are different.
In a glassy sea with virtually no roll or pitch, results should approach those on land. '
However, with even at slight, gentle roll the accelerations to which a vessel is subjectedare quite complex, as indicated by the difficulty one not accustomed to the sea has in

getting his "sea legs" during the early part of a voyage. If the vessel is yawing, a large
Coriolis error (art. 815, vol. II) may be introduced. Under these conditions observa-
tional errors of 10-15 miles are not unreasonable. With a moderate sea, errors of 30
miles or more are common. In a heavy sea, any useful observations are virtually
impossible to obtain. Single altitude observations in a moderate sea can be in error by
a matter of degrees. ,

Because of the difficulty of observing, and the large acceleration errors encountered
aboard a vessel, bubble and pendulum type sextants have very limited use at sea. A
submarine on war patrol, surfacing only during darkness, may have use for such an
in.trument. A large number of observations on a reasonably caln night can produce
results of .-ome_ value. However, even under these conditions some navigators report I
better results with a marine sextant and dark-adapted eyes. In pack ice a ship generally i
provides a reasonably steady platform. When the horizon is obscured by ice or haze, V
l olal navigator. an sometimes obtain better results with an artificial-horizon sextant -
than with a marine -extant. Some artificial-horizon sextants have provision for making 9
observations with the natural horizon as a reference, but since this is a secondary usage,
result', are not generally as batisfactory as by marine sextant. Because of their more
complicated optical syntems, and the need for providing a horizontal reference, artificial-
horizon sextants are generally much more co-tly to m mufacture than marine sextants. I
Designed for use ii the air, they serve a useful purpose there, but for ordinary use I
aboard ship they have little to recommend them. -

Altitudes observed by artificial-horizon sextant are subject to the same errors as
tho.-e observed by marine sextant, except that dip (height of eye) correction does not
al)ply. Also, when the center of the sun or moon is observed, no correttion for semi-
dialieter should be ma(le. Chapter XVI explains the various sextant altitude corrections
and their applications.

- Adjustment of an artificial-horizon sextant should not be attempted by other than
an instrument man qualified to handle the particizar type instrument involved. An
exception is the adjustment of the size of the bubble. Also, with some instruments
an easily movable index permits elimination or reduction of index error. This error can
best be determied in an instrument shop equipped with a collimator. If one is not J
available, the er,'or can be determined by comparing the average of a number of ob-
servations made at a known point on land with the computed values. A precomputed

S.curve of altitude - ersus time is useful for this purpose. Altitude corrections equal to the
errors but with reversed sign should be applied to computed altitudes. With normal
usage, the index error should not change. In most artificial-horizon sextants there is
no index error. I

The care and operation of various types of instruments vary considerably. The
instruction booklet provided with each instrument should serve as the guide.

1514. The spring-driven marine chroiiometer is a timepiece having a nearly con-
stant rate. It is used aboard ship to provide accurate time, primarily for timing celestial
observations for lines of position, and secondarily for setting the ship's other timepieces.
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It. differs from a watch principally in that it contains a variable lever device to maintain
even pressure on the mainspring, and a special balance designed to compensate for j
temperature variations. A ship in which celestial navigation is used carries one or more
chronometers.

A spring-driven chronometer is set approximately to Greenwich mean time (G.MT)
and is not reset until the instrument is overhauled and cleaned, usually at three-year I
intervals. Resettin" ngight disturb the rate. Instead, the difference betwcen GMT and
chronometer time (C) is carefully determined, and applied as a correction to all chro-
nometer readings. This difference called chronometer error (CE), is "fast" (F) if

chronometer time is later than GMT, and "slow" (S) if earlier. The amount by which
chronometer error changes in one day is called chronometer rate, or sometimes daily

ra," considered "gaining" or "losing" as the chronometer is running faster or slowef
than the correct rate. An erratic rate indicates a defective instrument, or need for over-
haul. i'he methods of determining and applying chronometer error and chronometer
rate are explained in cliapte4 XVIII. J3

A spring-driven chronometer is mounted in gimbals in a box, which should be
carefully stowed to protect the instrument from damage due to heavy rollinll and --
pitching, vibration, temperature variations, and electrical and magnetic influences.
Usually this is (lone by fitting the box snugly into a heavily padded case s:uitably
located in the chart room of merchant ships, and below decks, near the center of motion,
in U. S. Navy ships.

The )rincipal maintenance requirement aboard ship is regular winding at about,
ithe same time each day. Aboard United States naval vessels tils is customarily (lone

at about 1130 each morning, and reported to the commanding officer at 1200. Aboard
merchant ships it is usually wound at about OSO . Although a spring-driven chro-
nometer is designed to run for more than two days, daily winding helps insure a uniform
rate, and constitutes a daily routine that decreases the possibility of letting the instro-
ment run down. On the face of each chronometer i; a small dial that indicates the
number of hours before the chronometer will be run (lown. To wind the chronometer,
gently turn the instrument on its side, and slide back the guard covering the keyhole.
Insert the key and carefully wind in a counterclockwise Idirection. Seven half-turns
should suflice. If a chronometer should run down, wait until GMT is nearly the same
as the time indicated before winding. If tie chronometer does not start after winding, -M
move the case back and forth gently. Check the error and rate carefully.

At maximum inervals of about three years, a spring-driven chronometer should
be sent. to a good chronometer repair shop for cleaning and overhaul. When transported
by hand, a chrlonometer should be clamped in its gimbals and stowed in the large case IN
l)rovided. When shipped, it should be allowed to rn down, and the balance secured
by a cork before the chronometer is stored in tile large case.

1515. Quartz crystal marine chronometers are being used as replacements forF the spring-driven chronometers aboard ships of the U. S. Navy. The accuracy of these
instruments is such that, the time can be read without resort to chronometer rate. Shouldthe second hand be in error by a readlable amount, it can be reset electrically.

- Tile quartz crystal chronometer designed for U. S. Navy use (fig. 1515a) displays
time using a 24-hour dial. It indicates the (lay of the week. The chronometer is furnished
in a case suitable for direct installation inl shipboard chronomleter lockers or nllduiar
type chart tables without gimbaling or other special mounting or restraining features.

The basic element for time. generation is a quartz crystal oscillator. Tile quartzcrystal is temperature compensated and is hlermetically sealed in an evacuated envelope.

A calibrated adjustment capability is provided to adjust for the aging of tile crystal.
The performance requirements for this chronometer are shown in figure i515b. ,

I
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FIGURE 1515a.-Quartz crystal chronometer.

'le chronometer is designed to operate a minimum of 1 Year on a single set of
batteries. A built-in battery test meter is operated by means of a push button. The i

mete inicaes he elaivestrength of the battery. The dial is marked to indicate the
point at which the battery should be replaced. The chronometer continues to operate
and keep the correct tine for at least 5 minutes while the batteries are being changed. I
The chronometer is designed to accommodate the gradual voltage drop during he life A
of the batteries by which it is powered while maintaining accuracy requirements.

A two-position setting mechanism is provided to set the three hands. One position
of the mechanism permits the minutes and hours to be set without any movement of
the second hand. Return of the mechanism to the other (normal) position results in
resumption of the measurement of time.

Two electrical push buttons are provided for making small corrections in time by
electrical means. Depression of one button stops the chronometer movement and de-
pression of the other speeds up the movement. Operation of the push buttons does not
upset the synchronization of the minute and second hands.

1516. Watches.-In the interest of accuracy, a spring driven chronometer is not
disturbed more than necessary. Celestial observations are timed and ship's clocks set by F
means of a comparing watch. This is a high-grade pocket watch which is set by compari-
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FIGURE 1515b.-Performance requirements.

* son with a chronometer, and then carried to the place where accurate time is needed. For
celestial navigation, a comparing watch should have a large sweep-second hand which --

can be set. A comparing watch used for timing celestial observations should preferably
be st+ to Greenwich mean time, to avoid the necessity of applying a correction for ---
each observation.

If the second hand cannot be set, the watch should be set to the nearest whole
minute, being sure that the second hand is in synchronism with the minute hand, and J
the watch error (WE) determined. If a watch is to be used for other purposes than
timing of celestial observations, it might preferably be set to zone time. A comparing
watch should be set, or watch error determined, immediately before or after celestial
observations are made, to avoid the necessity for determining and applying a correction
for watch rate, and to eliminate a possible error due to an inaccurate or variable rate.
If a watch set to GMT is used for timing celestial observations, care should be laken to
avoid a possible error of 12 hours or 24 hours. The mental application of zone descrip-
tion of ship's time indicates the approximate GMT and the Greenwvich date. The
subject of time is discussed more fully in chapter XVIII. A stop watch may also be
used for celestial observations.

1517. Other instruments.-The sextant, chronometer, and comparing watch (or
stop watch) are the principal instruments of celestial navigation. The azimuth circle
for observing azimuths of celestial bodies is discussed in article 629. Plotting equipment
is the same as that for dead reckoning (arts. 602-606). A flashlight might be needed
for reading the sextant and the comparing watch. A pocket notebook is desirable
or recording predicted positions of celestial bodies if a star finder is used, and for
recording the observations. A w(,rkbook is desirable for solving celestial observations
so that a permanent record is available. Work forms are desirable, but should form -
part of the work book, and not be kept separately. These might be provided by rubber
stamp, or by printing. In the latter case a looseleaf work book may be desirable to
permit arrangement of the various papers in chronological order.

II



CHAPTER XVI

SEXTANT ALTITUDE CORRECTIONS

1601. Need for correction. -Altitudes of celestial bodies, obtained aboard ship for
the purpose of establishing lines of position, are normally measured by a hand-held

i sextant, described in chapter XV. The uncorrected reading of a sextant after such an
~operation is called sextant altitude (hs). If the sextant is in proper adjustment, certain~sources of error are eliminated, as explained in article 1509. There remains, however,

anumber of sources of error over which the observer has little o!. -no control. For each I -

of these lie applies a correction. When all of these sextant altitude corrections have --
been applied, the value obtained is the altitude of the center of the celestial body above --

~the celestial horizon, for an observer at the center of the earth. This value, called
observed altitude (Ho), is compared with the computed altitude (He) to find the

~altitude intercept (a) used in establishing a line of position as explained in chapter

-III

~rticles 1602-1614 describe the varous corrections. For highly accurate results,

all of these are neede . to the greatest accuracy obtainable. The needs of ordinary
- practical navigation, however, make no such exacting requirements, and in the course

, of his usual day's work at sea, the navigator lift- relatively few corrections to apply, ".
from conveniently-arranged tables readily accessible to him. The more detailed in-

i understanding of the problem, (2) furnish the information needed for evaluation of
results. and (3) provide a source of referep, c material beyond that gien in the usual

i navigation text.
1602. Instrument correction (1) is the cc nl-ed correction !or nonasijustable

errors (prismatic error, graduation en or, ar~d centering error) ol the sextant, as ex-
plained in article 1509. U.,jally, th, correcti.on is determined by the manufacturer,
and recorded on a card attached '-j the -;lsiue of the top of the sextant box. It varies

• " with the angle, may be either pos, tire or negative .0oc is applied t-' all angles measured
by that instrument. For a wel. -made, instnrment, l n. axhi -;m value is so s=all that
this correction can be ignored for all except the m( i ccurate work. Normally, _1-stru- -
merit error of artificial-horizon sextants is_ o small, considering the precision to which

~~~~angles can be measured by such instruments, that no correction is provided. - ":
1603. Index correction (1Q), due primarily to lack of parallelism ef the horizon °

glass and inde= mirror at zero reading, is discusosed in article 1509. Until the adjustment
is disturbed, the index correction remains constant for all angles, and is applicable to-
all angles measured by the ins.frument. It may be either positive or negative. Normally, -

-:- artificial-horizon s-extants do not have index corrections.
1604. Personal correction (PC) is numerically the same as personal error (art !507), --

but o oppote sign, either pasitive or negative. If experence indicae h ed
for such a correction, it should be made to a' titudes of the bodies to which it applies. -

~However, the L: erver shouhl be sensitive to changes in its value. Unless the observer
- "" has sufficient evidence to be sure of the existence and relative constancy of a personal
, error, no correction shoul be applied.

1605. Dip (D) of the horizon is the angle by winch the visible horizon (art. i429) _
. . differs from the horizontal at the eye of the observer (the sensible horizon, art. 1420.).

41S
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Thus, it applies only when the visible horizon is used as a reference, and not when an
artificial horizon, either internal or external to the sextant, is used. It applies to all
celestial bodies. If the eye of the observer were at the surface of the earth, visible
and sensible horizons would coincide, and there would be no dip. This is never the
situation aboard ship, however, and at any height above the surface, the visible horizon
is normally below the sensible horizon, as shown in figure 1605a. Normally, then, an
altitude measured from the visible horizon is too great, and the correction is negative.
It increases with greater height of the observer's eye. Because of this, it is sometimes
called height of eye correction.

If there were no atmospheric refraction (art. 1606), dip would be the angle
between the horizontal at the eye of the observer, and a straight line from this point
tangent to the surface of the earth. With refraction, dip is the angle (Z HAC' of
figure 1605b) between the horizontal at the eye of the observer and a straight line
tangent at the eye of the observer to the curved ray of light from the visible horizon.

A A
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FiouuE 1605a.-Dip without retraction. FiounE 1605b.-Dip with retraction.

The amount by which refraction alters dip varies with changing atmospheric
conditions. Even the average value has not been established with certainty, and several
methods of computing (lip have been proposed. The values given in the critical table
on the inside front cover of the Nautical Almanac were computed by the equation

D =0.97Vh

where D :3 the dip, in minutes of arc; and h is the height of eye of the observer, in feet.
Part of this table is repeated on the page facing the inside back cover. The Air Almanac
table was computed ind~Dendently by a different method, to a precision of whole
minutes. The minor discrepancies thus introduced are not, important in practical
navigation. I

The values given in the table are satisfactory for practical navigation under most
conditions. An investigation by the Carnegie Institution of Washington showed that
of 5,000 measurements of dip at sea, no value differed from the tabulated value by
more than 2'5, except for one difference of 10f6. Extreme values of more than 30'
have been reported, and even values of several degrees have been encountered in polar
regions. Greatest variations from tabulated values can be expected in calm weather,
with large differences between sea and air temperatures, particularly if mirage effects J
are present. Irregularities in the shape of the rising or setting sun may indicate abnor-
mal conditions. Large variations may also be present shortly after passage of a squall
line, when errors of as niuch as 15' have been reported. When a temperature inversion
is known to exist, the tabulated dip may be too small, numerically. The effect of sea-air
temperature difference is discussed in greater detail in chapter vIII of volume II.
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420 SEXTANT ALTITUDE CORRECTIONSI by In the determination of height of eye, position on the ship should be considered,

and also the condition of loading and trim. If an observation is made from a position
differing from the usual place, the altered height of eye should not be overlooked.
Momentary changes due to rolling and pitching can be neutralized, to a large extent,
yb making observations from a point on the centerline of the vessel, at the axis of pitch.

Since variations from normal dip may be one of the principal sources of error in
celestial obser ations, the observer should be alert to conditions affecting terrestrial

refraction. Any observation taken within half an hour after passage of a squall line
should be regarded as unreliable.

If dip cannot be measured, the effects of abnormal conditions can be minimizedU. ' by observing three bodies differing in azimuth by about 1200 (or four bodies by 90',
five bodies by 72', etc.). T. the error is constant in all directions, its effect is to increase
(or possibly to decrease) the size of the closed figure formed by the lines of position
without altering the position of its center. Hence, the size of the figure is not necessarily

an indication of the accuracy of the fix.
1606. Refraction (R).-Light, or other radiant energy, is assumed to travel in a

straight line at uniform speed, if the medium in which it is traveling has uniform
properties. But if light enters a medium of different properties, particularly if thel
density is different, the speed of light changes somewhat. Light from a single point
source travels outward in all directions. in an expanding sphere. At great distances, a
small part of the surface of this sphere can be considered fiat, and light continuing to
emanate from the source can be considered similar to a series of waves, in some re-
Pspects resembling the ocean waves encountered at sea. If these light "waves" enter a

'more dense mnediumii as when they pass from air into water, the speed decreases. If

the light is traveling in a direction perpendicular to the surface separating the two
media (in this case vertically downward), all parts of each wave front enter the new .
medium at the same time, and so all parts change speed together, as shown in figure

160a. utif helight enters the more dense medium at an oblique angle, as shown in
figure 1606b, tie change in speed occurs progressively along the wAve front as the dif-
ferent parts enter the more dense medium. This results in a change in the direction of
travel, as shown. This change in direction of motion is called refraction. If light enters
a more (dense medium, it is re.fracted toward the normal (NN'), as in figure 1606b. If it
enters a less dense medium, s refracted away from the normal, as light traveling in the
opposite direction to that shown in figure 160( b.

N -

~ 'A

FIGUR 1606a.-No refraction occurs when FIoUR 1606b.-A ray entering a denser
light enters denser medium normal to the medium at an oblique angle is bent toward
surface. the normal,

N4



SEXTANT ALTITUDE CORRECTIONS 421

The amount of the change in direction is directly proportional to the angle between
the direction of trave! and the normal (angle ABN in figure 1606b). The ratio of this
angle to the similar angle after refraction takes place (angle CBN' in figure 1606b)
is constant, so that as one increases, the other increases at the same rate. Hence, the
difference between them (the change in direction) also increases at the same rate.
Therefore, if the incident ray (AB) is nearly parallel to the surface at which refraction
takes place, relatively large amounts of refraction occur.

The amount of refract-ion is also directly proportional to the relative speed of travel
in the two media. Various substances are compared by means of a number called the
index of refraction (A), which depends primarily upon the density of the substance.
In figure 1606b, angle ABN is called the angle of incidence (0) and angle OBN' the
angle of refraction (0). These are related by Snell's law, which states that the sines
of the angle of incidence and angle of refraction are inversely proportional to the indices of

.refraction of the substances in which they occur. Thus, if u, is the index of refraction of the
substance in which 0 occurs, and k is the index of refraction of the substance in which
0 occurs

sin 0 A2

sinO pY

If the index of refraction changes suddenly, as along the surface separating water
and air (as shown in fig. 1606b), the change in direction is equally sudden. However,
if a ray of light travels through a medium of gradually changing index of refraction,
its path is curved, undergoing increased refraction as the index of refraction continues
to change. This is the situation in the earth's atmosphere, which generally decreases in
density with increased height. The gradual change of direction occurring there is called
atmospheric refrsdtion. The bending of a ray of light travei:g from a point on or near
the surface of the earth, to the eye. of the observer, is called terrestrial refraction.
This affects dip of the horizon, as discussed in article 1605. A ray of light entering the
atmosphere from outside, as from a star, undergoes a similar bending called astronomical
refraction.

The effect of astronomical refraction is to make a celestial body appear higher
in the sky than it otherwise would, as shown in figure 1606e. If a body is in the zenith,
its light is not refracted, except for a very slight amount when the various layers of
the atmosphere are not exactly horizontal. As the zenith distance increases, the re-
fraction becomes greater. At an altitude of 200 it is about 2:6; at 10', 5:3; at 5° , 9f9;
and at the horizon, 34!5. A table of refraction 3s given on the inside front cover and
facing page of the Nautical Almanac, in the ,.olumns headed "Stars and Planets."

Ap.arual Posio.n-

FivRE 1606c.-Astronomical refraction.
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As height above the surf ,,-e of the earth increases, light from an outside source travels
through less of the atmosphere, and refraction decreases. At shipboard heights the
differencb is negligible, but at aircraft heights the change is a consideration. Therefore,
the refraction table given near the back of the Air Arlanac is a double-entry table.

The vnlues given in the tables are for average conditions. This is called mean
refraction. A considerable amount of research has been conducted to determine the
mean values, the conditions under which values differ from the mean, and the amount
of such differences. A number of different mean refraction tables hav3 been produced.
Values in the various tables differ slightly bec'iuse of different assumptions, different
methods of observation, and different observed results under apparently similar con-
ditions. This last source of difference is due primarily to the fact that conditons could
be determined at the position of the observer, but not at various points along the line
traveled by the ray of light in passing through tie atmosphere. Nevertheless, the
various tables agree very well down to a minimum altitude of 20. Below this, the refrac-
tion is erratic, and differences between values in the various tables are not as important
as differences between mean and instantaneous values. The values given in the almanac
tables are in excellent agreement with those actually measured.

Because of their variability, refraction and dip (also affected by refraction) are
the principal uncertainties in the accuracy of cele,.tial observations of a careful observer.
As a result of this uncertainty, navigators formerly avoided all observations below some
arbitrary altitude, usually 15' . While this is still good practice if higher bodies are 4
available, the growing knowledge of atmospheric refraction has increased the confi-
dence with which navigators can use low-altitude sights. There is little reason for lack
of confidence in sights as low as 50. Below this, other available corrections should be
applied (art. 1626). If altitudes below 2' are uscl, larger probable errors should be I
anticipated, even with the use of additional corrections. Generally, the error in tabu-
lated refraction should not exceed two or three minutes, even at the horizon. However,
a knowledge of conditions affecting refraction is helpful in determining the confidence
to be placed in such observ,.tions. Since refracticn elevates both the celestial body fnd I.
the visible horizon, the error due to abnormal refraction is minimized if the visible
horizon is used as a reference.

The atmosphere contains many irregularities which are enratic in their influence
upon refraction. Normally, the navigator has not the information' needed to correct
for such conditions, but only to recognize their existence. He must recognize that those
observations made within half an hour after passage of a squall line might be con-
siderably in error. The passage of any front might have a similar effect. A temperature
inversion (art. 3815) may upsex, normal refraction. Abnormal values may be expected
when there is a large difference between the temperature of the sea and air. With an
absence of wind, the air tends to form in layers. When this condition becomes extreme,
mirage effects occur. Sometimes the rising or setting sun or moon appears distorted.
Multiple horizons may appear, and other ships or islands min seem to float a short A
distance above the water. Under any such conditions large errors in refraction might €
be encountered.

Conditions causing abnormal refraction can be expected to occur with considerable
frequency in the vicinity of the Grand Banks, along the west coast of Africa from
Mogador to Cap Blanc and from the Congo to the Cape of Good Hope, in the Red Sea
and the Persian Gulf, and over ice-free water in polar regions. Abnormal refractionL may be encountered when offshore winds blow from high, snow-covered mountains to
nearby tropical seas, as along the west coast of South America; where cold water from
large rivers such as the Mississippi flows into warm sea water; when a strong current
flows past a bay or coast, causing colder water to be drawn to the surface, as in the Bay

.... "i:-r' -~ ~ ~I-:'-- i', -
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of Rio de Janeiro and Santos, and along the Atlantic coast of Africa between Cape
Palmas and Cape Three Points during the time of the southwest monsoon; and along
the east coast of Africa in the vicinity of Capo Guardafui during the summer. In the
temperate zones abnormal refraction is most common during the spring and summer.

Of the more systematic errors which affect refraction, two can be evaluated, and
corrections applied. These are for air temperature (art. 1607) and atmospheric pressure
(art. 1608). However, these corrections are based upon assumed standard gradients
(changes) with height.

Since refraction causes celestial bodies to appear elevated in the sky, they are
above the horizon longer than they otherwise would be. The mean diameter of the
sun and moon are each about 32', and horizontal refraction is 34!5. Therefore, the
entire sun or moon is actually below the visible horizon when the lower limb appears
tangent to the horizon. The effect of dip is to further increase the time above the horizon.
Near the borizon the sun and moon appear flattened because of the rapid change of
refraction with altitude, the lower limb being raised by refraction to a greater extent
than the upper limb.

As a "Correction to sextant altitudes, refraction is negative because it causes the
measured altitude to be too great. It decreases with increased altitude, and applies to
all celestial bodies, regardless of ,extant or horizon used.

1607. Air temperature correction (T).-The Nautical Almanac refraction table is
based upon an air temperu.ture of 50OF (10'C) at the surface of the earth. At other
temperatures the refraction differs somewhat, becoming greater at lower temperatures,
and less at higher temperatures. Table 23 provides the correction to be applied to
the altitude to cor-ect for this condition. If preferred, this correction can be applied
with reversed sign to the refraction from the almanac, and a single refraction applied
to the altitude. A combined correction for nonstandard air temperature and nonstandard
atmospheiic pressu,'e (art. 1608) is given on page A4 of the Nautical Almanac. The

Icorrection for air temperature varies with the temperature of the air and the altitude
of the celestial body, and applies to all celestial bodies, regardless of the method of
observation. However, except for extreme temperatures or low altitudes, this correc-
tion is not usually applied unless results of unusual accuracy are desired.

1608. Atmospheric pressure correction (B).-The Nautical Almanac refraction
table is based upon an atmospheric pressure of 29.83 inches of mercury (1010 millibars)
at sea level. At other pressures the refraction differs, becoming greater as pressure in-
creases, and smaller as it decreases. Table 24 provides the correction to be applied to
the altitude for this condition. A combined correction for nonstandard air tempera-
ture (art. 1607) and nonstandard atmospheric pressure is given on page A4 of the
Nautical Alr, anac. If the correction is to be applied to the refraction, reverse the sign.
This correction varies with atmospheric pressure and altitude of the celestial body,
and is applicable to all celestial bodies, regardless of the method of observation. How-
ever, except for extreme pressures or low altitudes, this correction is not usually applied
unless results of unusual accuracy are desired.

1609. Irradiation correction (J).-When a bright surface is observed adjacent to a
darker one, a physiological effect in the eye causes the brighter area to appear to be
larger than is actually the case; conversely, the darker area appears smaller. This is
called irradiation. Thus, since the sun is considerably brighter than the sky back- -A
ground, the sun appears larger than it really is; and when the sky is considerably
brighter than the water, the horizon appears slightly depressed. The effects on the
horizon and lower limb of the sun are in the same direction and tend to ancel each
other while the effect on the upper limb of the sun is in the opporite direction to that
on the horizon and tends to magnify the effect. _4

Lx '-
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From 1958-1970 a correction of V2 was included in the Nautical Almanac data
for the upper limb of the sun as an average correction for the effect of irradiation.
Recent investigations have not supported that average value and have revealed that
the magnitude of the effect depends on the individual observer, the size of the ocular,
the altitude of the sun, and other variables. In summary, the accuracy of observations
of the limb of the sun at low altitudes may be affected systematically by irradiation,
but the size of the correction is so dependent upon the variables enumerated above
that it is not feasible to include an average correction in the tables.

1610. Semidiameter (SD) of a celestial body is half the angle, at the observer's
eye, subtended by the visible disk of the body. The position of the lower or upper
limb of the sun or moon with respect to the visible horizon can be judged with greater
precision than that of the center of the body. For this reason it is customary, when
using a marine sextant and the visible horizon, to observe one of the limbs of these two
bodies, and apply a correction for semidiameter. Normally, the lower limb is used if it
is visible. In the case of a gibbous or crescent moon, however, only the upper limb may
be available. Semidiameter is shown in figure 1612.

The semidiameter of the sun varies from a little less than 15'8 early in July, when
the earth is at its greatest distance from the sun, to nearly 163 early in January, when
the earth is nearest the sun. In the Nautical Almanac the semidiameter of the sun at I

IM GMT 12 1 on the middle day of each page opening of the daily page section is given to
the nearest 0.1 at the bottom of the sun's GHA column. The altitude correction tables I
of the sun, given on the inside front cover and facing page, are divided into two parts,

* to be used during different periods of the year. The mean semidiameter of each period I
is included in the tables of both upper and lower limb corrections. The semidiameter _
each day is listed to the nearest. 0-01 in the American Ephemeris and Nautical Almanac.

In the Air Almanac the semidiameter to the nearest 0.1 is given near the lower right- - 4
hand corner of each daily page.

The moon undergoes a similar change in semidiameter as its distance from the
earth varies. However, because of the greater eccentricity of the moon's orbit thani
that of earth, the variation in semidiameter is also greater, varying between about I
14'7 and 16'8. The variation is more rapid, partly because of the greater spread of I
values, but principally because the moon completes its revolution in approximately
one month, while the eerth makes one revolution per year. In the Nautical Almanac,
semidiameter of the moot, at !2h each day is given to the nearest 0!1 at the bottom of .4
the moon data columns. The correction for semidiameter of the moon is included in the A
corrections given on the inside back cover and facing page. In the Air Almanac, semi- -
diameter is given to the nearest. whole minute, being shown on the daily pages, im-
mediately below the value for the sun. The semidiameter at intervals of half a day
is given to the nearest 0'01 in the American Ephemeris and Nautical Almanac.

The navigational planets have small semidiameters. For Venus it varies between
about 5' and 32'; for Mars, 2"7 to 12!"6; for Jupiter, 16' to 25'; and for Saturn, 7'
to 10". The value for any date is given in the American Ephemeris and Nautical Al-
manac, but not in the Nautical Almanac or Air Almanac because the apparent ceniers
of these bodies are customarily observed.

Stars have no measurable semidiameter.
The computed altitude of a body refers to the center of that body, since the coordi-

nates listed in the almanacs are for the center. If the lower limb is observed., the sextant
altitude is less than the altitude of the center of the body, and hence the correction is
positive. If the upper limb is observed, the correcion is negative. The correction does not
apply when the center of the body is observed, which is usually the case when an k,

artificial-horizon sextant is used. With a marine sextant and either the natural or an

a7
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artificial horizon, semidiameter is customarily applied to observations of the sun and
moon, but not other celestial bodies.

1611. Phase correction (F).-Because of phase (fig. 1612), the actual centers of
planets and the moon may differ somewhat from the apparent centers. Average cor- A
rections for this difference are included in the additional corrections for Venus and
Mars given on the inside front cover of the Nautical Almanac. They should be applied
only when these bodies are observed during twilight. At other times the magnitude
and even the sign of the correction might differ from those tabulated, because of a
different relationship between the body and the horizon. The phase correction for
navigational planets other than Venus and Mars is too small to be significant.

A phase correction may apply to observations of the moon if the apparent center
of the body is observed, as with an artificial-horizon sextant. However, no provision
is made for a correction in this case; the need for it can be avoided by observing one of
the limbs of the body.

Phase correction does not apply to observations of the sun or stars. A
1612. Augmentation (A).-As indicated in article 1610, semidiameter changes

with distance of the celestial body from the observer, becoming greater as the distance
decreases. The semidiameter given in the ephemeris and used in the almanacs is for a -

fictitious observer at the center of the earth. If the celestial body is on the actual
observer's horizon, its distance is approximately the same as from the center of the
earth; but if the body is in the zenith, its distance is less by about the radius of the
earth (fig. 1612). Therefore, the semidiameter increases as the altitude becomes greater.
This increase is called augmentation. For the moon, the augmentation from horizon to j
zenith is about 0'3 at the mean distance of the moon. At perigee it is about 2' greater,

1/24 of one second of arc. For planets it is correspondingly small, varying with the

positions of the planets and the earth in their orbits. At any altitude the augmentation I

is equal to the sine of the altitude times the value at the zenith.
Augmentation increases the size of the semidiameter correction, whether positive

or negative. It is included in the moon correction tables on the inside back cover and
facing page of the Nautical Almanac. It is not included in the correction tables of other
bodies or in the Air Almanac tables

1613. Parallax (P) is the difference in apparent position of a point as viewed from
two different places. If a finger is held upright at arm's length and the right and left
eves closed alternately, the finger appears to move right and left a short distance.
Similarly, if one of the nearer stars were observed from the earth and from the sun,
it would appear to change slightly with respect to the background of more distant
stars. This is called heliocentric parallax or stellar parallax. The nearest star has a
parallax of less than 1'. Even if the value were greater, no correction to sextant altitudes
would be needed, for the difference would be reflected in the tabulated position of the
body.

However, positions of celestial bodies are given relative to the center of the earth,
while observations are made from its surface. The difference in apparent position from
these two points is called geocentric parallax. If a body is in the zenith, at Z in figure
1613, there is virtually no parallax, for the line from the body to the center of the
earth passes approximately through the observer at A. Suppose, however, the moon is
at M. From A it appears to be along the line AMlf, while at the center of the earth it
would appear to be along 0.1f. The altitude at A would be the angle SAM, and that at
0 the angle CO.M. Angle COM is equal to angle SB.f, which is exterior to the triangle
ABA!, and hence equal to the sum of angles SALM and AM1O.

A'M

Ix-.



426 SEXTANT ALTITUDE CORRECTIONS
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Dioma 1612.-Sleradiameter, phase, and augmentation.
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FIGURE 1613.-Geocentric parallax.

Since
ZCOM= ZSBM= ZSAM+ ZAMO,

then
zAMO= zCOM- ZSAM.

That is, the angle at the body between lines to the observer and the center of the earth
is equal to the difference in altitude at the two places. Angle AM0 is the geocentrilu

. parallax. Since it varies with altitude, it is sometimes called parallax in altitude (P in A).
The maximum value for a visible body oueurs when that body is on the horizon, at S.
At this position the value is called horizontal parallax (HP).

The sine of horizontal parallax is equal to r, where r is the radius of the earth,

and D the distance of the body from the center of the earth. Thus, the sine of the I
horizontal parallax is directly proportional to the radius of the earth, and inversely
proportional to the distance of the body. Since the earth is an oblate spheriod, and
not a sphere, the parallax varies slightly over different parts of the earth. The value
at, the equator, called equatorial horizontal parallax, is greatest, and the value at the

poles, called polar horizontal parallax, is least. The difference is not enough to be L'
practical navigational significance. The parallax in altitude is equal almost exactly to
the horizontal parallax times the cosine of the altitude (h). That is,

P in A=HP cos h.

The moon, beihg nearest the earth, has the greatest parallax of any celestial body
used for navigation. The equatorial horizontal parallax at mean distance is 57'02!70.
As the distance of the moon varies, so does the parallax, becoming greater as the moon
approaches closer to the earth, and 'ess as it recedes, horizontal parallax varying several
minutes each side of the value at mean distance. For the sun, mean eauatorial hori-
zontal parallax, called solar parallax, is 8!794. Differences in position on the earth, and
distance from the sun, have sma'l effect, the maximum variation due to the latter being
about 0.15. Horizontal parallax of the planets varies considerably because of the large
differences in their distances from the earth. For Venus the value varies between 5'
and 32'; for Mars, 3" and 24'; for Jupiter, 1' and 2'; and for Saturn, 0!8 and 1!0.
The geocentric parallax of stars is too small to be measured, even by the most precise
telescopes, since the value for the nearest star is only 0:00003.

-- a
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Daily values of horizontal parallax for the sun, moon, and planets are given in the
American Ephemeris and Nautical Almanac, to a precision of 0!01. In the Nautical
Almane- mean values for the sun are included in the two sun correction tables given on
the inside front cover and facing page. Horizontal parallax of the moon is tabulated at
intervals of one hour on the daily pages. This value is used to enter the lower part of I
che moon correction tables on the inside back cover and facing page. The additional _
corrections for Venus and Mars given on the inside front cover are partly for parallax.
No correction is given for parallax of Jupiter and Saturn. The Air Almanac gives parallax
corrections only for the moon. These values Pxe given in the "Moon's P in A" column on
eacli dailh page.

Because of the geocentric parallax, a body appears too low in the sky. Therefore, .
the correction is always positive. It applies regardless of the method of observation.

1614. Summary of corrections.-The essential information regarding the applica-
tion of the various corrections may be tabulated as shown below. In the "Bodies" I
column, the symbols are: o, sun; (, moon; P, planets; -*, stars. In the "Sextants"
column, M refers to a marine sextant with visible horizon, A refers to a marine sextant
" ith artificial horizon, and B refers to an artificial-horizon sextant. The tabulation
assumes that completely accurate re.ults are desired and that corrections are to be A
made in the usual manner, where they are available. Some of the entries need quaiifica-
tica or explanation which may be found in the preceding articles or chapter VIII of
vJiume i. i

Correction Symbol Sign Increases with Bodies Sextaris Sourre i
I

Instrument I -i changing altitude 0, (, P, M, A, B sextant box
Index IC - constant 0, (C, P, " M, A, B measurement
Personml 1C constant 0, , P, * M.A. B measurement I
Dip I) - higher height of eye 0, C, P, -M almanacs
Sea-air temp. diff. S greater temp. diff. 0, C, P, " M computation |.
Refraction R - lower altitude 0, C, P, * M, A, B almanacs
Air temp. T 4 greater diff. from 50 F 0, C, P, * M, A, B almanacs,table 23

Atmospheric B - greater diff. from 29.83 0, ,P, * .M, A, B Nautical
pressure inches of mercury Almanac,

table 24
Irradiation J - M, A
Semidiameter SI) lesser dist. from earth 0D, C M, A almanacs
Phase F - phase P M, A, B Naulical

Almanac
Augmentation A - higher altitude C, M, A Nautical

Almanac
Parallax P lower altitude 0, (C, P M, A, B almanacs

These cc rrections can be considered to fall into five groups:
1. Correc:ions for inaccuracies in reading. Instrument correction, index correction*,

and personal cerrection.
2. Corrections for inaccuracies in reference level. Dip* and sea-air temperature

difference.
3. Corrections for bending of ray of light from body. Refraction*, air temperature,

atmospheric pressure.
4. Adjustment to equivalent reading at center of body. Irradiation, semidiameter*,

phase, augmentation.
5. Adjustment to equivalent reading at center of earth. Parallax*. _

In the ordinary practice of seamen, extreme accuracy is not required, and only
the principal correction of each group is applied (except that augmentation is applied
for the moon). These principal corrections are indicated by asterisks. For low altitudes, 4 ..
additional corrections are applied, as indicated in chapter VIII of volume II.

" .
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1615. Order of applying corrections.-For purposes of ordinary navigation, sex-
tant altitudes can be applied in any order desired, using sextant altitude for the enter-
ing argument whenever altitude is required. This practice is not strictly accurate, but
for altitudes usually observed, the error thus introduced is too small to be of practical
significance. When extreme accuracy is desired, however, or at low altitudes, where
sm-ill changes in altitude result in significant changes in correction, the order of apply-
ing corrections is important. Corrections from the first two groups of article 1614 are
-pplied to sextant altitude (hs) to obtain apparent (rectified) altitude (ha), which is
then used as an entering argument for obtaining corrections of the third group. For
strictest accuracy, all corrections of the first three groups and, in addition, irradiation
and semidiameter, should be applied before augmentation, and all other corrections
before parallax.

1616. Marine sextant corrections.-Under normal conditions and when the highest
accuracy is not required, it is necessary to apply only a few corrections. Several of these
corrections may be combined within a single altitude correction table. In addition to
corrections for index error, lip, and mean refraction, the normal altitude corrections
when using the Nautical Almanac are: phase and parallax for Venus and Mars; semi-
diameter and parallax for the sun; and semidiameter, augmentation, and parallax for
the moon.

1617. Artificial-horizon corrections.&-When an artificial horizon is used, index cor-
rection (and any others of the first group of article 1614) is first applied. The result
is then divided by two. Other corrections are then applied to the result, as applicable,
, 'n the same manne" as for observations using the visible horizon. The sun and full

, moon are normally observed by bringing the lower limb of one image tangent to the
upper limb of the other image. The lower limb is observed if the image seen in the
horizon mirror is abore the image seen in the artificial horizon, unless an ir rting
telescope is used, when the opposite relationship holds. With a gibbous or crescent
moon, judgment may be needed to establish the positions of the limbs. In some cases
better results may be obtained by superimposing one image over the other, as with a
planet or star. When this is (lone, the center of the body has been observed, and no
correction is applied for semidiameter (or irradiation, phase, or augmentation). There
is no correction for (lip (or sea-air temperature) when an artificial horizon is used.

1618. Artificial-horizon sextant corrections are the same as those for observations
made by the use of the visible horizon. with two notable exceptions. First, there is
no correction for dip (or sea-air temperature differener or wave height). none for semi-
dieter (or irradiation, phase, or augmentation), and usually none for index corretion
(or instrument correction). Second, because of the lower accuracy normally obtainable
by artificial-horizon sextant, corrections are normally made only to the nearest whole
minute of are. As a result of these differences, refraction is the only correction normally
applied, except in the case of the moon, where parallax is also applied.

1619. Corrections by Nautical Almanac.-In the Nautical Almanac, certain cor-
rections or parts of corrections are combined. Index correction, of course, is not included

_ - because this depends upon adjustment. of the sextant. The various correction tables are
as follows:

"Sun," on the inside front cover and facing pagc, gives mean refraction, mean
semidiameter for each of two per,, !s during the year, and mean solar parallax. The
table on the inside front cover, and repeated on the loose bookmark, is of the critical
type, with altitude as the entering value. Thus, a tabulated correction aplplies to any -

value of altitude between that given half a line above it and that half a line below it.
If an exact tabulated altitude is used to enter the table, the correction half a line above
it should be used. ta ordinary navigation, index correction, dip, and the correction from

A I1
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this table are needed for correcting marine sextant observations of the sun. For low
altitudes or extremes of temperature or atmospheric pressure, a correction from the -
table on almanac page A4 (or tables 23 and 24 of volume 11) should be applied. I

"Stars and planets," on the inside front cover and repeated on the loose bookmark,
gives mean refraction only, for the main tabulation. This is a critical type table, with
altitude as the entering argument. The correction is always negative. In ordinary
navigation. index correction, (lip, and the correction from this table are the orly ones
needed for stars and the planets Jupiter and Saturn. For Venus and Mars, an additional
correction for parallax and phase is given to the right, of the main tabulation. The
entering altitudes are limited to those occuring during twilight. If observations are
made at other times, this additional correction should not be applied even though the
altitude lnay fall within the tabulated range.

"Dip," on the inside front cover and repeated on the loose bookmark, is for dip of .
the horizon. An abbreviated (lip table is also given on the page facing the inside back
cover. Tile tables are of the critical type, and the entering argument is the height of the
observer's eye, in feet and meters, above the surface of the sea. The correction, always
negative, applies to all observations made with the visible sea horizon as a reference.

"Additional Correction Tables" for nonstandard conditions, given on almanac page
A4, provides an additional correction for nonstandard temperature and atmospheric
pressure. The sign of each correction is indicated. Equivalent information is given, with
increased range of entering values, in tables 23 and 24 of volume II.

"Altitude Correction Tables-Moon," on the inside back cover and facing page,
gives mean refraction. semidiameter, augmentation, and parallax. The entering argu-
ment is altitude for the upper portion of the table, and altitude and horizontal parallax
for the lower )ortion. The combined correction is always positive, but 30' is to be
subtracted from tlie onhitude of the upper limb. In ordinary navigation, index correction,
(lip. and the correction from tifs table ar s nd Pnet" t le on insextant observa-
tions of the moon. o f g

Tee various separate corrections available from the "Vautical smanac can be foundas follows:--

nDip. Dip table o inside front cover and repeated on loose bookmark, and on the 
page facing the inside back cover.

Reractin. Mean refraction from "Stars and Planets" table on inside front cover

and repeated on loose bookmark, ad on the facing page. T
Semidianeter. For the sun. the ser idiamet r for the middle day of each page

opening of this daily page section is given at the bottom of the sun GHA column. For
the moon, semidiameter for each day is given at the bottom of the moon data columns.
The values given are for G imT 1200 on the dates indicated. a vgc

Parallax. For the sbi, parallax in altitude can be considered Off I or altitudes 0 to
7007' , and O for higher altituds, with negligible error. This is based upon the mean
value of 8794. For the roon, horizontal parallax each hour is tabulated on the daily 
pages ) Parallax in altitude is this value multiplied by the cosine of the atitude.

If artificial-horizon sextant altitudes of the sun or moon are corrected by autical
Almanac, the upper and lower limb corrections can be found and the average computed. -

, 1620. Corrections by Air Almanac.--In the Air Aimanac, various corrections as
applicable to hand-held marine sextant obseavations are given separately in critical =
type tables.. to the nearest whole minute (nearest two or five minutes of iefraction for :7

i L, ~low altitudes), as /oilows: o-:

, Dip. Inside back cover.

Refraction. Near the back. Aboard ship use the values for zero height.

A<
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Air temperature. Near the back. This is shown, not as a separate correction, but as
an adjustment to mcan refraction. Instructions for use of the table are given within the
table.

Semidiameter. For the sun and moon, on the A.M. and P.M. pages, below the
moon's P in A. Values given are for GMT 1200.

Parallax. Fcr the moon, in the P in A table on the A.M. and P.M. pages. Hori-
zontal parallax is the value for 0' altitude.

1621. Correcting altitudes of the sum-In the normal practice of navigation, sun
observations obtained bv marine sextant with the visible horizon as reference are
corrected as shown in the following examples:

Example l.-On June 2, 1975, the lower limb of the sun is observed with a marine
sextant having an IC of (-)2'0, from a height of eye of .38 feet. The hs is 51*28'4.

Required.-Ho using (1) Nautical Almanac, and (2) Air Almanac.
Solution.

(I) + Q - (2) + -

IC 20 Ic 2'
D 6.0 D 6'
Q 152 15V R 1

sum 15"2 8.0 SD 16'
corr. (+)72 sun 16' 9'

hs 51 028A corr. (+W
110 5135:6 hs 51 028'

,Ho 51 ° 35'

Example 2 .-- On June 2, 1975, the upper limb of the sun is observed with a marine

sextant having an IC of (-)1.0, from a height of eve of 45 feet. The lis is 32°479.

Requircd.-Ho using (1) Nautical Almanac, and (2) Air Almanac.
Solution.-

(1) .-' - (2) -, + -'
IC 1. IC I",D 6.'5 D V'

- 17'3 R 2'

sum 1:0 23:S SD 16'
corr. 2--)22'.sum 1' 25'

lis 32047:9 corr. (-)24'
Ho 320 25'1 lis 32 48'

Ho 32024'

A convenient work form is helpful in the solution. Once the form is )repared, the X
corrections can be entered in any order desired. The symbols Q and - are used for
the corrections from the sun table on the inside front cover of the Nautical Almanac.
If additional corrections are used, they are included in the same manner as those shown.
Observations by artificial horizon and by artificial-horizon sextant, and low-altitude
observations and back sights, are discussed elsewhere in this chapter.

1622. Correcting altitudes of the moon.-.Moon observations by marine sextant with
the visible horizon as reference are normall3 corrected as shown in the following 42

examples:
Example .- At about GMT 1100 on June 2, 1975, the lower limb of the moon is

observed with a marine sextant having an IC of (+) 32, from a height of eve of 32
feet. The hs is 18*04'6.

Ia
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Require.-Ho using (1) Nautical Almanac, and (2) Air Almanac.

(1) ± (- (2) +~

ic 3'i 10 3'
D 5:5 D 6'
(C62f5 R 3'
L 0'8 SD 15'

sum 665 5f5 P 51'

corr. (±)101l:0 sum 69' 9'
hs 18004'6 corr. (+)60'

Ho 19005% hs 18005,
Ho 19005,I Example 2.-At about GNIT 0900 on June 2, 1975, the upper limb of the mnoon is

observed with a marine sextant having an IC of (-) 1:6, from a height of eye of 70
feet. The hs is 660473.72

Required.-Ho using (1) Nautical Almanac. and k2) Air Almanac.
Solution.-

(1) +_7E _ (2) + __T

10 1:6 ic 2'
D 8:1 D 8'
C 33: R -

U3:2 SD 15'
add'I 30'0 P 21'
sum 36:3 39:7 sum 2' 25'

corr. (-)3:4 corr. (-4
hs 660473 115 66047,

Ho0 66043:9 Ho 66043'
The typical work forms showrn are useful in Droblems of this type. The symbol E

is used for the correction from the upper part of the moon correction table on the inside
back cover, and facing page, of the Nautical' Almanac. The letters L and U are used

for the corrections from the Iou or part of this table. Observations by artificial hcrizon,
and by artificial-horizon sextant, and Iou -altitude observations and backe sights, are
dliscussed elsewhere in this chapter, as are additional corrections for use when unusual

1623. Correcting altitudes of planets.-Whei Venus and Mfars are observed by
marine sextant using the visible horizon as reference. sextant altitudes are normally
corrected as show n in the ;olowing example:

Example.-On June 19, 1975, Venus is observed with a marine sextant having no
IC, from a height of eye of 28 feet. Thiehsis 44021 3.

Required .- Ho usig (1).Nautical Almanac, and 2)Air Almanac.
solution.-

() + V -(2) + V -

ic- -c A- -

D siD 5
APR 1'

add I 0:3 -11111 6';

sum 0:3 611 corr.
corr. (-1518 lis 440211)

hs 44021'3 Hio 44015'

Ho 44 015.5 8
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For Jupiter and Saturn, no additional correction is given. Correction of observa-
tions of these bodies is the same as corrections of star observations (art. 1,24). Work
forms a.e useful. The symbol *-P is used fo- the correction takei from the "Star-
Planet," table on the inside front cover of the Nautical Almanac. If additional cor-
rections are to be used, for results of unusual accuracy or low altitudes, they are in-
eluded in the form in the same manner as those shown. Observations by artificial horizon
and by artificial-hoizon se.:tant,. and low-altitude observations and back sights are
discuszed elsewhere in this chapter.

1624. Correcting altitudes of stars.-Star observations by marine sextant, using
the visible horizon as reference, are normally corrected as shown in the following
example:

Example.-Miaplacidus is observed with a marine sextant having an IC of (+)1.0,
from a height of eye of 50 feet. The hs is 27°54'0.

Required.-Ho using (1) Nautical Almanac, and (2) Air Almanac.
Solution.-

(1) +_ (2) + -
IC 1.0 IC 1'
D 6!9 D 7'

* __-P1 R 2'
sum 6'0 8!7 sum 1' 9'

i , ucrr. (-)7'7 corr. (-)8'

hs 27 54.0 hs 27054 '

Ho 27 046!3 Ho 27046

Work forms for such problems are helpful. Additional corrections, used when
uiusual accuracy is desired, are included in the same manner as those shown. Obser- -
vations by artificial horizon and by artificial-horizon sextant, and low-altitude observa-
tions and back sights, are discussed elsewhere :n this chapter.

1625. Low altitudes are normally avoided because of larg3 and variable refraction.
But sometimes these are the only observations a-,.ilable. This is particularly true in
polar regions, where the sun rnay be the only celestial body available, afid may nnt
reach an altitude of more than a few degrees over a considerable period. In lower 7latitudes the sun may appear briefly just before sunset or just after sunrise. Low-
altitude observations can supply useful information if additional corrections are applied.
Reliable lines of position can generally be obtained from low-altitude observaticas,
but when conditions are abnormal, the error- intr duced are generally larger than for
higher altitudes, and ' - precautions of article 806 of volume I1 should be particularly
observed. A

In correcting low-altitude observations, which for normal conditions can be defined
as those less than 50, first apply corrections from the first two groups of article 1614 to
obtain apparent alt..ude (ha). Normally, this includes only index correction and dip.
Then apply the remaining correct' ,, using apparent altitude when an altitude is
needed for entering correction tW' The coriections normally applied are mean re-
fraction, air temperature, atn' .p.ric pressure, semidiameter (as applicable), and
parallax (for the sun and moon).

In practice, sextant Atitudes are corrected in the usual manner, except that addi-
tional corrections are applied, and the process is divided into two parts. The use of
apparent altitude for finding parallax introduces an error but this is too small (less
than 0 1) for practical consideration. If the Nautical Almanac is used, corrections fc, N

•)-~ altitudes between the horizon and 10° are given in a noncritical type table on almana .
page A3. The correction for a negative altitude can be obtained by extrapolation with-

: : =: "' -- . - - --- --* - ,= - -= _. =.,-



- - - -
-  

-- . .. .. .. . . .FNT

434 SEXTANT ALTITUDE CORRECTIONS

Er out introducing a significant error for values 'btained at ship heights of eye. A combined
temperature-atmospheric pressure correction can be obtained from the table on almanac
page A4. This table is intended for use without interpolation between columns. Separate
corrections can be obtained from tables 23 and 24 Of Volume IT, which provide inter-

polated values for greater accuracy. They also provide greater range of temperature
and atmospheric pressure.

To correct a low altitude of the sun, then. apply index correction and dip to sextant
altitude to find apparent altitude. Using this altitude as an entering value, find the
following corrections and apply them to apparent altitude:

sun correction (Q or 0 ), from page A3 of the Nautical Almanac;
combined temperature-atmospheric pressure correction (TB), from page A4 of

the Nautical Almanac (separate corrections for temperature (T) and atmospheric
pressure (B) from tables 23 and 24, respectively, can be used in place of the
combined correction).

If the Air Almanac is used, the mean refraction and air temperature corrections
can be combined by using the factor in the refraction table. A semidiameter correc-
tion of 16' is added if the lower limb is observed, and subtracted if the upper limb is
observed. Since corrections are to whole minutes only, parallax is not used for the
sun. In summary, apply index correction and dip to sextant altitude to find apparent
altitude. Using this altitude as an entering value, where needed, apply the following i
corrections to apparent altitude:

refraction (adjusted for air temperature) (R), from table near back of Air Almanac;
atmospheric pressure (B), from table 24;
semidiameter (SD), 16' (add if lower limb, and subtract if upper limb).
Example 1.-On June 2, 1975, the lower limb of the sun is observed with a marine

sextant having an IC of (+)18 from a height of eye of 45 feet. The hs is 1*24'4, air
temperature 880F, and atmospheric pressure 29.78 inches.

Required.-Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air I
Almanac.

Solution.-

(1) + -(2) +__Q (3) + -
IC 1!8 IC 1!8 IC 2'
D 6'5 D 6!5 D 7'

sum M9 6!5 sum V8 6!5 sum 2' 7'
corr. (-)4:7 corr. (-)4!7 corr. (--)51

hs 1"24*.4 hs 1024.4 hs 10241ha 1019!.7 ha 1°19!.7 ha °9 i

Q6!0 Q 6!0 R 18'

TB 2!5 T 15 3-
sum 2!5 6!0 B - SD 16' ____

corr. (-)3.5 sum 1V5 6!0 sum 16' 18'
ha 1019!7 corr. (-)4!5 corr. (-)2'
Ho 1016!2 ha 1019!7 ha 1019,

Ho 1015'2 Ho 1017'

iw The larger intervals given in the Air Almanac refraction table may introduce
additional error. In this exemple, the temperature is changed to Celsius (centigrade), g
giving a value of 310*. The factor at a height of 0 feet corresponding to this temperature -t
is 0.9. With this and the apparent altitude, the combined refraction and air tempera-
ture correction is found to be as shown. Approximately the same result would have

1'. t,

I .
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been obtained by correcting for mean refraction (without the factor) and temperature
(fromn table 23) separately.

If the moment at which either limb is tangent to the horizon is noted, an ob-
= servation of 0° altitude has been made without a sextant.

Example 2.-On June 2, 1975, the sun is observed at sunset as the upper limb
drops below the horizon, from a height of eye of 38 feet. The air temperature is (-)10' F,
and atmospheric pressure 30.06 inches. Double extrapolation would be needed to solve
this problem by the Nautical Almanac. A better solution is provided by means of tables
23 and 24.

Required.-Ho using (1) tables 23 and 24, and (2) Air Almanac.
Sr&tion.-

(1) + - (2) + -

IC- - 0- -

D 6.0 D 6'
sum - 6W0 sum 6'
corr. (-)6!0 corr. (-)6'

hs 0 000 hs 0000,
ha (-)0'0610 ha ()0006 '

51!5 R 42'
T 4!8 B -

B 0:3 SD 16'
sum- 56:6 sum- 58'
corr. (-)56:6 corr. (-)58'
ha (1-0'06.0 ha (-)0o06'

Ho (-)!°02'6 Ho ( )°04 '

Corrections are applied algebraically. Therefore, for negative altitudes a negative
correction is numerically added, and a positive correction is numer!a-y subtracted.

To correct, low altitudes of the moon, apply index correction and dip to sextant
altitude to find apparent altitude. Using tbiq altitude as an entering value, find the
following corrections and app y them to apparent altitudes:

moon correction (C), from inside back cover, and fa-cingy age, of Nautical Almanac;
lower or upper limb correction (L or U), from inside back cover, and facing page,

of Nautical Almanac;
additional correction (add'l, (-)30', for upper limb observation only);
combined temperature-atmospheric pressure correction (TB), from page A4 of the

Nautical Ahmanuc (-rz:e .',-rections for temperature (T) and atmospheric
pressure (B) from tables 23 and 24, respectrvey, z be used in place of the
combined correction).

If the Air Almanac is used, correct the apparent altitude by applying the followingcorrections:

refraction (adjusted for air temperature) (R), from table near back of Air
-- 477nac:

atmospheric pressure (B), from Utbuk 24;
semidiameter, from daily page;
parallax, from daily page.Ii. Example 8.-At GMT 17' 14 ' 27 ' on June 2, i975, the upper limb of the moon is

observed with a marine sextant having no IC, from a height of eye of 33 feet. The bs is2'35f4, air temperature 630 F, and atmospheric pressure 29.81 inches.

K]
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Required.-Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air I
Almanac.

Solution.-

(1) + _ (2) + - (3) + -IC- IC- IC-

D 56 D 5!6 D 6'

sum 5'. sum - 5!6 sum - 6'

corr. ( -)5'6 corr. (-)5!6 corr. ()6'

hs 2035'4 hs 2°35!4 hs 2035'
ha 2029'8 ha 20298 ha 2029'

T 52'1 c 52'1 R 16'
U 1!.1 U I/, B-

add'l 30!0 add'I 30:0 SD 15'
TB 0'4 T 04 P 54'

sum 536 30!0 B - sum 54' 31'
Corr. (+)23!6 sum 53.6 30!0 corr. (+)23'

ha 20298 corr. (+)23'6 ha 2029 '

Ho 2053 4 ha 2029:8 Ho 2052 ,

Ho 2053'4

A lower limb solution would be the same, except that an L correctio- would have
been used from the Nautical Almanac and there would be no "add'l" correction, and
in the Air Almanac solution the sign of the semidiameter correction would be reversed.
The moon correction table on the inside back cover, and facing page, of de Nautical
Almanac extends to a minimum altitude of 00. The corrections for negative altitudesI can be found by extrapolation.

To correct low altitudes of the planets Venus and Mars, apply index correction
and dip to sextant altitude to find apparent altitude. Using this altitude as an entering
valuc, find the following corrections and apply them to apparent altitude:

star-planet correction (*-P), from page A3 of the Nautical Almanac;
additional correction (add'l), from page A2 of the Nautical Almanac;
combined temperature-atmospheric pressure correction (TB), from page A4 of

the Nautical Almanac (separate corrections for temperature (T) and atmospheric
pressure (B) from tables 23 and 24, respectively, can be used in place of the com-
bined correction).

If the Air Almanac is used, correct the apparent altitude by applying the following
corrections:

refraction (adjusted for air temperature) (R), from table near back of Air
Almanac;

atmospheric pressure (B), from table 24.
Example 4.-On November 28,1975, Mars is observed with a marine sextant having

an IC of (+)35, from a height of eye of 17 feet. The hs is 4002'6, air temperature
20F, and atmospheric pressure 29.67 inches.

Required.--Ho using (1) Navtical Almanac, (2) tables 23 and 24, and (3) Air

Almanac. I

- . = =
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(1) + M - (2) + M - (3) + M -
IC 3!5 IC 3'5 I 04' -

D 4!0 D 4'0 D 4'
sum 3!5 4!0 sum 35 4!0 sum 4' 4'
corr. (-)0'5 corr. (-)0!5 corr. -

hs 40026 hs 40026 hs 4003'
ha 4002!1 ha 4002!/1 ha 4003'

*-P 11 '7 *-P W7 R 14'
add'] 0!3 add'l 0'3 B -

TB 15 T 12 sum - 14'
sum 0!3 132 B O. corr. (-)14'
corr. (-)12!.9 sum 0!4 12'9 ha 4003)

ha 4002! 1 corr. (-)12'5 Ho 3049 ,

Ho 3049!2 ha 4002'1
Ho 304919

The solution for Jupiter and Saturn, and for stars, is identical with that of example
4, except that the additional correction (phase and parallax) is omitted.

1626. Back sights.-An altitude measured by facing away from the celestial body
being observed is called a back sight. It may be used when an obstruction, such as V
another vessel, obscures the horizon under the body; when that horizon is indistinct;
or when observations are made in both directions, either to determine dip or to avoid
error due to suspected abnormal dip. Such an observation is possible only when the
arc of the sextant is sufficiently long to permit measurement of the angle, which is
the supplement of the altitude. For such an observation of the sun or moon, the lower
limb is observed when the image is brought below the horizon, appearing as a normal
upper limb observation, and vice versa. To correct such an altitude, subtract it from
180' and reverse the sign of corrections of the first two groups of article 1614 (normally
only index correction and dip).

Example.-On June 2, 1975, a back sight is taken of the lower limb of the sun,
vwith a marine sextant having an IC of (-)2'0, from a height of eye of 24 feet. The

I-Z

~~measured sextant altitude is 118041'.4.
:-_ Required.-Ho using (1) Nautical Almanac, and (2) Air Almanac.i

~~Solution.--

i (1) + - (2) ± O - "
IC 2'0 IC 2'
D 4'8 D 5'

5 R 1' 
sum 22!2 SD 16'
corr. (-,)22'2 sum 23' 1'

180*-hs 61018'6 corr. (+)22'
Ho 61040 8 180o-lis 610io91

Ho 61041 '

a?
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1627. Correcting horizontal angles.--When a marine sextant is used to measure
the horizontal angle between two object,,, the result is not usually desired to a precision
that makes correction necessary, unless the sextant has an unusually large index error. 2
However, if precise results are desired, corrections of the first group only of article
1614 are applied. If a personal error exists, it is not likely to be the same as for altitudes.
For measuring angles betueen two objects differing widely in altitude, as between two
stars, it is not likely that results will be required to such precision that additional
correction for the third, fourth, and fifth groups of article 1614 will be needed. If they
are, the method of application can be determined from the principles of spherical
trigonometry. In this case, the altitudes of both bodies will also be needed. Correctionsfor the second group of article 1614 are not applicable.

Problems

1617a. At about GMT 0800 on June 2, 1975, the following bodies are observed
with marine sextants having an IC of (+)2'2, using an artificial horizon: sun (lower
limb) hs 134°33'9, moon (upper limb) hs 77°23.4, Venus hs 98°04f6, Schedar hs
43024.4.

Required.-Ho of each observation using (1) Nautical Almanac, and (2) Air
Alnanac.

Answers.-(1) Sun Ho 67033'6, moon Ho 39'09'1, Venus Ho 49*02'6, Schedar
Ho 21 040'9; (2) sun Ho 67034 ' , moon Ho 39009 ' , Venus Ho 49'03', Schedar Ho 21041'.

1617b. At about GMT 0300 on June 2, 1975, the following bodies are observed with
bubble sextants having no IC: sun hs 23051 ' , moon hs 52020 ', Jupiter hs 630181,
Eltanin hs 24045 ' . 1

Required.-Ho of each observation using (1) Nautical Almanac, and (2) Air I o
Almanac.-

Answers.-(i) and (2) Sun Ho 23049 ' , moon Ho 520521, Jupiter Ho 63018 ' , Eltanin I -
Ho 24043 ' . -

1621a. On June 2, 1975, the lower limb of the sun is observed with a marine sextant
having an IC of (+)1'8, from a height of eye of 34 feet. The hs is 41'34'8.

Req red.-Ho using (1) Nautical Almanac, and (2) Air Almanac.
.Answers.-(1) Ho 41'45'8; (2) Ho 41046 ' .  A
1621b. On June 2, 1975, the upper limb of the sun is obsei , ed with a marine sextant

having no IC, from a height of eye of 30 feet. The hs is 15°"1.7. i
Required.-Ho using (1) Nautical Almanac, and (2) Ai Almanac.
Answers.-(1) Ho 14'57f 1; (2) Ho 14057'.1621c. On June 2, 1975, the lower limb of the sun is observed with a marine sextant

having an IC of (-)1'3, from a height of eye of 43 feet. Another ship is between the "
observer and the horizon, at a distance of 1.4 miles from the observer. The water line
of this ship is used as the horizontal reference. The hs is 25o18:2.

Required.-Ho using table 22 and (1) Nautical Almanac, and (2) Air Almanac.
Answers.-(1) Ho 25'12'9; (2) Ho 25013 ' .

- 1622a. At about GMT 2100 on June 2, 1975, the lower limb of the moon is observed
with a marine sextant having an IC of (-)2'5, from a height of eye of 55 feet. The
hs is 47035'5.

Required.-Ho using (1) Nautical Almanac, and (2) Air Almanac.
Aiiswers.-(1) Ho 48'16'3; (2) Ho 48016 ' . V '
1622b. At about GMT 2300 on June 2, 1975, the upper limb of the moon is observed

with a marine sextant having an IC of (+)4!0, from a height of eye of 12 feet. The
lis is 22058'3.
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Required.-Ho using (1) Nautical Almanac, and (2) Air Almanac.
Answers.-(1) Ho 2331.8; (2) Ho 23032 ' .

1623a. On June 18, 1975, Mars is observed with a marine sextant having an IC of
(+)2:2, from a height of eye of 60 feet. The hs is 34117.

Reqtired.-Ho using (1) Nautical Almanac, and (2) Air Almanac.
Answers.-(1) Ho 34005!1; (2) Ho 34005' .

1623b. Jupiter is observed with a marine sextant having an IC of (-)VO, from a
height of eye of 27 feet. Ihe hs is 11o23'9.

Required.-Ho using (1) Nautical Almanac, and (2) Air Almanac.
Answers.-(1) Ho 11013f2; (2) Ho 11013'.
1624. Alpheratz is observed with a marine sextant having no IC, from a height of

eye of 42 feet. The hs is 38o203.
Required.-Ho using (1) Nautical Almanac, and (2) Air Almanac.
Answers.-(1) Ho 38'12'8: (2) Ho 38013 ' .

1625a. On June 2, 1975, the lower limb of the sun., observed with a marine sextant
having an IC of (-)23, from a height of eye of 24 feet. The hs is 2o04'6, air tempera-
ture 65 0 F, and atmospheric pressure 30.81 inches.

Required.-Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air
Almanac.

Answers.-(1) Ho 105511; (2) Ho 055'1; (3) Ho 1055 ' .  B
1625b. On July 2, 1975, the sun is observed as the upper limb drops below the

horizon at sunset, from a height of eye of 19 feet. The air temperature is 160 F, and
atmospheric pressure 29.90 inches.

Required.-Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air
Almanac.

Answers.-(1) Ho (-)0*59!9, (2) Ho (-)057:8; (3) Ho (-)0°58'.
1625c. At GMT 6 031291 on Juite 2, 1975, the upper limb of the moon is observed

with a marine sextant having an IC of (+)2f6, from a height of eye Si 35 feet. The
hs is 1*12'6, air temperature (-)2 v, and atmospheric pressure 29.04 inches. 1

Required.-Ho using (1) tables 23 and 24, and (2) Air Almanac.
Answers.-(1) Ho 1"22f3; (2) Ho 1020 ' .

1625d. At GMT 12b4 4m0 1a on June 2, 1975, the lower limb of the moon is observed
with a marine sextant having an IC of (+)3:2, from a height of eye of 22 feet. The
hs is 0024f4, air temperature 40'F, and atmospheric pressure 29.94 inches.

Required.-Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air
Almanac.

Answers.-(1) Ho 1"01!2; (2) Ho 1'01f5; (3) Ho 0'58'.
1625e. On January 19, 1975, Venus is observed with a marine sextant having an

IC of (-,05, from a height of eye of 31 feet. The hs is 3*29.8, air temperature 55*F,
and atmospheric pressure 30.15 inches.

Regaired.-Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air gm
Almanac. i

Answers.-(1) Hc3*10'7; (2) Ho 3*10:7; (3) Ho 3010 ' . -

1625f. Saturn is observed with a marine sextant having an IC of (-2.3, from a
height of eye of 37 feet. The hs is i0 39'2, air temperature 76 0 F, and atmospheric
pressure 28.89 inches.

Required.-Ho using (1) Nauticat Almanac, (2) tables 23 and 24, and (3) Air
Almanac.

Answers.-(1) Ho 4021:1; (2) Ho 4021'1; (3) Ho 4'21'.

I N . -



Pfvl= W =_-~ -- -

40 SEXTAINT ALTITUDE CORREMTONS

1625g. Gienah is observed with a marine sextant havin noIfmahegto
eye of 44 feet. True hs is 2'46f 1, air temperature 35 0F, and atmospheric pressure 29.92
inches.

Required.-Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air
Almanac.

Aners.-(1 Ho 2'23'4; (2) Ho 2'366; (3) Ho 2021!.
1626. On June 2, 1975, a back sight is taken of the lower limb of the sun, with a

ii. . .me sextant having an IC of 1+)7, from a height of eye of 49 feet. The measured
sextant altitude is 141 004f9.

Required .- Ho using (1) Nautical Almanac, andI (2) Air Almanac.

Answers.-(1) Ho 39'15'0; (2) Ho 39'15'.
1627. The horizontal angle between two objects is measured with a marine sextant

having an IC of (+)4'0. 'rhe measured angle is 85'14%6.
Required.-Corrected angle.

Answer.-Corrected angle 85'18!6.I
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CHAPTER XVII

LINES OF POSITION FROM CELESTIAL OBSERVATIONS

1701. Circles of equal altitude.-For every point on the earth there is a zenith
(art. 1426) vertically overhead on the celestial sphere (art. 1403). Likewise, every point
on the celestial sphere is vertically over some terrestrial point, called its geographical
position (GP). However, since the earth rotates on its axis, causing apparent rotation
of the celestial sphere, the GP of any point on the celestial sphere is continually moving
to the westward, at the rate of about 150 per hour. If a celestial body is changing its
apparent position on the celestial sphere, this motion is added to that caused by rotation,
so that the rates of motion of the GP's of various bodies differ slightly. Further, this
motion may not be exactly westward, having a small northerly or southerly component
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Fioum 1701a.-Circles of equal altitude.
441
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as the body changes declination, due either to its own proper motion or precession of
the equinoxes (art. 1419), or a combination of the two.

At any moment the declination of a celestial body is equal to the latitude of its j
GP. The Greenwich hour angle (GHA) of the body, if not greater than 1800, is equal
to the longitude (west) of the GP. If the GHA is greater than 1800, its explement

(360°-GHA) is equal to the longitude (east). Thus, if it is established that a body of
known coordinates is in the zenith of an observer, the position of the observer is known.
However, for the celestial bodies used in navigation, this condition rarely occurs for any
individual observer, and is difficult to determine when it does occur.

More commonly, the altitude (art. 1430) is measured, and from this the zenith
distance (art. 1430) can be determined. This value defines a circle on the earth, as
shown in figures 1701a and 1701b. Thus, if the observer is one mile from the GP, in any
direction, he is 1' from it, and his zenith is i' from the celestial body. Anywhere on a
circle of one mile (1) radius, with the GP as the center, the zenith distance is 1'.
Similarly, if the zenith distance is 10', the observer may be anywhere on a circle (as-
suming a spherical earth) of radius 10X60=600 miles, with the GP as the center. If
the zenith distance is 300, the radius is 1,800 miles; if 600, the radius is 3,600 miles;
and if 900 (body on the celestial horizon), the radius is 5,400 miles. This is a great circle
dividing the earth into two hemispheres. Anywhere within that hemisphere having
the GP as its center the celestial body is above the celestial horizon. Anywhere within
the opposite hemisphere the body is below the celestial horizon.

o7 i

FiOUR 1701b.-Circles of equal altitude. FiuaR 1701.e.Intersections of two circles of
equal altitude.

These circles of equal altitude are circles of position, or circular lines of position.
S- Two such circles for different celestial bodies, or for the same body at different times,

may intersect at two points, as shown in figure 1701c. If these circles have radii equal
to the zenith distances at the observer, the position of the obscrver is established
at one of the two intersections. Normally, these intersections are separated by such
great distances that no question arises as to which represents the position of the ob-
server. However, unt -ainty can be removed if additional altitude circles can be estab-
lished by observaG, ,f other celestial bodies. It would be a rare coincidence for a
third such circle to pass through both intersections of the first two. The third observa-
tion also serves as a check on the accuracy of the first two. The ambiguity might also

I-.
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be resolved by noting the azimuth of either or both of the bodies, for the azimuth should
-be in the same direction as the radius of the circle of position, measured at the inter-
section.

1702. Utilizing circles of equal altitude.--For most altitudes conveniently ob-
.served, the plotting of circles of equal altitude involves certain difficulties. Becauseof the long radii of such circles, a chart of very small scale would be needed, and vir-
tually any chart distortion would introduce some error, unless an azimuthal projection
(art. 316) centered upon the GP were used, an impractical procedure with a moving
GP for each body. The appearance of two circles of equal altitude plotted on a Mercator
chart is shown in figure 1702.

I' ,

_41

~FIGURE 1702.-Circles of equal altitude on a Mercator chart.

~~It has been suggested that the second difficult,, that of distortion, might be over- i:

> come by plotting directly on a sphere, using equipment designed for this purpose. ;
: While theoretically sound, this procedure does not overcome the first difficulty, that :
: : of scale, and has not proved practical. A variation of this has been the use of movable
_'- ,ares, by which a small-scale modlel of one or more navigational triangles (art. 1433) is

1_mechanically produced. The coordinates are carefully measured by means of sliding : - - -__

-indices controlled by verniiers or mlicrometers. Another variation has been a graphical
~~solution based upon thle drawing of a ,iiagram according to any,, of various principles.
~Although a number of mechanical arid graphical solutions have been devised, and some

~have proved practical (ch. X XD, none has been generally accepted as superior to the _
- commonly used tabular m.'tlods of solution.

_4
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Fi~u~r 1702.-Circies of equal a titd ectrcat



444 LINES OF POSITION FROM CELESTIAL OBSERVATIONS

However, as the altitude of a body increases, reducing the zenith distance, both
distortion and scale difficulties decrease. Also, on a Mercator chart, they decrease
as the GP approaches the equator. The observation of a celestial body near the zenith I
is difficult, but in the case of the sun no alternative may be available near noon in the
Tropics. Such a situation does provide an easy solution and may permit obtaining of!
a fix from two observations of the same body, with only a few minutes between ob-
servations. This solution is discussed further in article 2011.

1703. The line of position.-For zenith distances too great to plot conveniently,
a line of position can be laid down in another manner.

The altitude of a celestial body may be measured. After appropriate corrections
are applied, this is called observed altitude (Ho). For the instant of observation, the
altitude and azimuth at some convenient assumed position (AP) near the actual posi-
tion of the observer are determined by calculation or equivalent process. The differ-
ence between this computed altitude (He) and Ho is the altitude intercept (a), some-
times called altitude difference. Since a. is the difference in altitude at the assumed
and actual positions, it is also the difference in zenith distance, and therefore the
difference in radii of the circles of equal altitude at the two places. The position having
the greater altitude is on the circle of smaller radius, and hence is closer to the GP of i
the body. In figure 1703a the AP is shown on the inner circle. Hence, He is greater .
than Ho.

The line of position can be plotted by using the altitude intercept portion of the
information of figure 1703a, as shown in figure 1703b. First, the AP is plotted. The A
circle of equal altitude through this position is not needed, and is not plotted. From the I
AP the azimuth line is measured toward or away from the GP as appropriate, and the
altitude intercept is measured along this line. At the point thus located, a line is drawn

perpendicular to the azimuth line. For several miles on each side of the azimuth line,
this perpendicular can be considered part of the circle of position through the observer,
as shown in figure 1703a. This perpendicular is the line of position. It is labeled with I
the time of observation above the line, and the name of the celestial body below the
line, as shown in figure 1703b. j I

Ap

ACTUAL POSITION\ ~OF \:
OBSERVER

FIGURE 1703a.-The basis for the line of position FIGURE 1703b.-A line of position from
from a celestial observation, observation of the star Capella at 0643.

I
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For neatness of plot the azimuth line should not be extended beyond the line of
pusition for the AP, unless it is extended a short distance in the direction of the body,
and the symbol of the body observed is shown to indicate whether a "toward" or
"away" observation. This method is used in the examples of Pub. No. 229. Some
navigators may omit the azimuth line, showing only the AP and line of position, and
using a straightedge as a guide for the dividers in measuring the altitude difference.
This is good practice, for it reduces the number of lines on the plotting sheet, and there-
fore mi' .Jizes the possibility of making an error. However, until one gains confidenuce

in plot.ing lines of position, it is desirable to show the azimuth line.
Fcr plotting a line of position from a celestial observation, then, only the assumed

position, altitude intercept (with an indication of which altitude is greater), and azimuth
are needed.

The assumed position is chosen somewhat arbitrarily. It may be the dead reck-
oning position, an estimated position, or any arbitrarily chosen position nearby. Most
commonly, however, the assumed latitude (aL) is taken as the nearest whole degree
of latitude to the DR or EP; and the assumed longitude (ax) is selected so that the
local hour angle is a whole degree. The location of the line of position is independent
of the location of the AP (within reasonable limits), assuming only that the altitude
intercept is measured from the AP used for determining Hc. That is, each AP has its
own altitude intercept, depending upon its distance from the line of position.

The altitude intercept, the numerical difference between He. and Ho, is customarily
expressed m nautical miles (minutes of arc), and labeled T or A to indicate whether
the line of position is toward or away from the GP, as measured from the AP:

He 37051.6 Hc 6157:3
Ho , °43.9 Ho 62'12!7

a 7.7A a 15. 4T

The azimuth is customarily determined by computation or table at the time of

determining He.
This method of plotting a line of position from a celestial observation was suggested

by Marcq St.-Hilaire (art. 2108), and generally bears his name. It is used almost
universally by modern navigators. The method is based upon knowledge of one point
on the line, and the direction of the line. Another method of utilizing the same principle
is to assume the latitude and compute the longitude at which the line of position
crosses that parallel (the time sight method, art. 2106), or vice versa. When this method
is used, the azimuth is customarily found separately, from a table or graph. A third
method is to compute two points on the line of position and draw a straight line through
them. This line is a chord, rather than a tangent, of the circle of position, but in most
cases the difference is negligible. This third method was that originally proposed by
Captain Thomas H. Sumner (art. 131), and for this reason the resulting line of position
is sometimes called a Sumner line, although the expression may be applied to any
line of position resulting from celestial observation. -

When celestial navigation is used, plotting is generally done on plotting sheets (art.
323) published by the Defense Mapping Agency Hydrographic Center. These are less
expensive than charts, and the absence of detail eliminates a possible source of confusion
and error.

1704. Using lines of position from celestial observations.-Like any other line of
position, one resulting from a celestial observation does not pinpoint the position of
the craft, but may provide all the information needed to insure safety of the vessel.

--" %The selection of a celestial body and the time of observation to provide the desired
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information is based upon the fact. that the line of position is perpendicular to the g
azimuth line. If the celestial body is on or near the celestial meridian, the line of position"
is a latitude line, indicating the latitude at the time of observation, sometimes called 1
the observed latitude. Similarly, a body on or near the prime vertical provides a longi-
tude line, indicating the observed longitude. One ahead or astern provides a speed
line, since the line of position is perpendicular to the course, and hence is an indica-
tion of the speed made good since the last speed line or fix. Similarly, a body on the1
beam provides a course line which indicates to what extent the course is being made
good. If the azimuth line is perpendicular to a coastline, shoal, or other hazard, the
line of position indicates the distance of the vessel from the danger. Passage parallel
to such a danger, or between two of them, might be made safely by means of a series
of observations of a body on the beam during passage, without fixing the position of
the vessel. This problem might be simplified by precomputing the sextant altitude at
intervals during passage, and plotting this versus time on cross-section paper, so that
extant altitudes can be compared immediately with the value taken from the curve
to determine any deviation from the desired track. In a perpendicular approach to a
coast, the point at which landfall will be made can be predicted with considerable
accuracy if a body having an azimuth parallel to the beach is observed.

During twilight, with clear skies, the selection of a celestial body to provide desired I
information is simply a matter of choosing the body with azimuth nearest that de- I
sired, remembering that bodies having azimuths differing by 1800 should provide the [

- - same line of position. Observation of bodies in oppoite directions provides a check, |
and a better one than two observations of the same body, or observations of two bodies |

having nearly the s.me azimuth, for any constant error hi the observations, such as I
might be caused by abnormal dip, can be eliminated by observing bodies on opposite I
azimuths and using a line midway between the two plotted lines of position.

When a limited number nf bodies is available for a considerable period, as during
daylight, the besi. time to make an observation to obtain a line of position in a desired
direction can be determined by means of an azimuth table or diagram, or an inspection
table such as Pub. No. 229. The azimuth is located, and the corresponding local hour
angle is recorded. The local hour angle can then be converted to GHA, and the time
at which this GHA occurs can be determined from the almanac (art. 2104).

Lines of position can be used for determining an estimate, ' position (art. 1705), or -
the, can be advanced or retired (art. 1706) to obtain a fix (.rt. 1707) or running fix
(art. 1708). If a single body is available for observation, increased accuracy can usually 1
be obtained by making three or mcre observations, adjdisting :11 lines to a common
time (art. 1706), and using either the middle line, or the average position of all lines.

1705. Estimated position.-As indicated in chapter VIII, a dead reckoning (DR)
position is determined by advancing a known position for courses and distances. In
the absence of additional informaticn, the DR position is the best estimate of the posi-
tion of the vessel. However, the expression estimated position (EP) is generally appliedto cne determined by using additional but inconclusive information. If the effects
of wind and current can be estimated and these effects have not been considered in
establishing the DR position, thyr can be applied separately to establish an EP. 4s
each additional item of information is received, an improved estimate might be made.

A single line of position can be useful in establishing an estimated position. If an I
accurate line is obtained, the actual position is somewhere on this line. In the absenc a- A
of better information, a perpendicular from the previous DR position or EP to the line
of position establishes the new Er- s shown in figure 1705a. The foot of the perpen-
dicular from tit A: has no sigifficance in ihis regard, since it is used only to locate the i
line of position.

a#
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The establithment of a good EP is dependent upon accurate interpretation of a])
information available. Generally, such ability can be acquired only by experience. If, I
in the judgment of the navigator or captain, the course has been made good, but the
speed has been uncertain, the best estimate of the position might be ut the intersection
3f the course line and the line of position, as shown in figure 1705b. If the -,need since
the last fix is considered accurate, but the course is considered uncertain, the EP might
be at the intersection of the line of position and an arc centered on the previous fix
and of radius equal to distance traveled, as shown in figure 1705c.

More often, neither course nor speed is known to be entirely accurate, but if one
is considered more accurate than the other, the EP may be located accordingly. Even
the ine of position might properly be considered of questionable accuracy, and some
estimate of its reliability established. Figure 1705d shows an EP that might be es-
tablish d by considering the line of position of greatest but incomple'te accuracy,
the speeA of secondary accuraey, and the course as least accurate.

The expression most probable position (MPP) is sometimes used as the equivalent
of estimated position. Howevr, the former is of somewhat broader application, since
it may apply equally wel! to establ,-hinent of the fix when more than two liies of posi-
tion are available.

EP after observation of sun . 1630

EP before observation of sun 1630

Fieuna 1705a.-Estiniated positions before and after observation of the sun for a line of position,
allowing for current.

070 000 - - distance

1100

FIGURE 1705b.--An estimated position wlen the FIGURE 1705c.-An estimated position when
course and a line of position are considered the spccd and a line of position are considered
accurate. accurate.

0700

1081
/ 1100

FIGURE 1705d.-An estimated position when a line of postion is considered of first acevrary, speed
of second accuracy, and cursc of third accuracy.
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Fu,. r discussion of nr'-igational accuracy is included in chapter III of volume Il.I
1706. Advancing and retiring lines of position.-For a stationary observer, lines!

of position resulting from observations made at different times are eque'ly applicablewithout adjustment. However, for a moving observer, as one aboard a vessel underway
at sea, any line of position (except a course line) applies only to the position at the time
of observation. If lines resulting from observations made at different times are to bet
utilized for determining position, they should be adjusted for the motion of the observer!
between observations.

A line of position resulting from observation of a celestial body can be advanced
or retired in the same manner as other lines of position (art. 1010), by selecting any point,
associated with the line of position and running it forward or backward by dead reckon-,
ing, or by estimate. For most accurate results, the best estimate of course and speed'
made good (over the bottom) between the time of observation and the time to which
the line is to be adjusted should be used. Any error it. determining these values is,
reflected in the a ijusted line of position. However, error in speed does not affect the
accuracy of an adjusted course line, nor does error in course introd e an appreciable
error in the accuracy of an adjusted speed line. The time label of an adjusted line of'
position includes both the time of observation and the time to which the line is adjusted.

As in the case of a lir- of position resulting from observation of the bearing of an'
identifiable, charted object (art. 1004), the number of lines on the chart can be kept
to a minimun, reducing the possihility of confusion, by adjusting the point from which
the line is drawn. In the case of celestial navigation, this is the assumed position.i
This method applies equally well to all observations, and avoids some possible dif-
ficulty which might arise in advancing a line of position nearly parallel to the course I
line. When the AP is advanced or retired, the initial line of position need not be drawn
unless it serves some useful purpose. "

1707. The fix.-The common intersection of two or more !ines of position con- A
stitutes a fix, regardless of the source (Z the position lines, provided only that the lines
are based upon simultaneous observations. Celestial observations are seldon simul-
taneous because all sights of a group are customarily taken by a single observer, usually1the navigator. If observations are made - few minutes apart (a ror "1 of sights), as
during a twilight period, all lines are adjusted to a common time, and the position
is considered a fix, rather than a running fix. Many navigators advance earlier lines-
to the time of the last observation, and consider the fix applicable at this time, asI
shown in figure 177a. An alternative procedure, which is gaining in acceptance, is -A
to advance earlier sights and retire later ones to an intermediate time, either the time
of the mid observation, or a convenient time during the period of observation, such 3as a whole, half, or quarter hour. This results in a more accurate and convenient time i
of the fix. In figuie 1707b the lines of figure 1707a are adjusted to a common time at _2 M_
a whole hour. With any procedure, the time of the fix is the common time to which -

the lines of position are adjusted. i
In figures 1707a and 1707b the assumed posituns. are typical of those which might

be used with a modern method of sight reduction such as Pub. No. 229 (ch. NX).
Any position in the vicinity might be used. If the dead reckoning (or estimated)
position at the time of each observation is used as the assumed position for that sight,
all sights are plotted from the DR position (or EP) at. the tinio for which the fix is
desired. If the same AP is used for all sights, the advanced or retired AP's are along a
straight line extending in the direction of the course line, the AP correspondir.g to the
earliest observation being farthest advanced alnng this line, and others progressing
along it in a direcion opposite to that of the course. If there is any change of course
or speed between observations, this should be considered in advaning or retiring a line ' I

-)II
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Ei

0605

060!

FiocuE 1707a.-A fixobtained by advancing earlier lines of position to the time of the Iast observation.

0a,

0600

I /

'0

_ _ _ _ _ _ _ _ _ _ _ _ _ _AP

AP" AR

FIGURE 1707b.-A fix obtained by adjusting the lines of position ,,f figure 1707a to a convenient time
during the period of observation.

of position, as it would in running forward the dead reckoning. Under normal condi-
tions, lines of position adjusted for a short inierval to obtain a fix are moved by dead
reckoning, without separate allowance for current.

Two li..es of position provide, a fix, but when additional celestial bodies are available,
it is good practice to obser-,c them. Additional lines serve Ps a check on the accuracy of
the first, two, and shoid decrease the error of the fix. However, the increased accuracy
of a fix resulting from a number of lines of position, over that resulting from only
two, is not geat under normal conditions, and the principal reason for the additional
observations is the increased confidence the ihavigator has in the reliability of his fix.

Ih selecting bodies for observation, one slould generally consider azimuth pri-
marilv, and such factors as brightness, altitude, ec., secondarily. Individual cir-

____ cumstances, however, may dictate departures from this procedure. During twilight,
when skies are clear and the entire horizon is good. one generally has ample choice of *

bodies to observe. It is good practice to make several more observat-ions than the
minimum considered acceptable, so that additional lines of position will be available.
...... i, w, resolve possible ambiguities or confirm doubtful results.

T%
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Sights need not be solved in the order taken. During evening twilight the brightest
bodies should be observed first, as soon as they can be "brought down" successfully|
to the horizon. During morning twilight the reverse is true, the dimmer stars being
observed while they are still visible. However, with advance planning, one can include
in the list of bodies to be observed those which should provide the best fix.|I

If all observations were precisely correct, in every detail, the resulting lines off
position would meet at a point. However, this is rarely the case. Three observations,
generally result in lines of position forming a triangle. If this triangle is not more than!
two or three miles on a side under good conditions, and five to ten miles under un-
favorable conditions, there is normally no reason to suppose that a mistake has been:
made. Even a point fix, however, is not necessarily accurate. An uncorrected error in
time, for instance, would move the entire fix eastward if early and westward if late, at
the rate of 1' of longitude for each 46 of error iii time.

With two or four observations, the ideal is to have them crossing at angles of
900. With three observations, the ideal is angles of 600. With three observations it
is good practice to observe bodies differing in azimuth by 120 °, as nearly as possible.
This provides lines of position crossing at angles of 600, and, in addition, any constant
error in altitude is eliminated, serving only to increase or decrease the size of the tri-
angle, but not affecting the position of its center. If the azimuths diJer by 600 (or the
azimuth spread is less than 1800), a large constant, error in altituue would result in a"
fix outside the triangle, as shown in figure 1707c. With lines of position crossing at 60*,1
the assumed constant error for a fix outside the triangle is three times that for a fiAi
inside the tr:angle. With four bodies, azimuths differing by 900 produce a box fix, withi
constant error eliminated by using the mid point as the fi. With more than four ob-
servations, the selection of the fix becomes more complex, ar,d genera' rules are probrAl-
undesirable. The evaluation of each observation and the eyercise of judgment become!
of greater importance. Whatever the number of observations, common practice, backed!
by logic, is to take the center of the figure formed unless there is reason for deviating
from this procedure. By "cei.ter" is meant the point representing the least total error'

FIX

FIX ;

0 *I

F, ua 1707c.-A fix from three lines of position. asuming a constant error in altitude. If all lines.

are moved away (in this case) from the bodies observed, they would meet in a point which might
be either inside (left) or outside (right) the triangle.
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of all lines considered reliable. With three lines of position, the center is considered that
point, within the triangle, which is equidistant from the three sides. It may be found
by bisecting the angles, but more commonly it is located by eye. Jf a fix outside the
triangle is to be used, and eye interpolation is not considered sufficiently reliable, the
point can be found by bisecting two external angles and the internal angle at the third I
intersection. If a constant error is assumed, the most probable position ef the fix can
always be found, whether within or outside the triangle, by bisecting the angle formed
by azinmth lines originating at each intersection. -

The matter of navigational errors as applied to this problem is further discussed
in chapter III of volume II.

1708. A running fix (R FIX), in celestial navigation, is a position obtained by observa-
tions separated by a considerable time interval, usually several hours. The usual
occasion for a running fix is the availability of a single celestial body for observation,
generally the sun. The delay between observations is usually to permit the azimuth to
change sufficiently to provide a good angle of cut between lines of position. Thus, the
sun may be observed about 0900, and again about noon.

Generally, a longer wait results in a more nearly perpendicular intersection of
the two lines of position, but it may also increase the error of the advanced line. TheI
earlier line is advanced for the course and distance made good. The ability with which
these can be predicted determines the accuracy of the running fix, assuming accurate
observatioh, sight reduction, and plotting. For this reason it is impractical t.o set a
speciic time limit upon the advancement of a line of position. This should be determined

i by the conditions of each situation, in the best judgment of the navigator. Experience is
valuable in acquiring such judgment.

When an observation of a single body is mace, with the intent of later advancing
it to obtain a running fix with a second observation, the line of position should be
plotted for the time of observation, regaidless of the method used for advancing it,
for the single line usually provides some useful information, as indicated in article 1704.

Allowance for CurTent. when advancing a line of position, can be made by solving
a vector diagram. as indiated in article 807, to determine the course and speed made
good. An alternative moe.hod is to advance the AP or li.e without allowance for
current, and then to advaice it. a second time in tle direction of set of the current,
for a distance equal to the drift multiplied by the number of hours between the time
of observation and the time to which the line is advanced. This method is illustrated
in figure i703. The distance AB :- qual to the distance between the 0800 and 1152
DR positions. The direction BC is the estimated set of the current, and the length BC
is the distance through which the current is assumed to act.

A third method provides accurate results even when a reliable estimate of the
carrent is not available, provided (1) a good fix was obtained several hours before the
time of observation, and (2) the c-verage current between the time of the previous fix
and the time of observation can be assumed to continue until the timE to which the
line is to be advanced. This method is illustrated in figure 1708b. The 0510 fix is shown
at the left, and the DR poqitions at 0830 and 1215, the ship being on course 0740,
speed 12 knots. The sun is observed at 0830 and again at 1215, and it is desired to
advance the earlier line to obtain a running fix at 1215. The lines of position at 0830
and 1215 are plotted. To advance the 0830 line of position, the distance AB is assumed
to increase uniformly with time interval from 0510. The interval to 0830 is 3420m,
and that to 1215 is 7"05-. Therefore, A'B'=ABx 20L ABX,2.1. The advanced line

"b20 m
of position is drawn through B', parallel to the original line through B. The running
fix is at the intersection of the 1215 line and the advanced 0830 line.
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C S IS

FiGURl 170$a.-Advancing a line of position with allowance for current, without determining course
and speed made good.

J

121 1215 R FX Q
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FiGurE 1708b.-Advancing a line of position withoit previous knowledge of the current.

The set of the average current betweeii 0510 iwd 0880 is the direction from A'
to the 1215 running fix, and the drift is equal to this distance divided by 7105,". The!
direction of a straight line (not shown) from the 0510 fix to the 1215 running fix is'

the course made good between 0510 and 0S30, and the length of this line divided by-
the time (7b05m) is the speed mamde good to 0830.

The points B and B' need not be at the intersection of the lines of position and
the course line. Any point on the line of position can be used, and the line A'B' drawn,
parallel to AB. l(haiwPi of course -- d speed do not. affect the accuracy of the solutiont

__ as long as A'B' is parallel to AB.
Several other variations are possible. A convenient one is to measure the distance

from the earlier fix to point B. and divide this by the time to determine an "assumed'' I
speed (based upon the assumptioii that point B represents the position of the vessel
at the time of observation), and then to use ti-is speed to advance the line of position.

A{
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This variation should not be used without adjustment if a change of coure or speed is
involved between the earlier fix and the time to which the line is to be advanced.

This method should be used with caution. Any error in either the earlier fix or the
first line of position is increased in proportion to the elapsed time. Thus, in figure 1708b,
if AB is in error by one mile, A'B' is in error by 2.1 miles. It should not be used when
there is reason to suspect a change in current between fixes.

1709. Celestial navigation and dead reckoning.-As indicated in chapter VIII,
dead reckoning consists of advancing a known position for courses and speeds. Some
difference in technique arises from a difference of opinion among navigators on the
definition of (1) "known position" and (2) courses and speeds.

Regarding the first, no position determined by cclestiai navigation as commonly
practiced at sea is known with perfect accuracy. An average error of two miles is
realistic. Because of the varying conditions encountered, it is difficult to establish
limits of a "known" position. In general, however, a reasonably reliable fix or runnire
fix is considered sufficiently accurate to justify a new start in the dead reckoning. An
estimated position or a fix or running fix of doubtful accuracy is considered an indi-
cation, but an inconclusive one, of the error in the (lead reckoning. Therefore, it is
considered good practice to avoid starting a new (lead reckoning track from such a
position unless there is a compelling reason for doing .o. After long experience and
the development of sound judgment, a navigator might acquire great skill in establish-

ing a most probable position of sufficient reliability to justify more frequent breaks
in the continuity of the dead reckoning, but even under these conditions any reasonable" element of doubt should be given great respect.

What has been said regarding "known position" applies, also, in large measure to
course and speed. The course steered and the speed at which a ship is being driven
forward by its engines can be determined with relatively little error. Allowance for 1 I
wind and current ib a matter largely of judgment based upon experience. If the dead
reckoning is to be meaningful, considerable caution should be exercised in allowing for
wind and current when determining the course and speed to use for plotting. In the
absence of information of n high degree of reliability, it o; corsideied prudent to deter-
mine dead reckoning without allowing for estimated effects of wind and current.

In the absence of better information, then, it is considered good practice to start
a new dead reckoning thack only from a reliable fix or running fix, and to use courses
and speeds without allowance for wind and current. This does not mean, however,
that the navigator should not continually be aware of the possibility of error in his
position as determined by dead reckoning, nor should he fail to make an estimate of
the size and directic of 'the error. In this ability, and that -of accurately interpreting
all navigational infoiniation received, lies the test of a good navigator. This is largely
the art of navigation, as distinguished from the somewhat mechanical process of making
observations and computing and plotting the results, and also from the science of
devising the aids that are used in modem navigation.

-- ~ When it is desired to determine "average current," this expression being used to
mean the resultant of all dead reckoning errors, the dead reckoning should be run forward
from a fix (not a running fix) to the time of the next fix (or running fix if the method
of art. 1708 is used). A dead reckoning position determined in any other way is not I
usable, unless it is adjusted to provide a "no-current" position. A straight line con-

X necting such a dead reckoning position and the fix at the same time indicates the
curront. Tie direction of the line from the DR position to the fix is the set of the cur-
rent, and the length of this lina divided by the number of hours since the last fix is the
drift, as in piloting.

i ' _U
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Problems

A Position Plotting Sheet such as chart 969, covering latitudes 270 to 300 north and
south is needed for most of the problems of this chapter. If this is not nvailable, one canAl

bconstructed by means of table 5, as explained in article 307; or small area plotting10
sheets can be constructed as explained in article 324.

1703a. In each of the following, determine the altitude intercept, iz, and label iti
T orA, asappropriate: AcH

(1) 18-21!4 18025'9 12

(2)% 53002f7 52035.5
(3) (-)0005f2 (-)0012f7I

Artswrs.-(1) a 4.15 T, (2) a 27.2 A, (3) a 7.5 A, (4) a 12.2 T. AM
'70i3b. The 0930 DR -co~tion of a ship is lat. 2902Of4N, long. 130 o25f2W. A

this time the navigutor observe,4 the sun, and computes Hc and Zn for the 0930 D

the same sight for an assumed position of lat. 29*0 000N, long. 130 0 300OW, with thej
following results: He W&o00f0, Zn 157?0.

Required.-Plot the two lines of position, and account for the result.
Answer.-The two lines of position plot as approximately the same line, which i A

not dependent upon the assumed position, but only upon the observed altitude ani

the time of observation.
1705a. The 0500 fix of a ship is lat. 27*100ON, long. 142055f5W. The ship is on

course 068', speed 9 knots. At 0800 the navigator observes the sun, with thefolwn
results: floi~

a 6.6 T aL 27*O000N
Zn 105?0 aX 142039flW

The current since the morning fix is estimated to set 1300. at a drift of 1.4 knots.
Required.-(I) The 0800 DR position. -

(2) The 0800 EP if there were no observation, and no current was ant'icipated.
(3) The 0800 EP using the current, if there we--e no observation.

(4) The 0800 EP using the line of position, but not the current.
(5) The 0800 EP using all available informnation.
Answers.-(1) 0800 DR: L 27*200'N, X 142 027f2W; (2) 0800 EP without current

and line of position: L 27'20 fON, X 142'27'2W; (3) 0800 EP with current but no line

of position: L 270 17f4N, X 142 023f5W; (4) 0800 EP with line of position but nio current::
L 27 0 195N, X 142 0253W; (5) 0800 EP with current and l1ine of position: L 27 0 18f7N! fI 1405IW

1705b. The 0530 fix of a ship is lat. 280 55f8N, long. 161*51!7E. The ship is on
course 0600, speed 10 knots. At 0830 the navigator observes the sum, with the follewing.

reut:a 6.7 A aL 290 000ON

Zn 110?0 aA 162 0289E

the line of posi tion is considered tcoure. i eivdt aebe

(2)The080 E ifth spedis beivdto be corcadthe line of psto

conidre aauae

_A
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(3) The 0830 EP if the course and speed are considered of equal reliability, and
the line of position is considered accurate.

(4) The 0830 EP if the course is of questionable accuracy, but considered more
reliable than the speed, and the line of position is considered accurate.

(5) The 0830 EP if the speed is of questionable accuracy, but considered more
reliable than the course, and the line of position is considered accurate.

(6) The 0830 EP if the course is believed to have been made good, and the error
contributed by the uncertainty of the line of position is believed.to be twice that con-

tributed by the uncertainty of the speed.
Answers.-(1) 0830 EP: L 29'13'5N, X 162'26.3E; (2) 0830 EP: L 29 0 06'5N,

X 162-23'6E; (3) 0830 EP: L 29'09'8N, X 162°25'0E; (4) 0830 EP: any place between
(1) and (3); (5) 0830 EP: any place between (2) and (3); (6) 0830 EP: L 29°11.4N,
X 162 022:8E.

1707a. At. 1740 the navigator and two assistants observe simultaneously three
_ stars, with the following results:

Fomalhaut Deneb Aldebaran

T Hc 28010'3 340596 39052f8
Ho 28005'3 35005f6 39046!.8
Zn 210*0 308?7 089?3
aL 28 ' 0 0 0ON 28 0 00'ON 28 000'ON
aX 42 031 f 7W 42 029.0W 42 023'2W

Required.-The 1740 fix.
Answe,.-1740 fix: L 28 006'6N, X 42*30:5W.

' 1707b. The 1800 DR position of a ship is lat. 27'02f2.N, long. 170'17'0W. The
ship is on course 0450, speed 14 knots. During evening twilight the navigator observes A

three stars, with the following results:

Dubhe Altair Spica

Time 1815 1821 1830
He 34°45.2 22011'8 47024!.8-

Ho 34 0 51.3 22015f7 47020'4
Zn 331?5 090?3 219?9
aL 27' 0 000N 27 0 00'0N 270000N
aX 170 0 10.2W 170 005!0W 169 054'8W

Required.-The 1830 fix.
Answer.-1830 fix: L 27 0 11.5N, X 170 000'5W.
1707c. The 1930 DR position of a ship is lat. 29 0 10'5S, long. 122°354W. The

ship is on course 320', speed 16 knots. During evening twilight the navigator observes
a planet and two stars, with the following results:

Xaturn Regulus Rigil Kent.

Time 1931 1942 1951

He 46058'5 53004'0 240195
Ho 4605515 53009%3 24030'0
Zn 023?5 170?2 297?6
aL 29° 0 0'00S 29 0 00'0S 29 0 00'OS
aX 122'55:0W 122 045'1W 122 0 35'2W

-jo
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Required.-The 1942 fix.

Answer.-1942 fix: L 29*05f3S, X 122 0 47f4W.
1707d. The 0500 DR position of a ship is lat. 29*53.9N, long. 69032.1W. The

ship is on course 1300, speed 13 knots. During morning twilight the navigator observes
a planet and two stars, with the following results:

Mars Kochab Spica
Time 0451 0502 0511

He 17014!1 380262 33035f2
Ho 17024:5 38019f2 33047f8
Zn 130 1 353?2 237?9
aL 30 0 000N 30 000N 30 00W0N
aX 69 0 ,l:7W 69 0 30 0W 690 183W

Required.-The 0500 fix.
Answer.-0500 fix: L 29054:0N, X 69*30'5W.
1707e. The 0930 DR position of a ship is lat. 28 040'4N, long. 125 030'4E. The

ship is on course 2200, speed 25 knots. The navigator observes the sun and moon, and
solves each sight from the DR position at the time of sight, with the following results:.

Sun Moon
Time 0936 0943
He 54024:3 370079
Ho 540263 37014f7
Zn 200?2 142-

.Required.-The 0943 fix.
Answer.-0943 fix: L 28 032:1N, X 125'32:3E.
1707f. A ship is on course 3140, speed 24 knots. During evening twiflight the navi- 1 -gator observes two stars and the moon, and solves all three sights using assumed

latitude 28° 0 00S, assumed longitude 41 0 19'5W as the AP, with the following results:

Peacock Moon Alphj.rodz

Time 1855 1900 1905
Hc 570126 66058'2 23°00!5 I
Ho 57017!9 67001!2 22053f7
Zn 194?7 300?5 038?2

Required.-The 1900 fix.
Answer.-1900 fix: L 28°03.5S, X 41 026:5W.
1707g. The 0400 DR position of a ship is lat. 27°01:9N. long. 51'360E. The

ship is on course 037', speed 20 knots. At 0545 the course is changed to 3090. During
morning twilight the ia .igator observes two stars, with the following results:

Vega Alp,eratz

Time 0537 0602
a 4.5T 7.8T

Zn 300?5 075?7
aL 27°000N 27 000!0N
aX 51 045:2E 51 50f 1E

Required.-The 0602 fix.
Answer.-3602 fix: L 27 ' 28'1N, X 510 5i.1E.

I9
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1707h. The 0600 DR position of a ship is lat. 27*50:3N, long. 20'58'2W. The
ship is on course 000', speed 20 knots. During morning twilight the navigator observes
four stars, with the following results: I

Dubhe Kaus Aust. Spica Vega

Time 0551 0554 0558 0604
He 29001 210578 37059!4 54033'1
Ho 28534 22011f7 380035 540285
Zn 330?0 149?7 233°3 057?3
aL 28*00:0N 280000N 28000f0N 28000'0N
aX 20054f6W 21008f4W 20056!7W 20051'3W

Required.-The 0600 fix.
Answer.-0600 fix: L 27 0 53:5N, X 20 0 55'0W.
1707i. The 1815 DR position of a ship is lat. 29 041'5S, long. 163 052'3W. The

snip is on course 295*, speed 18 knots. During evening twilight the navigator ob-
serves three stars, with the following results:

Regulus Pollux Aldebaran

Time 1810 1815 1821
Hc 45018"6 3505017 22050'8
Ho 450262 36 003'4 220577 M

Zn 040?2 350?7 300?5
aL 30 0 00'0S 30 000'0S 30 0 00.0S A
aX 163 0 450W 163 049f8W 163 054'0W A

Required.-(1) The 1815 fix, assuming random errors.
(2) The 1815 fix, assuming a constant error.
Answers.-(1) 1815 fix: L 29*47.2S, X 163*51.2W; (2) 1815 fix: L 29'51'4S,

,T X 163 050'6W.
170a. The 0830 DR position of a ship is lat. 29 0 25 4S, long. 9034.7E. The ship

is on course 3260, fpeed 22 knots. The sun is observed during the morning, and againI at 1200, with the following results: S

,Sun Sun

Time 0 0 1200
a 15.2 A 28.4 A

Zn 062?3 169?5
aL 290000S 29 00'0S
aX 9037'0E 8052'1E :

Required.-The 1200 running fix.Answer.-1200 R fix: L 28031:6S, X 8050'0E
1708b. The 0900 DR position of a ship is lat. 28005'6N, long. 93°44:0W. The

ship is on course 2200, speed 20 knots, and is believed to be in a current with set of'-'- !100 and a drift of 1.5 knots. The sun is observed during the morning, and again at -_
_ 1200, with the following results: _

Sun Sunai

Time 0900 1200
a 11.2T 17.0 A

Zn 103?2 172?0
aL 28 0 000N 27 00.'0N
aX 93 054'0W 94 038:9W

, -2.AA

SJ



4L

.14 IF

458 LINES OF POSITION FROM MLESTIAL OBSERVATIONS

Required.-The 1200 running fix.
Anmwer.-1200 R fix: L 27019!8N, X 94117!5W. _

e1708. The 0715 fix of a ship is lat. 2802819S, long. 81*14!8W. The ship is on
course 1200, speed 15 knots. During the morning the sun is observed twice, with the J
following results:

Sun Sun
Time 0945 1200

a 9.4A 0
Zn 095?0 005?0
aL 29 0 000S 29 000'0S
aX, 800251W 80011'2W

Required.-(1) The 1200 running fix, allowing for current.
(2) Set and drift of the current.
(3) Course made good between 0715 and 0945.
Ansvwers.-(1) 1200 R fix: L 29001!0S, X 80 000'2W; (2) set 0490, drift. 1.1 kn.;

(3) course made good 116'0.
1708d. The 0500 fix of a ship is lat. 28'36:5N, long 143 0 22:0E. The courses and t

speeds during the morning are as follows:

Time Course Speed

0500 0470 24kn.
0600 1020 20 kn.
0715 0380 16 kn.I
0845 0750 19 kn. 18
1000 0300 23 kn. aa
1045 0850 25 kn.

During the morning the sun is observed twice, with the following results:1
Sun Sun

Time 0915 120

8.8A 20.0A
Zn 125?0 191?7 I
aL 29° 0 00N 29 000'0N
aX 144 044:8E 145 029 8E

Reqired.-(l) The 1200 running fix, allowing for current.
(2) Set and drift of the current.
(3) Course and speed made good between fixes, assuming no change in current. I
Allswers.-(1) 1200 R fi.-.: L 290 20!0N, X 145 033:0E; (2) set 2000, drift 1.7 kn.;

(3) course made good 070', speed made good 17.7 kn.
1709a. The 0400 DR position of a ship is lat. 27041.:8S, long. 64*54!0E. This

position has been run forward from a fix at 1715 the previous evening. The ship is on
course 2150, speed 19 knots, but at 0600 the course is changed to 1250. At 0715 fix
locates the ship at lat. 28 023:0S, long. 65'04!3E.

Reguired.-Set and drift of the current between fixes.
Answers.--Set 0730, drift 1.0 kn.
1709b. The 0500 fix of a ship is lat. 27'09'0N' , long. 158095W. Th ship is on

course 310', speed 14 knots. At 1155 a running fix locates the ship at lat. 28'01'2N,
long. 159 033.2W. A new dead reckoning plot is started from this position. At 1900 a
star fix is obtained, locating the ship at lat. 28'57.8N, long. 160 0 54:9W.

Required.--et and drift of the average current between morning and evening fixes.
Answer&-Set 1670, drift 1.2 kn.

N4

a. w : _ . , e __ - - . . .



CHAPTER XVIII

TIME

1801. Introduction.--Time serves to regulate affairs aboard ship, as it does ashore.
But to the navigator, it has additional significance. It is not enough to know where
the ship is, was, or might be located in the future. The navigator wants to know when
the various positions were or can reasonably be expected to be occupied. Time serves
as a measure of progress. By considering the time at which a ship occupied various I
positions in the past, and by comparing the speed and various conditions it has en-
countered with those anticipated for the future, the skillful navigator can predict with
reasonable accuracy the time of arrival at various future positions. Time can serve s a
measure of safety, for it indicates when a light or other aid to navigation might be
sighted, and if it is not seen by a certain time, the navigator knows he has cause for
concern. ci

To the celestial navigator, time is of added significance, for it serves as a measure
of the phase of the earth's rotation. That is, it indicates the position of the celestial
bodies relative to meridians on the earth. Until an accurate measure of time became
available at sea, longitude could not be found.

Very small intervals of time are used in certain electronic navigational aids, such
as radar and Loran.

Whatever the typ- of navigation, a thorough mastery of the subject of time is
important to the navigator.

The four independent base units of measurement currently used in science are -A
length, mass, time,. and ,1cmperature. It is true that. except for fields of science such as I
cosmology, geoloG - find astronomy, time interval is the more important time concept,
and date (astronomical) is of much less importance to the rest of science. This is true f
because the "basic laws" of physics are differential in nature and only involve small
time intervals. In essence, physical "laws" do not depend upon when (i.e., the date)
they are applied.

Based on these laws and extensive experimentation, scientists have been able to
dento'nstrate that frequency can be controlled and measured with the smallest percent-
age error of any physical quantity. The frequency of a periodic phenomenon is the
number of cycles of this phenomenon per unit of time (i.e., per second). The name of
the unit of fre-,ency is the hertz (Hz) and is identical to a cycle per second (cps).
Since most clocks depend upon sonic periodic plhenomenon (e.g., a pendulum) in order
to "keep time," and since one can make reliable electronic counters to count the
"swings" of the periodic phenomenon, we can construct clocks with timekeeping
accun.ey (rate accuracy) equal to the accuracy of the frequency standard. Today's
most precise and accurate clocks incorporate a cesium atomic beam as the "pendulum"
of the clock.

1802. Clocks and fimekeeping.-In early times the location of the sun in the sky
was the only reliable indication of the time of day. Of course, when the sun was not
visible, one was unable to know the time %ith much precision. People developed devices
(cailed clocks) to interpolate between checks with the sun. The sun was sort of a
"master clock" that could be read with the aid of a sundial. An ordinary clock, then, was
a device used to interpolate between checks with the sun. The gain in accuracy of the

459
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different clock devices over a period of years is shown in figure 1802. (Timekeeping,
has snown nea. y 10 orders of magnitude improvement within the last 6 centuries with I
about 6 orders occurring withip 70 years of th3 20th century.) Thus, a clock could be
a "primary clock" like the position of the sun in the sky, or it could be a secondary clock
and only inte:polate between checks with the primary clock or time standard. His-.

torically, som people have used the word "clock" with the connotation 'f e secondary
time reference, but today this usage would be too restrictive.

When one thinks of a clock, it is customary to think of some land of pendulum
or balance wheel, a group of gears, and a clock face. Each time the pendulum completes
a swing, the hands of the clock are moved a precise amount. In effect, the gears and
hands of the clock "count" the number of swings of the pendulum. The face of the clock,
of course, is not marked off in t .e number of swings of the pendulum but rather in

hours, minutes, and seconds.
One undesirable characteristic of pendulum-type clocks is that no two clocks ever

keep exactly the same time. This is one reason for looking for a more stable "pendulum"
for clocks. In the past, the most stable "pendulums" were found in astronomy. Here
one obtains a significant advantage because only one universe exists- at least for I
observation purposes, and time defined by thib means is available to anyo.z.-at least 1
hi principle. Thus, one can obtain a very reliable time scale which has the property of
universal accessibility. In this chapter, time scale (art. 1804) is used to r3fer to a con-
ceptually distinct method of assigning dates to events.

In a very real sense, tho pendulum of ordinary, present-day electric clocks is the I
electric current supplied by the power company. In the United States the power util- j
ities generally synchronize their generators to the National Bureau of Standards

(NBS) low frequency broadcast, WV&WVB. Thus, the right number of pendulum swings I
occur each day. Since all electric clocks which are powered by the same source have, in
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effect, the same pendulum, these clocks do not gain or lose time relative to each other;
i.e., they run at the same rate. Indeed, they will remain fairly close to the time as broad-
cast by WWVB (= 5 seconds) and will maintain the same time difference with respect
to each other (± 1 millisecond) over long periods of time.

It has been kno vn for some time that atoms have characteristic resonances or,
in a loose sense, "characteristic vibrations." The possibility therefore exists of using
the "vibrations of atoms" as pendulums for clocks. Presently, microwave resonances
(vibrations) of atoms are the most precisely determined and reproducible physical
phenomena that man has encountered. A clock which uses "vibrating atoms" as a pen-
dulum will generate a time scale more uniform than even its astronomical counterparts.

But due to intrinsic errors in any actual clock system, atomic clocks drift relative
to other similar clocks. Of course, the rate of drift is much smaller for atomic clocks than
the old pendulum clocks, but nonetheless real and important. The attribute of universal
accessibility for atomic time is accomplished by coordination between laboratories
generating atomic time.

1803. Basic concepts of time.-One can use the word "time" in the sense of date.
(By "date" we mean a designated mark or point on a time scale.) One can also consider
the concept of time interval or "length" of time between two events. The differenceiibetween these concepts of date and time interval is important and has often been con-
fused in the single word "time."

The date of an event on an earth-based time scale is obtained from the number
- of cycles (and fractions of cycles) of the apparent sun counted from some agreed-upon
* origin. Similarly, atomic time scales are obtained by counting the cycles of a signal in

resonance with certain kinds of atoms.
The word "epoch" is sometimes used in a similar manner to the word "date."

However, dictionary definitions of epoch show gradations of meanings such as time
duration, time instant, or a particular time reference point, as well as a geological period
of time. Thus, epoch often simultaneously embodies concepts of both date and duration.
Because of such considerable ambiguity in the word "epoch," its use in this volume
will be restricted to a time instant.

Another aspect of time is that of simultaneity; i.e., coincidence in time of two
events. For example, we might synchronize clocks upon the arrival of portable clocks
at a laboratory. Here we introduce an additional term, synchronization, which implies
that the two clocks are made to have the same reading in some frame of reference. Note
that the clocks need not be synchronized to an absolute time scale. As an example, two
people who wish to communicate with each other might not be critically interested in
the (late, they just want to be synchronized as to when they use their communications
equipment.

1804. Time seales.-A system of assigning dates to events is called a time scale.
The apparent motion of the sun in the sky constitutes one of the most familiar time
scales but is certainly not the only time scale. Note that to completely specify a date -
using the motion of the sun as a time scale, one must count days (i.e., make a calendar)
from some initially agreed-upon beginning. In addition (depending on accuracy needs)
one measures the fractions of a day (i.e., "time of day") in hours, minutes, seconds,
and maybe even fractions of seconds. That is, one counts cycles (and even fractions of
cycles) of the sun's daily apparent motion around the earth.

1805. Fundamental kinds of time.-There are three fundamentally different kinds
of time. These are time based on the rotation of the earth on its axis; time based on long
term observations of the annual revolution of the earth around the sun; and time
based on transitions in the atom.

a-A

- - -.........



462 T1MIE

Time based on the rotation of the earth on its axis has several forms, -ll of which
are related to each other by rigorous formulae or by appropriate tables. These forms
are the various sidereal times, mean and apparent, and solar times, mean and apparent.

Time defined by the daily rotation el the earth with respect to the equinox or first;
point of Aries is known as sidereal time. The sidereal time is numerically measured by 1
the hour angle of the equinox, which represents the position of the equinox in the daily'
rotation. The period of one rotation of the equinox in hour angle, between two consecu-
tive upper meridian transits, is a sidereal day; it is divided into 24 sidereal hours,
reckoned from Oh at upper transit which is known as sidereal noon. The true equinox
is at the intersection of the true celestial equator of date with the ecliptic of date; the
time measured by its daily rotation is apparent sidereal time. The position of the true
equinox is affected by the nutation of the axis of rotaiin of the earth; and the nutation
consequently in. ,duces irregular periodic inequalities into the apparent sidereal time
and the length of the sidereal day. The time measured by the daily motion of the mean
equinox of date, which is affected only by the secular inequalities due to the precession
of the axis, is mean sidereal time. The maximum difference between apparent and
mean sidereal times is only a little over a second, and its greatest daily change is a little
more than a hundredth of a second. Because of its variable rate, apparent sidereal time
is used by astronomers only as a measure of epoch; it is not used for time interval.
Mean sidereal time is deduced from apparent sidereal time by applying the equation
of equinoxes.

Universal Time (UT) is a particular case of the measure known in general as mean
solar time (art. 1808). Universal Time is the mean solar time on the Greenwich meridian,
reckoned in days of 24 mean solar hours beginning with 0' at midnight. Universal
Time and sidereal time are rigorously related by a formula so that if one is known the

. other can be found. The ratio of the mean solar day to the mean sidereal day
is 1.0027379093, and the equivalent measures of the length of the day are:

Mean sidereal (lay ---------------- 23"56t,04109054 of mean solar time

Mean solar (lay --------------------- 2 4h0 3 m5 6:5 5536 of mean sidereal time.

Universal Time, in principle, is determined by the average rate of the apparent j
daily motion of the sun relative to the meridian of Greenwich; but in practice the
numerical measure of Universal Time at any instant is computed from sidereal time. I

Universal Time is the standard in the application of astronomy to navigation. I
Observations of Universal Times are made by observing the times of transit of stars. -

The Universal Time determined directly from astronomical observations is denoted I
UTO. Since the earth's rotation is non-uniform, corrections must be applied to UTO to
obtain a more uniform time. This more uniform time is obtained by correcting for two
known periodic motions.

One motion, the polar motion (the motion of tho geographic poles) is the result
of the axis of rotation continuously moving with respect to the earth's crust. The
corrections for this motion are quite small (± 15 milliseconds for Washington, D.C.).IOn applying the correction to UTO, the result is UTI, which is the same as Greenwichmean time (GMT) used in celestial navigation.

The second known periodic motion is the variation in the earth's speed of rotation
idue to winds, tides, and other phenomena. As a consequence, the earth suffers an annual

variation in its speed of rotation of about ±30 milliseconds. When UTI is corrected
for the mean seasonal variations in the earth's rate of rotation, the result is UT2.

Although UT2 was at one time believed to be a uniform time system, it was later
determined that there are secular variations in the earth's rate of rotation, possibly

J.
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caused by random accumulations of matter in the convection core of the earth. Such
accumulations would change the earth's moment of inertia and thus its rate of rotation,.

The second fundamental kind of time, Ephemeris Time (ET), is, by definition, a
uniform time system. Ephemeris Time is the uniform measure of time defined by the

law of dynamics and determined in principle from the orbital motions of the planets,
specifically the orbital motion of the earth as represented by Newcomb's Tables of the
Sun. Ephemeris Time is the measure of time in which Newcomb's Tables of the Sun
agree with observation. Ephemeris Time is time based on the ephemeris second defined
as 1/31556925.9747 of the tropical year for 1900 January 012 ET. The ephemeris day
is 86,400 ephemeris seconds. The ephemncris second is a fundamental invariable unit of

!:: time.StimThe Ephemeris Time at any instant is obtained from observation by directly
comparing observed positions of the sun, moon, and planets with gravitational ephemer-

- ides of their coordinates; observations of the moon are most effective and expeditious
for this purpose. Ephemeris Time is used by astronomers in the fundamental ephemer-
ides of the sl, moon, and planets, but is not used by navigators.

The third fundamental kind of time, Atomic Time (AT), is based on transitions in
the atom.

The basic principle of the atomic clock is that electromagnetic waves of a par-
ticular frequency are emitted when an atomic transition occurs. The frequency of the
cesium beam atomic clock was found to be 9,192,631,770 cycles per second of Ephemeris
Time in an experiment conducted jointly by the National Physical Laboratory, Ted-
dington, England, and the U. S. Naval Observatory during 1955-1958. j

In 1967 the atomic second was defined by the Thirteenth General Conference on
Weights and Measures as the duration of 9,192,631,770 periods of the radiation cor-
responding to the transition between two hyperfine levels of the ground state of the
cesium atom 133. This value was established to agree as closely as possible with the
ephemeris second. Thus, the atomic second became the unit of thne in the International
System of Units (SI).

UT2 and Al, the atomic tine scale established by the U. S. Naval Observatory
in 1958, were identical on January 1, 1958. To the accuracy currently available, Al
and ET differ only by a constant such that ET-A1-=32!5.

The advent of atomic clocks, which have accuracies better than 1 part in 10"0,
led in 1961 to the coordination of time and frequency emissions of the U. S. Naval
Observatory and the Royal Greenwich Observatory. The master oscillators controlling
the signals were calibrated in terms of the cesium standard (Al) and corrections
determined at the U. S. Naval Observatory and the Royal Greenwich Observatory
were made simultaneousiy at all transmitting stations. Because of the divergence of the
astronomical and atomic time scales due to the unpredictable variations in the earth's
rotation, the time emissions were adjusted by applying a frequency offset to the oscillator
so that the rate defined by the timing pulses was in general agreement with UT2.
If, in spite of this, tie departure of the time signals from UT2 became unacceptable,
the epoch of the signals was adjusted by 100 millisecond steps. These adjustments kept
the transmitted time synchronized with the rotation of the earth within a tolerance
of 01. This system became known as Coordinated Universal Time (UTC) and was
accepted by many authorities following its formal recommendation in 1961 by the

S-* jInternational Astronomical Union (IAU) and in 1963 by the International Radio
Consultative Committee (CCIR), a committee of the International Telecommunications
Union (ITU) which controls international coordination of time signal transmission.

"Ie
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In February 1970 ait the Plenary Assemb~ly of the ITU, it was agreed that coin-
itiencing .January 1, 1972, thle time of frequency offsetsI 1'olilld he0 discontinfiltl() iidtat
till time sigrial transmissions would ho based strictly oin Li'm internationally fi. , Ledl
dlefinlitionl of tie second. 'rle I'JU also aigreed that tile .uordinatod time transmission
based on tile atomic second be maintained in approximate agreement with UjTI by
stepping thle transmitted time one whole second whenever necessary.

In accordlance with the implementation resolutions of thle IAU, the newv System
was inauguratedl January 1, 1072, using thle second (definedi in tering of anl International
Atomic Time (TAI) scale (art. 1806) as thle unit of time and UTI as thle astronomical
reference,, Beginning at this time, UTO was then maintained in approximate agree-
inent with UnP vy step adjustments (leap secondit) its directed iby thle Bureau Inter-
nationale do l'leure (BIH).

At thle end of 1971, before thle new system was inaugurated1, there was at difrerenlco
of almost 10 seconds between TAI and urO. in order that this (difference bo fil in-
tegral niumber of whole secondi; (in this case 10') a special negative adjustment of
approximately 0.108' was made in accordance with 1111- directive s~o that thle readling
on~ tie UTO sciile was 1 .January 1972, 0 0 10 0m00 1 ait thle imstrnt the TAI setale Wits
I January 1972, 00 10 01 101,

1806. International Atomic Time (TAI) scale.-In October 1971, thle General
Conference onl Weights and Measures endorsed thle Bureau, Internationale (Io l'iioure
(13111) atomic timne scale as; thle International Atomic Time ('rAI) scale (line itas
follows:

"International Atomic Time is the time reference coordinate established by the
Bureau Internationale (10 l'Meure on tile basis of the readings of atomic. clocks functioning
in various establishments in accordance with thle definition of the second, the SI Unit
(International System of Units) of time."

Trle Atomic 'rime (AT) scales maintained1 in the United States by thle National
Bureau of Standards and' the U. S. Naval Observatory constitute approximately 3N~
p~ercent of tile stable reference information used in maintaining a stable TAI scale
by tile BIll.

1807. Time Interval and time scales-One should note !iources of confusion which
rant exist in the measurement of time and in the use of thle word "second." Suppose
that two events occurred at two different (latex, For example the dates of these two
events were 15 December 1070, 15130 m0 0100 000 0 UTO and 15 December 1970,
18h3m00000000 U'rC. At first thought one would say that tile time interval between
these two events was exactly 1 hotir-30M.000000 seconds, but this i.4 not trite. (The
actual interval was longer by about 0.000108 seconds [3600 secornds X30OX 10l01,
Refer to table 1807.) Recall that thle UTO time scale (like all tile UT scales, and thle ET
scale) was not defined in accordance with tile definition of the interval of time, thle
mecond. Thus, onle cannot simply subtract the dates of two events as assigned by the
UTO scale (or any UT scale or the ET scale) in crder to obtain tile precise time interval
between these events. Historically, the reason behind this state of affairs is that jiniii
gators need to know the earth's position (i.e., UT1)-not tile duration of thle second.
Yet, many scientists need to know an exact anl reprodunible time interval. Note that
this might also be trute of the new UTO system if the particular time interval inchlded
one or more leap seconds.

It is; also confusing that the dlates; assigned by the UT, ET, and UTO scales involve
tile same word as the uanit of time interval, tile mecond. For acecurate and precise measlure-
ments, this distinction can be extremely important,
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Offset rate of
Year UTC in parts

per 1010

1960 ------------------------- -150
1961 -------------------------- -150
1962 ----------------------- --- -130
1963 -------------------------- -130
1964 -------------------------- -150
1965 -------------------------- -150
196 -------------------------- -300
1967 -------------------------- -300
1968 --------------------------- 300
1969 --------------------------- 300
1970 --------------------------- 300
1971 -------------------------- -300
1972 --+ futurp- ---------------- 0

TAiF, 1807.-Frequekuy uffqcts of UTO from 1960 to 1972.

1808. Solar time.--The basis of time meas'irement in celestial navigation is the
period of rotation of the earth. This period is not quite constant; it is subject to varia-
tions which may reach a few milliseconds per day. These variations will be disregarded
initially; the earth will be conceived as rotating at a constant rate.

The earth's rotation causes the sun and other celestial bodies to appear to cross the
sky from east to west each day. If a person located on the earth's equator measured
the time interval between two successive transits overhead of a very distant star, he
would thereby measure the period of the earth's rotation. If he then made similar meas-
urements on the sun instead of a star, he would obtain a result about 4 minutes longer
than before. This difference is due to the earth's motion around the sun, which continu-
ously changes the apparent place of the sun among the stars. Thus, during the course of
a day the sun appears to move a little to the east among the stars so that the earth must
rotate on its axis through more than 3600 in order to bring the sun overhead again. Of
course this apparent eastward movement of the sun cannot be observed directly.

If the sun is on the observer's meridian when the earth is at point A (fig. 1808) in -

its orbit around the sun, it will not be on the observer's meridian after the earth has
rotated through 360* because the earth will have moved along its orbit to point B.
Before the sun is again on the observer's meridian, the earth must turn still more on its I i
a.is. The sun will be on the observer's meridian again when the earth has moved to point I.
C in its orbit. Thus, during the course of a day the sun appears to move eastward with
respect to the stars. ig

Even if the earth did not rotate on its own axis, the sun would rise and set once
during the year because of the earth's orbit around it. The stars, however, are not within
the earth's orbit. Since they are generally more than a million times as distant as the
sun, their apparent positions are only very slightly affected by the earth's orbital motion.
The apparent positions of the stars are commonly reckoned with reference to an
imaginary point called the vernal equinox, which is the intersection of the celestial
equator and the ecliptic. The sun is at the vernal equinox at the beginr.:'g of spring,
when it passes over the equator on its apparent journey northward. The period of the
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Fxo *nz 1808.-Apparent eastward movement of the sun with respect to the stars.

earth's rotation imeasured with respect to the vernal equinox is called a sidereal day. 11
* The period with respect to the sun is called an apparent solar day.

With the sun moving eastward among the stars so that the difference between the .
apparent solar and sidereal day is about 4 minutes of time, on any night a star will rise . -

about 4 minutes earlier than on the previous night. Thus, the celestial sphere .appears j
to shift westward about 10 each nigh,.. The complete shift through 3600 is associated
with the year, the period of one revolution of the earth around the sun. By the calendar,
one year is 365 days duration for a common year and 366 days for a leap year. A leap
year is any given year divisible by 4, unless it is a century year, which must be divisible -
by 400 to be a leap year. Thus, 1900 was not a leap year, but 2000 will be. This calendar,
now in general use, is called the Gregorian calendar.

'When measuring time by the rotation of the earth, the time is apparent solar time
if the apparent (real) sun is used as the celestial reference. I

Use of the apparent sun as a celestial reference for time results in time of noncon-
stant rate for at least three reasons. First, revolution of the earth in its orbit is not I
constant. Second, motion of the apparent sun is along the ecliptic, which is tilted with I
respect to the celestial equator, along which time is measured. Third, rotation of the I
earth on its axis is not constant. The effect die to this third cause is extremely small.

For the various forms of mean solar time, the apparent sun is replaced by a fictitious
mean sun, conceived as moving eastward along the celestial equator at a uniform speed
equal to the average speed of the apparent sun along the ecliptic, thus providing a
nearly uniform measure of time equal to the approximate average apparent time. The
speed of the mean sun along the celestial equator is taken as 151 per hour of mean
solar time.

1809. Equation of time.-Mean solar time, or mean time as it is commonly called,
is sometimes ahead of and sometimes behind apparent solar time (sundial time). The I
difference, which never exceeds about 16.T4, is called the equation of time (Eq. T.).

By one convention, the equation of time is the time interval which must be added
-. . algebraically to the mean time to obtain apparent time. This convention is used here.

IZ
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In accordance with Kepler's second law (art. 1407), the speed of the earth in its

elliptical orbit around the sun varies with the changing distance between the two

bodies. The earth moves faster at perihelion than it does at aphelion. Consequently,
as seen from the earth the sun appears to move faster in January than it does in July.
Even if the earth's orbital speed were uniform, the hour angle of the sun would still
change at a variable rate because the sun as observed from the earth appears to move
in the plane of the ecliptic, which is inclined at an angle of about 23027' to the plane
of the celestial equator.

In deriving the value of the equation of time it is simpler to consider the contri-
butions of the ellipticity and obliquity of the apparent orbit of the sun about the earth
separately. In considering the ellipticity and obliquity contributions separately, it is
convenient to introduce a second fictitious sun. This second sun, known as the dynamical
mean sun, is conceived to move eastward along the ecliptic at the average rate of the
apparent (true) sun. The dynamical mean sun and the apparent sun occupy the same
position when the earth is at perihelion (or the sun is at perigee when using the concept
that the sun orbits the earth). The dynamical mean sun and the mean sun, or astro-
nomical mean sun as it is sometimes called, occupy the same position at the time

I of the vernal equinox.
That part of the equation of time due to the ellipticity of the orbit and known as

the eccentricity component is the difference, in mean solar time units, between the
hour angles of the apparent (true) sun and the dynamical mean sun. It is also the dif-
ference in the right ascensions of these two suns. That part of the equation of time due

- •to the obliquity of the orbit is the difference in units of mean solar time, between the
hour angles of the dynamical mean sun and the astronomical mean sun. It is also the
difference in the right ascensions of these two suns.

Figure 1809a illustrates the apparent orbit of the sun about the earth. In accordance
Nith Kepler's second law the radius vector sweeps through equal areas in equal time
intervals. Therefore, the angular velocity of the true sun is greatest at perigee. With
the true sun T and the dynamical mean sun D occupying the same position at perige6
P around 1 January, following perigee the true sun moves ahead of the dynamical mean -

sun which is moving eastward along the ecliptic at the average rate of the true sun. The -

maximum separation of about 2' (8 minutes) occurs about 1 April. Because of Kepler's

P P T, D LUNE OF APSIDES --

SHADED AREAS EQUAL
DYNAMICAl. MEAN SUN (D)
AND TRUE SUN (T) COINCIDENT
AT APOGEE (A) AND PERIGEE (P)

F:'uRF 1809a.-Apparent orbit of the sun about the earth.
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second law, the dynamical mean sun and the true sun must be in coincidence again at
apogee A about 1 July. The time for the true sun to move from perigee to apogee is
equal to the time for the true sun to move from apogee to perigee. Since the dynamical
mean sun moves at the average rate of the true sun, the time to complete the orbit of'
the ecliptic is equal to the time required for the true sun to complete the same orbit. '
Since the line of apsides bisects the sun's apparent orbit, it follows that the time re-
quired for the dynamical mean sun to complete half the orbit is the same as that re-
quired for the true sun to complete half the orbit. Therefore, the dynamical mean sun
and the true sun occupy the same position at apogee.

With the true sun and the dynamical mean sun occupying the same position at
apogee and with the angular velocity of the true sun being least at apogee, following
apogee the dynamical mean sun moves ahead of the true sun. The maximum separation
of about 20 (8 minutes) occurs about 1 October. The two suns are again coincident
at perigee about 1 January.

The eccentricity component of the equation of time is shown in figure 1809b. The
obliquity component of the equation of time can now be found by comparing a dynami-
cal mean sun moving uniformly along the ecliptic with an astronomical mean sun also
moving uniformly at the same rate in the plane of the celestial equator.

With the dynamical mean sun and the astronomical mean sun coincident at the i
first point of Aries and each moving uniformly at the same rate along their respective
paths, following the time of the vernal equinox the positions of the two suns are such ,
that the celestial longitude of the dynamical mean sun equals the right. ascension of the
astronomical mean sun. As shown in figure 1809c, T D= TM. As is also shown in this
figure, following the vernal equinox the right ascension of the astronomical mean sun _
is greater than the right ascension of the dynamical mean sun. Thus, during this period !
that part of the equation of time due to the obliquity of the orbit is a negative value. i - -

When the celestial longitude of the dynamical mean sun has increased to 900, 1
the right ascension of the astronomical mean sun will also be 90'. At the time of the -
summer solstice, the hour circles of the two suns are coincident; the elevated pole,
the ecliptic pole, and the two suns all lie on the same great circle. Therefore, at the
summer solstice that part of the equation of time due to the obliquity of the orbit is -
zero. Halfway between the time of the vernal equinox and the summer solstice that[=
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part of the equation of time duo to obliquity of the orbit ronches a maxinimm value of
about 10 minutem.

Following the Pirnmer folstleo nnd intil the time of the autumnal Oluinox, the
right njoenlon of the dynamleal niepr. s:in i greater than that of the astronoml'al
moan oun, At, the autumnal equinox, the two sting are colneidlent. Following the autumnal
equinox ind until the time of the winter solstice, the right ascenSion of the astronomical
mean tun is greater than that of the dynamiel mean sun, At the winter Molstice, the
hour angles of the two suns are coincidet; the elevated pole, the ecliptic pole, and the
two Ptins all ie on the same great circle. Therefore, fit the winter solstice that part of
fhe equation of ti ite due to the obliquity of the orbit i$ zero. Following the winter
Molstice ill(] ti 6l 0he time of the vernal equinox, the right ascension of the dynamical
Jtitfi Mjiii iM gred!er' than the right ascension of the astronontical mean Siu,

Figure 1800dI illui;irntex that part of the equation of time duo to obliquity of the
orbit, Figure 1800 i illustratgs the combining of the two parts. From inspection of the
curve it can be s,,,, that the equation of time im /ero oit or about 15 April, 14 J11ne,
I September, and 24 December. The grenatest vath, ik abetit 10"022' in November.

1810. Expressing time.--As a teasutre of part of a day, time based upon the rota-
tion of tlo earth :im be stated in a number of different ways, At any given moment,
the time dlepends (I pon (1) the point on the celestial sphere used as reference, (2) the
reference nieriglitin on the earth, and (3) the somewhat arbitrary starting point of the
daty. When the stin used a% the celestial roferece point, solar time results. If the
actual sin obsorvitble In the sky is itseil, apparent solar time is involved, and if a
fictitious mean gun is used to provide a time having al aluiot ronstant rate, mean
solar time results. 'Pinto reckoned by use of the first point of Aries ('r) as the celestial
reference point is ,ailed sidereal time. Use of the moon as the celestial reference point
providIes a varial)e-length lunar day, the basis of lunar time, which is utsekul In tide
pre(iiction and analysis. BecauKe of its application, a lunar (lay is sometimtes called a
tidal day. It aver|ges about 24 W50m (mean wlar units) in length.

If the ineridiatn of the oberver is used as the terrestrial reference, local time is
involved, If a zone or standard meridian is used as the time meridian for itean solar
time over n arett, zone or standard time results, Use of a meridian farther east than

+ torn,

/00/

5 I,,

Flou~az lS09d-Obilqulty componont,



rp -

T5L 471

15Ma

5m- N

15-
m

- /

I ECCENTRiCITV COMPONENT

OBLIQUITY COMPONENT

-EQUATION OF TIME CURVE

F. oRE IS09e.-Equation of time curve constructed from eccentricity and obliquity components.

would normally be used, so that the period of daylight is shifted later in the day
produces a fort of zone time called daylight saving or summer time. Time based
upon the Greenwich meridian is called Greenwich time. Greenwich mean timeI_ (GMT) is of particular interest to a navigator because it is the principal entering
argument for the almanacs.

One complete revolution of the earth with respect to a celestial reference point is
called a day. In modern usage every kind of solar time has its zero or starting point-
at midnight, when the celestial reference point is directly over the lower branc of the
terrestrial reference meridian. This has not always been so. Until January 1, 1925,
the astronomical day began at noon. 12 lours later than the start of the calendar day
of the same date. The nautical day began at noon, 12 hours earlier than the cah.-dar

day, or 24 hours earlier than the astronomical day of the same date. The sidereal daybegins at sidereal noon, when the fir-st point of Aries is over the upper branch of the

reference meridian. There is no sidereal date.
Time is customarily expressed in time units, from 0' through 24

. To the nearest
1= it is generally stated by navigators in a four-digit unit without punctuation. Thus,
0000 is midnight at the start of the day. One minute later the time is 0001. Half an hour
after the start of the day the time is 0030, at one hour the time is 0100, at one hour and
four minutes it is 0104, at 19 minutes after noon (solar time) it is 1219, at four hours
and 23 minutes after (solar) noon it is 1623, etc. The term "hours" is sometimes used
with the four-digit system to indicate that the number refers to the time or "hour" of
the day. However, in those few occasions when any reasonable doubt may exist as to
whether time is indicated, the fact can better be indicated in another way. Thus, the
expression "1600 hours" to indicate "1600" or "16 hours" is not strictly correct, and is
better avoided. Watch time (WT), indicated by a watch or clock having a 12-hour dial,
and chronometer time (C) are expressed on a 12-hour basis, with designations ..m
(ante meridian) and PM (post meridian), as in ordinary civil life ashore.

-= _ __-- : . . . .
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In contrast, a thne interval is expressed as hours and minutes, as 51 2 6
= . When

either the time of day or a time interval is given to seconds, this same form is used,
as 21- mS18. The kind of time may be indicated, usually by abbreviation.

When a time interval is to be added to or subtracted from a time, the solution
can be arranged conveniently in tabular form.

Example .- What is the time and date 14 b3 6" 3s after 2 P14VI18S on July 24?
~Soluion.-

~21'14=1811 July 24

14"36m53,
35'51'118 July 24
11510110 July 25

The fact that the sum of hours exceeds 24 is an indication that the -ate increases
by one. Similarly, in subtracting an interval, the date is one day earlier if 24 must
be added to the time before the subtraction can be made. That hs, since 2400 of one
day is 0000 of the following day, one might say that 2700 on one day ir 2.00-2400=
0300 on the following day. In the example above, 11151t116 on July 25 is the same as
1 lh5 1=1 1 +24NO0CO'=35W5r1 1s on July 24.

Date is sometimes expressed as an additional unit of the time sequence. Thus,
22 lb14=18" on July 24 might be stated 24 2 1b 14m 18

". This system is of particular value
when an interval of several days is to be added or subtrncted. I

Example 2.-What is the time and date 9 d1 6h35P 0 4 " before 5 11 =3 3 1 on September |

Solutin.- 15d051:110 3 L
9d 16b35--040
5412'36292 or 12"36'29* on Sept. 5. j

By this method the month and day, if of significance, are recorded separately,
or they, too, can be added to the sequence.

E.vample .- What is the time Lid date 3 years, 6 months, 25 days, 12 hours, 19
minutes, and 44 seconds after 7 5 2 2 4 ' on November 14, 1958?

Solution.- 195871llf14d07h52--24"

3706=25d12' 19044'
H- , 962Y06=08W23 12= 2--08' 2O3 on June 8, 19°62.

Since a month may contain a variable number of days, both the months and days 1
should be solved tegethe. Thus, in the e.xanple above, the answer would be 17 months,
39 days. If 12 months are converted to one year, this becomes five months, 39 days. i :"

Since the fifth month is 2ay, this might be stated as May 39. Since there are 31 days q
in May, this is 39-31=8 days into the next month, or June 8.

A simpler method of determining the number of elapsed days between any two
dates is to use the Julian day of each date, if the information is available. This also

- ->:- eliminates possible error due to change of calendar if long intervals are involved.
The Julian da" is the consecutive number of the day starting at 1200 on January 1,
4713 BC. Julian day is listed in the American Ephemeris and Nautical Almanac.

1811. Time and arm.-The time of day is an indication of the interval since the
day began. One day represents one complete rotation of 360' of the earth with respect
to a selected celestial point. Each day is divided :nto 24 hours of 60 minutes, each
minute having 60 seconds. Thus, each day has 24X60= 1,440 minutes or 1,440X60=
86,400 seco.,s. This is time regardless of the celestial reference point used, and since
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the various references are in motion with respect to each other, as "seen" from the
earth, apparent solar, mean solar, and sidereal days are of different lengths. Since
they all have the same number and kind of fractional parts, these parts are themselves
of different length in the different kinds of time. Mean solar units are customarily
used to indicate time intervals. The smallest unit normally used in celestial navigation
is the second, but in some electronic equipment the millisecond (one-thousandth of a
second), microsecond (one-millionth of a second), and the millimicrosecond or nano-
second (one-billionth of a second) are used.

Time of day is an indication of the phase of rotation of the earth. That is, it
indicates how much of a day has elapsed, or what part of a rotation has been completed.

* Thus, at zero hours the day begins. One hour later, the earth has turned through
3600

1/24 of a day, or 1/24 of 3600, or --- =15 . Six hours after the day begins, it has

turned through 6/24=1/4 day, or 3°-- 900. Twelve hours after the start of the day,4-
the day is half gone, having turned through 180 ° . Smaller intervals can also be stated
in angular units, for since one hour or 60 minutes is equivalent to 15', one minute of

150
time is equivalent to -=0?25=15', and one second of time is equivalent to

60 60
W'25= 15". Thus,

Time Arc
ld= 2 4 h= 3600= 1 circle

60'= 1 b= 1 50
S1 '4=1°=60'

608= 1'= 15'

."~~,= 15'=0!.25 :

Any time interval can be expressed as an angle of rotation, and vice versa. Intercon-
version of these units can be made by the relationships indicated above.

To convert time to arc:
1. Multiply the hours by 15 to obtain degrees.
2. Divide the minutes of time by four to obtain degrees, and multiply the remainder

by 15 to obtain miutes of arc.
3. Divide the seconds of time by four to obtain minutes and tenths of minutes of

are, or multiply the remainder by 15 to obtain seconds of arc.
4. Add degrees, minutes, and tenths (or seconds). I

Example !.-Convert 14 h2 1m39 I to arc units.
Solution.-

(1) 14' X 15=210-
(2) 21- 4= 5015 '  (remainder 1X15=15')
(3) 398 - 4= 9'45" (remainder 3'X15=45") M6

(4) 14 h 21 3 9-= 2 15 -24 '4 5 "= 2 15 2 4 !8 (to the nearest 0! 1).

To convert arc to time:
1. Divide the degrees by 15 to obtain hours, and multiply the remainder by four

to obtain minutes of time. --
2. Divide the minutes of arc by 15 to obtain minutes of time, and multiply the -. .

J. remainder by four to obtain seconds of time.
3. Divide the seconds of arc by 15 to obtain seconds of time.
4. Add hours, minutes, and seconds.
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Example R.-Convert 215*24'45" to time units.
Solution.-

(1) 2150 15 =1 4h20M (remainder 50X4=20)
(2) 24' -15= 11361 (remainder 9'X4=36a)
(3) 45" +15= 3'
(4) 215°24'45" = 1421-391

Example 3.-Convert 161 053!7 to time units.

Solution..-
(1) 1610 15 = 10 14 4m (remainder 11°X4=44')
(2) 53.7 15= 31"34N9 (remainder 8!7X4=34!8)
(3' 161 053!7= 10 47m34!3 =job179 5 a.

cnThe navigator should be able to make these solutions mentally, Titing only the
answer. As a check, the ansN:er oan be converted back to the original value. Solution
can also be made by means oi -re to time tables in the alfanacs. In the Nautical

-::Almanac the table, given near the back ;)f the volume (app. F), is in two parts, per-,

mitting separate entries with degrees, minutes, an! quarter minutes of arc. The table
is arranged in this manner because the navigator is confronted with the problem of
converting arc to time more often than the reverse.

Example 4.-Convert 334018'22" to time units, using the Nautical Almanac arc
to time conversion table.

Solution.-
3 3 4= 2 2b 16m

18f25= P13"I 334'18'22"---22'17-13"

The 22" are converted to the nearest quarter minute of arc for solution to the
nearest second of time. Interpolation can be used if more precise results are required,
since exact relationships are tabulated in the Nautical Almanac conversion table.

Example 6.-Convert 83'296 to time units, using the Nautical Almanac arc to
time conversion table.

Solution.-
83'=5h32'
29'6= 1'58!4

S3029' 6- 5"3358.4

In this solution, 584 was obtained by eye interpolation in the quarter-minute part of
the table.

Example 6.-Convert 1720 9m4 2 1 to are units, using the Nautical Almanac arc to t-
time conversion table.

_-Z. Solution.-
17"098 =257-
1'42' = 25!5

17 09' 4 2 '= 2 5725'5 -A

|- A similar table appears near the back of the Air Almanac (app. G); however, --

quarter minutes of are are not included.
Example 7.-Convert 334°47:2 to time ur.its, using the Air Almanac arc to time

conversion table.

A
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Solution.-
334

o- 
180'= 154 = 1 0'16'

47'2= 3095
154°472 = 10 b19 ' 0 9 *
334047 2=22b19009 '

Example 8.-Convert 15"13 "1180 to arc units, using the Air Almanac arc to time
conversion table.

Solution.- 15h12ln=228 °

l'l8"= 19.15
15'13'18'---228'l9!.5

Because the almanac conversion tables are exact relationships, interpolation in
them can be carried to any degree of precision desired without introducing an error.

1812. Time and longitude.-As indicated in the preceding article, time is a measure
of rotation of the earth, and any given time interval can be represented by a corre-

, spending angle through which the earth turns. Suppose the celestial reference point
were directly over a certain reference of the earth. An hour later the earth would have
turned through 15°, and the celestial reference woul1 be directly over a meridian 150
farther west. Any difference of longitude is a measure of the angle through which the

earth must rotate for the local time at the western meridian to become what it was at
the eastern meridian before the rotation took place. Therefore, places to the eastward
of an observer have later time, and those to the westward have earlier time, and the
difference is exactly equal to the difference in longitude, expressed in time units. When
a meridian other than the local meridian is used as the time reference, the difference in
time of two places is equal to the difference of longitude of their time reference meridians.

1813. The date line.-Since time becoLmes later toward the ea:st, and earlier toward
the west, time at the lower branch of one's meridian is 12 hours earlier or later depending

o upon the direction of reckoning. A traveler making a trip around the world gains or
loses an entire day. To prevent the date from being in error, and to provide a starting
place for each day, a date line is fixed by international agreement. This line coincides
with the 180th meridian over most of its length. In crossing this line, one alters his
date by one day. In effect, this changes his time 24 hours to compensate for the slow
change during a trip around the world. Therefore, it is applied in the opposite direction
to the change of time. Thus, if a person is traveling eastward from east longitude to
west longitude, time is becoming later, and when the date line is crossed, the date becomes
one day earlier. That is, at any moment the date inmediately to the west of the date line
(east longitude) is one day later than the date immediately to the east of the line, except
at GMT 1200, when the (mean time) date is the same all over the world. At any other F
time two dates occur, one boundary between dates being the date line, and the other K4
being the midnight line along the lower branch of the meridian over which the mean
sun is located. At GMT 1200 these two boundaries coincide. In the solution of

problems, error can sometimes be avoided by converting local time to Greenwich time,
and then converting this to local time on the opposite side of the date line. Examples
are given in following articles.

1814. Zone time.-At sea, as well as ashore, watches and clocks are normally set
approximately to some form of zone time (ZT). At sea the nearest meridian exactly
divisible by 15° is usually used as the time meridian or zone meridian. Thus, within a
time zone extending 7?5 on each side of each time meridian the time is the same, and
time in consecutive zones differs by exactly one hour. The time is changed as con-
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venient, usually at a whole hour, near the time of crossing the boundary between zones. i

Each time zone is identified by the number of times the longitude of its zone meridian
is divisible by 150, positive in west longitude and negative in east longitude. This I
number and its sign, called the zone description (ZD), is the number of whole hours I
that are added to or subtracted from the zone time to obtain Greenwich mean time I
(GMT), which is the zone time at the Greenwich (00) meridian, and is often called
Universal Time (UT). The mean sun is the celestial reference point for zone time.

Example 1.-For an observer at long. 141 *18f 4W the ZT is 6hlhm2 4
°.

Required.-f(1) Zone description.
(2) GMT.
Solution.-(1) The nearest meridian exactly divible by 150 is 135°W, into which

150 will go nine times. Since longitude is west, ZD is (+) 9.

ZT 6 h1= 2 4 0
ZD ()9

(2) GMT 15b18m248

In converting GMT to ZT, a positive ZD is subtracted, and a negative one added,
but its sign remains the same, being part of the description. The word "reversed" (rev.)
is written to the right in the work form to indicate that the "reverse" process is to be
performed.

Example R.-The GMT is 15127m098.
Required.-(1) ZT at long. 156*24.4 W.
(2) ZT at 39004f8 E.
Solution.-

(1) GMT 15h27=098 (2) GMT 127j9-
ZD (+)10 (rev.) ZD (-) 3 (rev.)
ZT 51,2711098 ZT 18W-7m9§

When time at one place is converted to that at another, the date should be watched
carefully. If a sum exceeds 24 hours, subtract this amount and add one day. If 24 hours
are added before a subtraction is made, the date at the place is one day earlier. ;-

Example .- At long. 73o29f2 W the ZT is 21 112 E53 ' on May 14.
Required.-(1) GMT and date.
(2) ZT and date at long. 107'15!7 W.
Solution.-

(1)•ZT 21h12153' May 14~~ZD ()5 _

(1) GMT 21253* May 15
ZD (+) 7 (rev.) -.

(2) ZT 19b12 532 May 14 f ,

The second part of this problem might have been solved by using the difference in -
zone description. Since the second place is two zones farther west, its time is two hours
earlier. Problems involving zone times at various places generally involve nothing more
than addition or subtraction of one small number, so solutions can generally be made
mentally. However, when this forms part of a larger problem, or when a record of the
solution is desired, the full solution should be recorded, including labels.Example 4.-On November 30 the 1430 DR long. of a ship is 51032f4 W. Ten -

L - .hours later the DR long, is 53'07!2 W.
Reuired.-ZT and date of arrival at the second longitude.

S . -.
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Solution.- T
ZT 1430 Nov. 30
ZD (+) 3

GMT 1730 Nov. 30
int. I0

GMT --0 Dec. 1
ZD (+) 4 (rev.)
ZT 233- Nov. 30

If a time zone boundary had not been crossed, there would have been no need to
find GMT. It is particularly helpful to retain this step when the date line is crossed.
This line is the center of a time zone, the western (east longitude) half being designated

(-) 12, and the eastern (west longitude) half (+) 12.
Example 5.-On December 31 the 0800 DR long, of a ship is 177023.9E. Forty

hours later the DR long. is 171053f9 W.
Required.-ZT and date of arrival at the second longitude.
Solution.-

Alternative solution
ZT 0800 Dec. 31 ZT 3 1 d0 8 h00

o m

ZD (-)12 ZD (-)12
GMT 2000 Dec. 30 GMT 30020b00ta

int. 40 int. ld1 6 b

GMT 1200 Jan. 1 GMT ll2b100m
ZD (+)11 (rev.) ZD (4)11 (rev.)
ZT 0100 Jan. 1 ZT ld0 1 b0 0om

For certain communication purposes it is sometimes convenient to designate a -
time zone by a single letter. The system used is shown in figure 1814.

Use of time zones on land began in 1883, when railroads adopted four standard
zones for the continental United States. The division of the United States into time I
zones was not officially adopted by Congress, however, until March 19, 1918, when a
fifth zone was also established for Alaska. The system of time zones is now used almost
universally throughout the world, although on land the zone boundaries are generallyI L
altered somewhat for convenience. In a few places, half-hour zones are used but these
are not standard time zones.

On land, normal zone time is usually called standard time, often with an adjective
to ii-' cate the zone, as eastern standard time. In some areas timepieces are advanced

one or more hours during the summer to provide greater use of daylight. This "fast"
time is called daylight saving time in the United States, and summer time elsewhere.
When time is one hour fast, the zone description is (algebraically) one less than normal.
When daylight saving or summer time is specified, an advance of one hour is understood
unless a greater number is indicated.Example 6.-What is the standard time and date at Tokyo, long. 140 °E, when the

daylight saving time at Washington, D.C., long. 77°W, is 1600 on Oct. 5?

- - Solution.-
ZT 1600 Oct. 5
ZD +)4

GMT 2000 Oct. 5
ZD (-) 9 (rev.)
ZT 0500 Oct. 6

4
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During hostilities daylight savng time may be kept all year long throughout a
nation, and designated war time.

1815. Chronometer time (C) is time indicated by a chronc.neter. Since a . -

nometer is set approximately to GMT, and not reset until it is overh.i sd and cleaned,
perhaps three years later (art. 1514). there is nearly always a chronometer error (CE),.eitherfast (F) or slow (S). The change in chronometer error in 24 hours is called chronom-
eter rate, or daily rate, and designated gaining or losing. With a consistent rate of 1' per

day for three years, the chronometer error would be approximately 18m. Since chro-
nometer error is subject to change, it should be determined from time to time, preferably

daily at sea. Chronometer error is found by radio time signal (art. 1826), by comparison
with another timepiece of known error, or by applying chronometer rate to previous
readings of the same instrument. It is recorded to the nearest whole or half second.
Chronometer rate is recorded to the nearest 0!1.

Example I.-At GMT 1200 on May 12 the chronometer reads 12 04m218. At GMT
1600 on May 18 it reads 4 104 -2 54.

Required.-(1) Chronometer error at both comparisons.
(2) Chronometer rate.
(3) Chronometer error at GMT 0530 on May 27.
Solution.-

GMT 12hO0 0" May 12
C 12h04m21 s .

(1) CE (F) 4m21-

GMT 16b00 =0 0 s May 18
C 4"0 4m25 8

(1) CE (F) 4m25-

GMT 12d121-
GMT 18d16h

diff. 6'04'=612

CE (F) 4-21- 1200 May 12
CE (F) 4251 1600 May 18
diff. 4' gained 18

(2) daily rate 0!6 per day, gaining. (43-6.2)
GMT 18d16b00 =
GMT 27 d05b30 Tm

diff. 8da'3'30' =815 •

CE (F) 4-m25s 1600 May 18 [

corr. ()5' (8.5X0!6 per day)
(3) CE (F) 4m30 0530 May 27

Because GMT is stated on a 24-hour basis, and chronometer time on a 12-hour
basis, a 12-hour ambiguity exists. This is ignored in finding chronometer error. How-
ever, if chronometer error is applied to chronometer time to find GMT, a possible 12-
hour eiror can result. This can be resolved by mentally applying zone description
to local time to obtain approximate GMT. A time diagram can be used for resolving CA

doubt as to approximate GMT and Greenwich date. If the sun for the kind of time
used (mean or apparent) is between the lower branches of two time meridians (as the
standard meridian for local time, and the Greenwich meridian for GMT), the date at
the place farther east is one day later than at the place farther west.
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Example 2.-On August 14 the DR long. of a ship is about 1240 E, and the zone time
is about 0500. Chronometer error is 12m278 slow.

Required.-GMT and dp~e when the chronometer reads 8b44122.
Solution.-

approx. ZT 0500 Aug. 14
ZD (-)8

approx. GMT 2100 Aug. 13

C 844m221
CE (S) 12m271

GMT 20h56w49s Aug. 13

The A chronometer, usually the best (having the most nearly uniform rate), is
compared directly with the time signal (art. 1826). Other chronometers, designated
B, C, etc., may then be compared with the A chronometer.

Example .- At GMT 1400 chronometer A is checked by time signal, and found
to read 1' 57 10 9 1. A little later, when it reads 2h05n001. chronometer B reads 2h11 3 8 '.

Required.-(1) Error of chronometer A.
(2) Error of chronometer B.
Solution.-

GMT 14b0A00mn
CA 1h5 7m0 9

(1) CEA (6) 2m513
CA 2h05"003

GMT 14"07h518

CB 2hllm3 8$

(2) CE, (F) 3-47"

If time signals are not available at the chronometer, a good comparing watch (art.
1516) should be compared with the radio signal, and this watch used to determine
chronometer error, as indicated in example 3, substituting the watch for chronometer A.

1816. Watch time (WT) is time indicated by a watch. This is usually an approxi-
mation of zone time, except that for timing celestial observations it is good practice to
set a comparing watch (art. 1516) to GMT. If the watch has a seconi setting hand,
the watch can be set exactly to ZT or GMT, and the time is so designated. If the'
watch is not set exactly to one of these times, the difference is known as watch error
(WE), labeled fast (F) or slow (S) to indicate whether the watch is ahead of or behind
the correct time, respectively.

If a watch is to be set exactly to ZT or GMT, it is set to some whole minute slightly "
ahead of the correct time, and stopped. When the set time arrives, the watch is started.
It should then be checked for accuracy.

Example 1.-A chronometer 9"468 fast on GMT reads approximately 7h23'. At-
the next whole five minutes of GMT a comparing watch is to be set to GMT exactly.

Required.-(1) What should the watch read at the moment of starting?
(2) What should the chronometer read?
Solution.-

C 7h23m00s
CE (F) 9m465

A. GMT 7h13114 "  '--

(1) GMT 7" i5"00' (next whole 5 )

CE (F) 9-46- L
(2) C 71124-465
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The GMT may be in error by 12h, but if the watch is graduated to 12 hours, this
will not be reflected. If a watch with a 24-hour dial is used, the actual GMT should
be determined.

If watch error is to be determined, it is done by comparing the reading of the watch
with that of the chronometer at a selected moment. This may be at some selected
GMT, as in example 1.

Example R.-If, in example 1, the watch had read 7h14m4 81 at the moment the
chronometer read 7h2 4 14 65, what would be the watch error on GMT?

solution.-
GMT 71151005

WT 7h14'480
WE (S) 12'

A more convenient chronometer time might be selected, as a whole minute.
Example 3.-A watch is set to zone time approximately. The longitude is about

48°W. The watch is compared with a chronometer which is 190448 fast on GMT.
When the chronometer reads 5b2 2O003, the watch reads 2h0 1m5 3 3.

Required.-Watch error on zone time.
Solution.-

C 5b2 2m00.
CE (F) 19044-

GMT 5h02m16a
ZD(+)3 (rev.)
ZT 2h02m16@

WT 2b0 1m5 3 s
WE (S) 23|

The possible 12
h error is not of significance. When such a watch is used for deter-

mining GMT, however, as for entering an almanac, the 12-hour ambiguity, is important.
Unless a watch is graduated to 24 hours, its time is designated AM before noon and P,.t
after noon.

Example 4.-On January 3 the DR long. is 94°14'7E. An observation of the
sun is made when the watch reads 12h1 6 m2 3 0 Pi. The watch is 22' fast on zone time

Reqired.-GMT and date.
Solution.-

WT 1 2 116 "2 3 8 P.t Jan. 3
WE (F) 221
ZT 12b16mf01
ZD(-)6

GMT 616m018 Jan. 3

Note that between 1200 and 1300 watch designations are Pit. Between 0000 and
0100 they are AM.

Comparison of a watch and chronometer should be made carefully. .f two ob-
servers are available, one can give P warning "stand-by" a few seconds before the
selected time, and a "mark" at the appointed moment, while the other notes the time
of the watch. A single observer can make a satisfactory comparison by counting with
the chronometer. Chronometers beat in half seconds, with an audible "tick." Ten
seconds before the selected time (perhaps a whole minute), the observer starts counting
with the beats, as he watches the chronometer second hand, "50, and, 1, and, 2, and,
3, and ...... 9, and, mark." During the count the observer shifts his view from

S .
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the chronometer to the second hand of the watch, continuing to count in cadence
with the chronometer beats. At the "mark," the second, minute, and hour hands
ot the watch are read in that order, and the time recorded. A comparison of this
time with the GMT or ZT corresponding to the selected chronometer- time indicates
the watch error.

Even though a watch is set. to zone time approximately, its error on GMT can I
be determined and used for timing observations. In this case the 12-hour ambiguityI
in GMT should be resolved, and a time diagram used to avoid possible error. This
method requires additional work, and presents a greater probability of error, without
compensating advantages.

Still another method of determining GMT, generally used before zone time came
into common use at sea, is to subtract watch time from chronometer time, to find
C - WT. This is then added to the watch time of an observation to obtain chronometer
time (C-WT+WT=C). Chronometer error is then applied to the result to obtain
GMT. A time diagram should always be used with this method, to resolve the 12-hour
ambiguity and to be sure of the correct Greenwich date, unless an auxiliary solution is
made using approximate ZT and ZD. This method has little to recommend it.

If a watch has a watch rate of more than a few seconds per day, watch error should
be determined both before and after a round of sights, and any difference distributed
proportionally among observations.

If a stopwatch is used for timing observations, it should be started at some
convenient GMT, as a whole 5 - or 10 '. The time of each observation is then this
GMT plus the reading of the watch.

1817. Local mean time (LMT), like zone time, uses the mean sun as the celestial
reference point. It differs from zone time in that the local meridian is used as the
terrestrial reference, rather than a zone meridian. Thus, the local mean time at each
meridian differs from that of every other meridian, the difference being equal to the 4V
difference of longitude, expressed in time units. At each zone meridian, including
0', LMT and ZT are identical.

Example I.-At long. 124037'2W the LMT is 17124 c'18 5 on March 21.
Required.-(1) GMT and date.
(2) ZT and date at the place.
'Solution.- I -

LMT 17b24m1 8
s Mar. 21 1

X 818m293W
(1) GMT 1h420479 Mar. 22

ZD (+) 8 (rev.)
(2) ZT 17b42m478 Mar. 21

In navigation the principal use of LMT is in rising, setting, and twilight tables.
The problem is usually one of converting the LMT taken from the table to ZT. Ati
sea, the difference between these times is normally not more than 30m, and the conver-
sion is made directly, without finding GMT as an intermediate step. This is done by 't
applying a correction equal to the difference of longitude (dx). If the observer is west,
of his time meridian, the correction is added, and if east of it, the correction is subtracted.
If Greenwich time is desired, it is found from ZT.

L Example 2.-At long. 63°244E the LMT is 0525 on January 2.
Required.-(1) ZT and date.
(2) GMT and date.

L

- -
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Solution.-
LMT 0525 Jan. 2

dX (-) 14
(1) ZT 0511 Jan. 2

ZD (-)4
(2) GMT 0111 Jan. 2

On land, with an irregular zone boundary, the longitude may differ by more
than 7?5 (30-) from the time meridian.

If LMT is to be corrected to daylight saving time, the difference in longitude
between the local and time merdian can be used, or the ZT can first be found and
then increased by one hour.

Conversion of ZT (including GMT) to LMT is the same as conversion in the
opposite direction, except that the sign of dX is reversed. This problem is not normally
encountered in navigation.

1818. Apparent time utilizes the apparent (real) sun as its celestial reference, and
a meridian as the terrestrial reference. Local apparent time (LAT) uses the local
meridian. The LAT at the 00 meridian is called Greenwich apparent time (GAT).

The LAT at one meridian differs from that at any other by the difference in
longitude of the two places, the place to the eastward having the later time, and con-
version is the same as converting LXIT at one place to LMT at another.

Use of the apparent sun as a celestial reference point for time results in time of
nonconstant rate for at least three reasons. First, revolution of the earth in its orbit
is not constant. Second, motion of the apparent sun is along the ecliptic, which is

'tilted with respect to the celestial equator, along which time is measured. Third,
rotation of the earth on its axis is not constant. The effect due by this third cause is
extremely small.

For the various forms of mean time, the apparent sun is replared by a fictitious -
mean sun conceived as moving eastward along the celestial equator at a uniform speed
equal to the average speed of the apparent sun along the ecliptic, thus providing a f
nearly uniform measure of time equal to the approximate average apparent time. At
any moment the accumulated difference between LAT and LMT is indicated by the
equation of time (Eq. T), which reaches a maximum value of about 16T4 in November.
This quantity is tabulated at 12-hour intervals at the bottom of the right-hand daily
page of the Nautical Almanuc. In the United States, the sign is considered positive
(+) if the time of sun's "Mer. Pass." is earlier than 1200, and negative (-) if later
than 1200. If the "Mer. Pass." is given as 1200 (as on June 12-14, 1975), the sign is
positive if the GHA at GMT 1200 is between 0' and 10, and negative if it is greater
than 359* . The sign is correct for conversion of GMT to GAT. In Great Britain,
this convention is reversed. Since GMT is the entering argument for the almanacs,
interconversion of apparent and mean time should preferably be made from Greenwich
time, rather than from local time.

Ezample.-Find the IAT and date at ZT 15hl0 4 09 on May 31, 1975, for long.
73 018!4W.

Solution.-
ZT 15b10,0403 May 31
ZD(+) 5

GMT 20110n401 May 31 -
Eq. T(+) 2m25-
GAT 2b113nI059 May 31

X 4h53m14 W
LAT lblg9bl Mav 31

• " ,, _ , --
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In conversion from apparent to mean time, . solution may be needed if'
the equation of time is large and changing raj-idl: g the GAT for entering the!
almanac for the first solution, and using the VMT -n this solution as the almanac-
entry value for the second solution.

Apparent time can also be found by converting bir am .e to time units, and"
adding or subtracting 12 hours. If LAT is required, bu -. -AT, conversion of arc"
to time should be made from LHA, rather than GHA, %V, avoid the need for conversion
of longitude to time units. Equation of time can be found by subtracting mean time
from apparent time at the same meridian. This method of finding apparent time and
equation of time is the only one available with the Air Almanac, which does not tabulate
equation of time.

The navigator has little or no use for apparent time, as such. However, it can be;
used for finding the time of local apparent noon (LAN), when the apparent sun is on
the celestial meridian.

The mean sun averages out the irregularities in time due to the variations of the
speed of revolution of the earth in its orbit and the fact that the apparent sun moves
in the ecliptic while hour angle is measured along the celestial equator. It does not
eliminate the error due to slight variations in the rotational speed of the earth. When
a correction for the accumulated error from this source is applied to -nean time, Ephem-
eris Time results. This time is of interest to astronomers, but is not used directly by!
the navigator.

1819. Sidereal time uses the first point of Aries (vernal equinox) as the celestiali
reference point. Since the earth revolves around the sun, and since the direction of
the earth's rotation and revolution are the same, it completes a rotation with resoect

to the stars in less time (about 31566 of mean solar units) than with respect to the sun, j
and during one revolution about the sun (one year) it makes one complete rotation morel
with respect to the stars than with the sun. This accounts for the daily shift of thel

:- stars nearly 1' westward each night. Hence, sidereal days are shorter than- solar

days, and its hours, minutes, and seconds are correspondingly shorter. Because of|.
nutation (art. 1417) sidereal time is not quite constant in rate. Time based upon the"

average rate is called mean sidereal time, when it is to be distinguished from the :
slightly irregular sidereal time. The ratio of mean solar time units to mean sidereal
time units is 1:1.00273791.

The sidereal day begins when the first point of Aries is over the upper branch of
the meridian: and extends through 24 hours of sidereal time. The sun is at the first|
point of Aries at the time of the vernal equinox, about March 21. However, since the!
solar day begins when the sun is over the lower branch of the meridian, apparent solar
and sidereal times differ by 12 hours at the vernal equinox. Each month thereafter,!,
sidereal time gains about two hours on solar time. By the time of the summer solstice,?
about June 21, sidereal time is 18 hours ahead or six hours behind solar time. By the'
time of the autumnal equinox, about September 23, the two times are together, and by--

the time of the winter solstice, about December 22, the sidereal time is six hours ahead
of solar time. There need be no confusion of the date, for there is no sidereal date.

Local sidereal time (LST) uses the local meridian as the terrestrial reference. Ati
the prime meridian this is called Greenwich sidereal time (GST). The differencai
between LST at two meridians is equal to the difference of longitude between them,-

the place to the eastward having the later time. Local sidereal time is LEAT expressed
in time units. To determine 1ST at any given moment, find GHAT by means of an#

?'

11rS
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almanac, and then apply the longitude to convert it to LHAT. Then convert LHAT
in arc to IST in time units.

Example.-Find LST at ZT 82551' on May 31, 1975, for long. 103016'3 E.
Solution.-

ZT 8h2 5m5 1 May 31
ZD(-)7

GMT lP25m51 ' May 31
1 b 269254.8

25m5l 6028f8

GHAT 269023f6
X 103016'3 E

LHAT 12039f9
LST 0150-4o,

Unless GST is required, conversion from arc to time units should be made from
LHAT, rather than from GHAT, to avoid the need for converting longitude from arc

to time units.

Conversion of sidereal to solar time is the reverse. Local sidereal time is converted
to arc (LHAT), and the longitude is applied to fihd GHA T. This is used as an argument
for entering the almanac to determine GMT, which can then be converted to any other

- kind of time desired. This is similar to one method of finding time of meridian transit,
described in article 2104. Normally, the problem is not encountered by the navigator.

-i "Sidereal tie, as such, is little used by the navigator. It is the basis of star charts

(art. 2204) and star finders (art. 2210), and certain sight reduction methods (notably I
Pub. No. 249), but generally in the form LHAT. This kind of time is used for these
purposes because its celestial reference point remains almost fixed in relation to the
stars. Sidereal time is used by astronomers to regulate mean time. Timepieces regulated
to sidereal time ctsn be purchased.

1820. Time and hour angle.-Both time and hour angle are a measure of the phase
of rotation of the earth, since both iLdieate the angular distance of a celestial reference
point west of a terrestrial reference meridian. Hour angle, however, applies to any
point on the celestial sphere. Time might be used in this respect., but only the apparent
sun, mean sun, the first point of Aries, and occasionally the moon are commonly used.

Hour angles are usually expressed in arc units, and are measured from the upper
branch of the celestial meridian. Time is customarily expressed in time units. Sidereal

V time is measured from the upper branch of the celestial meridian, like hour angle, but
solar time is measured from the lower branch. Thus, L.MT=LHA mean sun plus or
minus 180*, LAT= LHA apparent sun plus or minus 1800. and LST= LHAT.

As with time, local hour angle (LHA), based upon the local celestial meridian, at 4_
two places differs by the longitude between them, and LEL at longitude 0* is called
Greenwich hour angle (GHA). In addition, it is often convenient to express hour angle
in terms of the shorter arc between the local celestial meridian and the body. This is
similar to measurement of longitude from the Greenwich meridian. Local hour angle
measured in this way is called meridian angle (t), which is labeled east or west, like
longitude, to indicate the direction of measurement. A westerly meridian angle is
numerically equal to LHA, while an easterly meridian angle is equal to 360-LHA;

-- also, LHA=t (W), and LHA=360'-t (E). Meridian angle is used in the solution of
the navigational triangle (art. 1433).

Example 1.-Find LHA and t of the sun at GMT 3b24-16" on June 1, 1975, for
long. 118 0482W.

= - "
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Solution.-
GMT 3L24=169 June 1S3h 225035f7

24211 6'10044f.0

GHA 231039:7
X I1 IS48.2 W

LHA 112 051:5
t 1125115 W

Example 2.-Find LHA and t of Kochab at ZT 1Sb24=47s on May 31. 1975, fort
l~on,-- 55'27:3W.

Solutiom.
Kochlb

ZT ISb241471 'May 31
iiZD (+) 4

GMT 22124"47 'May 31
22 - 21S 046:5

24=475 60 12.Is
SHA 137017'7

GIIA 2ol7fO
A 55027'3W -

LHA 30604917
t 53010'3 E |

1821. The legal basis of standard time in the United States is contained in the I
"Uniform Time Act of 1966" (Public Law 89-3S7) and the U. S. Code, Title 15. This
act reiterates the policy of the United States to "promote the adoption and observance
of uniform time within prescribed Standard Time Zones . . and establishes the
annual advancement and retardation of standard timo by 1 hour the last Sunday of
April and October, respectively. The Department of Transportation is the agency,
designated for enforcement of the law.

The "Uniform Time Act" establishes 8 Standard Time Zone- "r the Unit.u-
States (fig. 1821) and notes that standard time is based on the mea i solar time of I
specified longitudes. The reference meridians are spaced 15* apart in longitude be-!
ginning with the meridian through Greenwich, England. Time zones extend 734" in -

longitude on each side with considerable variation in boundaries to conform to political
or geographic boundaries- or both. Since the time zones are 15* apart, the time difference
between two adjacent zones is one hour.

A comprehensive delineation of these zones is given in the Code of Federal Regn-
lations, cntitled "Standard Time Zone Boundaries."

This svsteni of time zones is now ued aimost universally throughout the world,i
although on land the zone boundaries are generally altered somewhat for convenience -

(fig. 1814). In a f'w places, half-hour zones are used.
The standard times used in various countries and places are tabulated in the!-

almanacs.

SN
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Rado Dissemination of Time Signals

1822. Dissemination systems.-Of the many systems for time and frequency dis-
semination, the majority employ some type of radio transmission, either in dedicated
time and frequenc3 emissions or established systems such as radionavigation systemsI
and television. The most accurate means of time and frequency dissemination today is
through on site visits or aircraft flyovers with portable atomic clocks.

Radio time signals can be used either to perform a clock function or to set clocks.
When one uses a radio wave instead of a clock, however, new considerations evolve.
One is the delay time of approximately 3 microseconds per kilometer it takes the radio
wave to propagate and arrive at the reception point. Thus, a user 1,000 kilometers
from a transmitter receives the time signal about 3 milliseconds later than the on-time
transmitter signal. If time is needed to better than 3 milliseconds, correction must be
made for the signal to pass through the receiver.

In most cases standard time and frequency emissions as received are more than
adequate for ordinary needs. However, many systems exist for the more exacting scien-
tific requirements.

Astronomers, geodesists, navigators, and others using time based on the earth's
rotation (UTI) require that the emissions of Coordinated Universal Time (UTO) also
include the difference between UTC and UT1. This difference is discussed in art. 1827.

1823. Characteristic elements of dissemination systems.-A number of common
elements characterize most time and frequency dissemination systems. Among the
more important elements are accuracy, ambiguity, repeatability, coverage, avail-
ability of time signal, reliability, ease of use, cost to the user, and the number of users
served. There does not now appear to be any single system which incorporates all
desired characteristics. The relative importance of these characteristics will vary from
one user to the next, and the kind of compromise solution for one user may not be satis-
factory to another. These common elements are discussed in the following examination
of a possible radio signal.- Consider a very simple system consisting of an unmodulated 10-kHz signal as

shown in figure 1823. A positive going zero-crossing of this signal, leaving the trans-
mitter at 0000 UTC, will reach the receiver at a later time equivalent to the propagation
delay. The user must know this delay because the accuracy of his knowledge of time

SIGNAL II

PO A EPIAABILSII (DAY-TO DAY-¥AAItION)
- |PROPAQAT l1 /

DELAY. t8 AMBIGUMU -YCAs (ZERO CROSSINGS)

SIGNAL-

FinuzR 1823.-Single tone time dissemination.

If
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can be no better than the degree to which this delay is known. (By accuracy is meant
the degree of conformity to some specified value or definition.) Since all cycles of the
signal are identical, the signal is ambiguous and the user must somehow decide which
cycle is the "on time" cycle. This means, in the case of the hypothetical 10-kHz signal,
that the user must know the time to ±50 microseconds (half the period of the signal).
Further, the user may desire to use this system, say once a day, for an extended period
of time to check his clock or frequency standard. However, it may be that the delay
will vary from one day to the next, and if the user is unaware of this variation, his
accuracy will be limited by the lack of repeatability of the signal arrival time.

Many users are interested in making time coordinated measurements over large
geographic areas. They would like all measurements to be referenced to one time
system to eliminate corrections for different time systems used at scattered or remote
locations. This is a very important practical consideration when measurements are
undertaken in the field. In addition, a one reference system, such as a single time
broadcast, increases confidence that all measurements can be related to each other
in some known way. Thus, the coverage of a system is an important concept. Another
important characteristic of a timing system is the percent of time available. The man
on the street who has to keep an appointment needs to know the time perhaps to a
minute or so. Although he requires only coarse time information, he wants it on de-
mand so he carries a wristwatch that gives the time to him 24 hours a day. On the
other hand, a user who needs time to a few microseconds employs a very good clock
which only needs an occasional update, perhaps only once or twice a day. An additional I

characteristic of time and frequency dissemination is reliability, i.e., the likelihood A
that a time signal will be available when scheduled. Propagation fadeout can sometimes
prevent reception of HF signals. .

1824. Radio propagation factors.-Radio has offered good means of transferring U
standard time and frequency signals since the early 1900's. As opposed to the physical I
transfer of time via portable clocks, the transfer of information by radio entails propa-
gation of electromagnetic energy through some propagation medium from a trans-
mitter to a distant receiver.

In a typical standard frequency and time broadcast, the signals are directly re-
lated to some master clock and are transmitted with little or no degradation in ac-
curacy. In a vacuum and noise free background, the signals should be received at a
distant point esscntially as transmitted, except for a constant path delay with the radio
wave propagating near the speed of light (i.e., 299,773 kilometers per second). The
propagation media, including the earth, atmosphere, and ionosphere, as well as physical
and electrical characteristics of transmitters and receivers, influence the stability
and accuracy of received radio signals, dependent upon the frequency of the tins-
mission and length of signal path. Propagation delays are affected in varying degrees
by extraneous radiations in the propagation media, solar disturbances, diurnal effects,
and weather conditions, among others.

Radio dissemination systems can be classified in a number of different ways.
One way is to divide those carrier frequencies low enough to be reflected by the iono-
sphere (below 30 MHz) from those sufficiently high to penetrate the ionosphere
(above 30 MHz). The former can be observed at great distances from the transmitter
but suffer from ionospheric propagation anomalies that limit accuracy; the latter are -5
restricted to line-of-sight applications but show little or no signal deterioration caused

= by propagation anomalies. The most accurate systems tend to be those which use the
higher, line-of-sight frequencies, while broadcasts of the lower carrier frequencies
show the greatest number of users.

TNS
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1825. Standard time broadcasts.-The World Administrative Radio Council'
(WAR ) has allocated certain frequencies in five bands for standard frequency andi
time signal emission as shown in table 1825. For such dedicated standard frequency
transmissions, the International Radio Consultative Committee (CCIR) recom-_
mends that carrier frequencies be maintained so that the average daily fractional!
frequency deviations fromr the internationally designated standard for measurement!
of time interval should not exceed 1X (10- . The U. S. Naval Observatory Time
Serrise Announcement Series 1, No. 2, gives characteristics of standard time signals
that are assigned to allocated bands, as reported by the CCIR.

1826. Time signals.-The usual method of determining chronometer error andi
daily rate is by radio time signals, popularly called time ticks. Most maritime nations:
broadcast time signals several time, daily from one or more stations, and a vessel:
equipped with radio receiving equipment normally has no difficulty in obtaining ax
time tick anywhere in the world. Normally, the time transmitted is maintained virtually'
uniform with respect to atomic clocks. The Coordinated Universal Time (UTO) as
received by a vessel may differ fiom UT1 (GMT) by as much as 09 (art. 1828).

The majority of radio time signals are transmitted automatically, being controlled
by the standard clock of an astronomical observatory. Absolute reliance may be had
in these signals, and they should be correct to 0.05 second. Some stations transmit byi
a combination of hand and automatic signals, and care should be exercised to differenti4
ate between the two at the time of actual comparison of the chronometer.

Other radio stations, however, have no automatic transmission system installed,]
and the signals are given by hand. In this instance the operator is guided by the, standard'

* clock at thme station. The clock is checked by either astronomical obseivntions or byr
reliable time signals. The hand transmission should be correct to 0.25 second.

At sea the spring-driven chronometer should be checked daily by radio time signal,
4411a nd in port daily checks should be maintained, or begun at least three days prior toj

departure, if conditions permit. Error and rate are entered in the chronometer record I
book (or record sheet) each time they are determined.

The various time signal systems used throughout the world are discussed in Pubs.j
Nos. 117A and 117B, Radio Navigational Aids, and volume 5 of Admiralty List of 1
Radio Signals. Only the United States signals are discussed here.

Band No. Designation Frequency Range

4 VLF (Very Low 20.0 kHz±50 Hz.
Frequency).

6 MF (Medium Fre- 2.5 MHz±5 kHz.quency),

S'.0 MHz±t5 kHz.
l10.0 MHz±5 kHz.

7 HF (High Frequency) 15.0 MHz±10 kHz.
20.0 MHz±1O kHz.

k25.0 MHz±I0 kHz.

9 UHF (Ultra High 400.1 MHz±25 kHz
Frequency). (satellite).

4.202 GHz±2 MHz
tsatellite-space tot 1') SHF (ueH;-h earth).

Frequency). 16.427 GHz±2 MHz
(satellite-earth to
space). A

TABLE 1825.-International standard time and frequency radio assignments.

I
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The U. S. Naval Observatory at Washingtbn, D.C., controls the transmissions of
time signals from U. S. Naval radio stations. Beginning at 5 minutes before each even f
hour of GMT, dashes are transmitted on every second, except the 29th and certain
others near the end of each minute, as shown in the following diagram:

maks th 8ta n fteohr.Tenme fdse
gru Merteedo n inute indts tenme fmntsbfrh

50 51 52 53 54 55 56 57 58 59 60

58 - - - - -
59

The seconds marked "60" indicate the start of the next minute. The final dash,
marking the hour, is conksiderably longer than any of the others. The number of dashes
in the group near the end of any minute indicates the number of minutes before the

hour. This is known as the United States system. In all cases the beginnings of the
dashes indicate the beginning of the seconds, and the ends of the dashes are without
significance.

Although the broadcasts of the National Bureau of Standards (NSB) stations
WWV and WWV3{ are intended primarily for dissemination of frequency and time I
interval for scientific purposes, time ticks are also provided.

Station WWV broadcasts from Fort Collins, Colorado at the international allocated
frequencies of 2.5, 5.0, 10.0, 15.0, 20.0, an. 25.0 MHz; station WWVH transmits

,from Kauai, Hawaii on the same frequencies with the exclusion of 25.0 MHz. The
hourly broadcast formats are shown in figure 1826. The broadcast signals include I. "
standard time and frequencies and various voice announcements. Details of these
broadcasts are given in NBS Special Publication 236, NBS Frequency and Time
Broadcast Services. Both HF emissions are directly controlled by cesium beam frequency
standards with periodic reference to the NBS atomic frequency and time standards;
corrections are published monthly.

The time ticks in the WWV and WWVH emissions are shown in figure 1826. The I i7
1-second UTC markers are transmitted continuously by WWV and WWVH, except
for omission of the 29th and 59th marker each minute. With the exception oi the
beginning tone at each minute (800 milliseconds) all 1-second markers are of 5 milli-

i seconds duration. Each pulse is preceded by 10 milliseconds of silence and followed

by 25 milliseconds of silence. Time voice announcements are given also at 1-minute
intervals. All time announcements are UTC.

1827. Codes for the transmission of DUT1.-The difference between UTC and
and UT1 is known as DUT1, the relationship being DUT1=UT1-UTC. By means f
of a coding system incorporated in the actual emissions, primary time signal sources ,2
promulgate DUT1 in integral multiples of 100 milliseconds.

The CCIR standard format is in the form of emphasized second markers utilizing - -
the first 15 seconds following the minute marker. The emphasis of the second markers 3
can take the form of lengthening, doubling, splitting, or tone modulation of the normal
seconds markers. Each emphasized second represents a DUT1 value of 0!1.

A positive value of DUT1 is indicated by emphasizing a number (n) of consecutive A
seconds markers following the minute marker from seconds markers one to seconds
marker (n) inclusive; (n) is an integer from 1 to 8 inclusive (fig..1827a).

DUT1 - (nXo.1)s.

!'
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WWV BROADCAST FORMAT
to, AIPOP at IS o Pi.goAAP

APP ~ ~ ~ .A1 1~t W.( WARI'OPPPAIs Alst~t

*~~~~MA." ~~So AOZ PXSAPSMPO 10 0~

STORM 'omlo 0

A *A. At*.AAACID ALMS

I SAIMI IM SALA ALA TSOM'AIOP

WWVH BROADCAST FORMAT NIA MIIIOOS 18181 OOS.AO(O(PO A ?Ott P$A 1#109121

STATI IRO I~ .*gP *lA A .. 

(POPSNo APALOAPAI -

%I Atl I'I -A.* 4

4- (PL$,otIP.

AlP A PPPL ~ ~ -~A A*~ -' ONf

P I (PL1 tS Of AC. ((PP IS (LAP .O 1

STATION ICI-'
(ISP AlmS WsELSuO .PAL SPA A, (I. MCO toAsE LA IALA m.4OAP is M111)

FIGURE 1826.-Broadcast format of stations WWV and WWVH-.

Minute
Marker Emphasized sec-)t markers

0 1 2 3 4 5 6 7 891010112131415116:
Limit of coded sequence

DUTi1 =+0.5s
Minute
Marker Emphasized second markers

0 1 2 3 4 5 9 7 8 9 10 11 12 13 14 15 1

DUT1= - .2s Limit of coded sequence

Fiount. 1827a.-CCIR code for transmission of 1)UT1.
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A negative value of DUT1 is indicated by emphasizing a number (m) o' nsecu-
tive seconds markers following the minute marker from seconds marker nine to seconds
marker (8+m) inclusive; (m) is an integer from 1 to 8 inclusive.

DUT1=-(mXO.1)s.

A zero value of DUT1 is indicated by the absence of emphasized seconds markers.
The National Bureau of Standards stations WWV and WWVH transmit DUTI

using the COIR standard format. The COIR standard format is used by most co-
ordinated stations, including CHU, Canada.

In the USSR extended format, the COIR format is followed for DUT1. In addi-
tion dUT1 is given to specify more precisely the difference UT1-UTC to multiples
of 0!02, the total value of the correction being DUTI+dUTi. Positive values of
dUT1 are transmitted by the marking of p second markers between the 21st and 24th
second (fig. 1827b) so that dUT1=(pXO.02)s. Negative values of dUT1 are transmitted
by the marking of q second markers between the 31st and 34th second, so that dUT1=
-- (qXO.02)s.

dUT1 + O.06S

Emphasized seconds markers

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

dUT =- 0.08s

Emphasized seconds markers

_nimrLrFr-rm-sLFuJ&n F
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Limit of coded sequence for dUT1-

FICURE 182"b.-USSR extended format for transmission of dUTI.

DUT1 may alsr. be given by voice announcement or in Mor3e code. In the Morse
code method, U. S. Naval Radio Stations use standard Morse code (15 words per
minute) between seconds 56 and 59 inclusi,7e of each minute not used for time ticks
to indicate the sign and value in tenths of a second of DUTI. Positive values are
indicated by the letter "A" and the appropriate digit; negative values are indicated
by the letter "S" and the appropriate digit.

Standard Morse

A.S..."1 .-- 0 6.....
2 7 ...

45.......... 9.....

For example:
"mcans DUT1=-O1 and UT1=UT-01.

/qh _



494 TIME
Ja

Pubs. Nos. 117A and 117B, Radio Navigational Aids, should be referred to for up-
to-date information on time signals.

1828. Leap-second adjustments.-By international agreement, UTO is maintained
within about 0!9 of the celestial navigator's time scale, UT1. The introduction of leap
seconds allows a good clock to keep approximate step with the sun. Because of the
variations in the rate of rotation of the earth, however, the occurrences of the leap
seconds are not predictable in detail.

The Bureau International de l'Heure (BIH) decides upon and announces the in-
troduction of a leap second. The BIH announces the new leap second at least several
weeks in advance. A positive or negative leap second is introduced the last second of a
UTO month, but first preference is given to the end of December and June, and second
preference is given to the end of March and September. A positive leap second begins
at 23b 5 9 =6 0 ' and ends at 0 0 h0 0 m0 0 1 of the first day of the following month. In the case
of a negative leap second, 23159"583 is followed one second later by 0 0 b0 0 m0 0 of the
first day of the following month.

The dating of events in the vicinity of a leap second is effected in the manner
indicated in figures 1828a and 1828b.

Event

- Leap secon~d Designation of the date of the event

SI I I I I i i I I I I _4,
56 57 58 59 60 1 0 1 2 3 4 30 June. 23h 59m 60.6s UTC

30 June. 2 3h 59 m  I July, oh om

FiGUR: 1828a.-Dating of event in the vicinity of a positive leap second.

Event

Designation of tne date of the event

56 57 58 1 2 3 4 5 6 30 June. 23h 59m 58.9 s UTC

31 June. 23 h 59I July. Oh Om

FicURI 1828b.-Dating of event in the vicinity of a negative leap second.

Whenever leap second adjustments are to be made to UTC, mariners are advised
by HYDROLANT/HYDROPAC messages originated by the Defense Mapping Agency ,
Hydrographic Center.
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Problems

1810a. What is the time and date 0131129a before 3 4P6 34 2 May 9?
Apsiver.-T 1 8b 0 30,0 5 1 May 8.
1810b. What is the time and date 4 d 1 9 '2 2 0'5 0 after 9 13 1 10 4 8 on December 25?
Answer.-T-! 4 15 3 n5 4 0 on Dec. 30.
1810c. What is the time and date 2 years, 11 months, 16 days, 10 hours, 23 minutes,

and 48 seconds before 2 h4 6 m1 7 8 on October 4, 1958?
Answer.7-T 16h2 2m291 on OAt. 17, 1955.
1810d. What is the time and date 412 days, 15 hours, 6 minutes, and 56 seconds

after 2 2 h2 7 4 0 3 1 on March 16, 1958?
Answer.-T 13133'591 on May 3, 1959.
1811a. Convert 6 ' 2 8913 1 0 to arc units, without use of a conversion table.
Answer.-97'07'45' or 97*07f8.
1811lb. Convert 217 *28 f8 to time units, without use of a conversion table.
Answer.-1429m55!2 or 14 12 9 ' 5 5 1.
1811c. Convert 196*21146w to time units, without use of a conversion table.
A we.13012! or hms
1811d. Convert 107049144f to time units, nsing appendix F.

1811le. Convert 211 *37 f3 to time units, using appendix F.
Answer.-106m29!2.
1811f. Convert 8 h4 9t'3 3 8 to are units, using appendix F.

* Anwer.-132 02382.

1811g. Convert 251 009!2 to time units, using appendix G.
Answer.-1644m373.
1811h. Convert 2 3 10 7 13 8 1 to arc units, using appendix G.
Answer.-346 054!f 5.
1814a. For an observer at long. 97'24f 6E the z'r is 1 9 11 0 - 2 6 a.

Required .- (1) Zone description.
(2) GMT.
An~swers.-(1) ZD (-) 6, (2) GMT 13b10m26B.
1814b. The GMT is I11132'07".

Required .- (1) ZT at long. 133 024!7W.

(2) ZT atlongO. 111 '43 f9E.
Answers.-(1) ZT 2h32m078, (2) ZT 1 8b 3 2 m0 7 *
1814c. At long. 165 018! 2E the ZT is 17h08m5l' on July 11.
Required -(1) GMT and date.
(2) ZT and (late at long. 125 *36!7W. --

Answers.-(1) GIT 61081511 on July 11, (2) ZT 2210811518 on July 10.
1814d. On January 26 the 0800 DR long, of a ship is 128*03'2E. Twenty-six

hours later the EP long, is 125 001 f4E.
Required .- ZT andl (late of arrival at the second longitude.

-~ Answer.-ZT 0900 Jan. 27.
1814e. On April I the 1200 running fix long, of a ship is 179*55!2W. Eight hours

later the DR long, is 178*48 f9E.
Required.-Z'r andl (late of arrival at the second longitude. - =

Answer.-ZT 2000 Amr. 2.
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1814f. Inch'6n, long. 137*E, uses ZD (-) 81301 for standard time. Find the|
standard time and date at San Francisco, long. 122 0W, when the suml.er time at I
Inch'dn is 2000 on August 9.

Anmer.-ZT 0230 Aug. 9.
1815a. At GMT 1400 on July 2 the chronometer reads 1b42m288. At GMT 0800

on July 12 it reads 7 14 2 114 0 *.

Required.-(1) Chronometer error at GMT 1400 on July 2.
(2) Chronometer error at GMT 0800 on July 12.
(3) Chronometer rate.
(4) Chronometer time at ZT 1800 July 20, at long. 153 021 f7W.
Answers.-(1) CE 171320 slow, (2) CE 17m203 slow, (3) rate 12 gaining, (4) C3h42m511"

1815b. On March 5 the DR long. of a ship is about 151 *E, and the zone time
is about 1800. Chronometer error is 6 140 1 fast.

Required.-GMT and date when the chronometer reads 8' 0 2 12 3 8.

Answer.-GMT 7 '5 5 04 3 1 on Mar. 5.
1815c. On November 7 the EP long. of a ship is about 71°W, and the zone time

is about 1900. Chronometer error is 1118 3 slow.
Required.-GMT and date when the chronometer reads (1) 1 1b5 5 r 2 0 0, (2) 1 1b59 ' 5 0 '.

Answers.-(1) GMT 23 b 561388 Nov. 7, (2) GMT 0'01'088 Nov. 8.
1815d. At GMT 2200 a comparing watch is checked by time signal, and found to Z

read 1 0' 0 0 m0 5
' . The chronometer errors are then determined by means of the corn-

paring watch. When the watch reads 1010 6m0 0 8, chronometer A reads 10 "1 101178, and I
. when the watch reads 100800, chronometer B reads 9h 5 9mf0 6 .  0

Required.-(1) Watch error.
(2) Error of chronometer A.
(3) Error of chronometer B.
Answers.-(1) WE 58 fast on GMT, (2) CEA 5m228 fast, (3) CE8 8149 slow.
1816a. A chronometer 7m228 slow on GMT reads approximately 3 b45w. About

two minutes later, when the GMT is a whole minute, a comparing watch will be set
to GMT exactly.

Required.-(1) Reading of the watch at starting.
(2) Reading of the chronometer.
Answers.-(1) WT 3 54w005, (2) C 3h46m385.
1816b. A chronometer 5101 fast on GMT reads approximately 5 ' 50 - . About one

minute later, when the GMT is a whole minute, a comparing watch with a 24-hour
dial will be set to GMT exactly. The ZT is approximately 1145 and the long. 94°W.

Required.-(1) Reading of the watch at starting.
(2) Reading of the chronometer. .
(3) Watch error if, instead of being set to GMT, the watch setting is unchanged

and the watch reads 17' 4 5 ' 3 2 1 at comparison.
Answers.-(1) WT 1714 6m0 01, (2) C 5h51m10, (3) WE 288 slow on GMT.
1816c. A watch is set to zone time, approximately. The long. is about 160 0E.

The watch is compared with a chronometer which is 3 168 fast on GMT. When the
chronometer reads 1 4 8m0 0 9, the watch reads 12 b4 5 ' 02 9.

Required.-Watch error on zone time.
Answer.-WE 188 fast on ZT.
1816d. On February 14 the DR long. is 63 046!1W. An observation of Dubhe is -

made when the watch reads 610 7 13 0 8 P.M. The watch is 11° slow on zone time.
Required.-GMT and (late.
Answer.-GMT 2 2h07m418 Feb. 14.

-I
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1816e. On December 11 a watch is set to -!one time, approximately. The long, is
137 W. The chronometer is 3 136 11 fast on GMT. When the chronometer reads 414Om008,
the watch reads 7 ' 3 6 00 6 11 Pm.

Required .- (1) Watch error on GMT.
(2) GMT and (late about 20 minutes later, when the watch reads 7 115 5 m5 2 3.
Answers .- (1) WfE 2'59114211 fast or, 'MT, (2) GMT 4 '5 6 1 1 0 1 Dec. 12.
1816f. Shortly before taking morning sights on January 17 the navigator compares

his watch with the chronometer. When the chronometer reads 2 ' 3 0 , 0 000, the watch
reads 6 h1 3 m1 28 AM. The chronometer is 17m158 fast on GMIT. The long, is 118 0W.

Required .- (1) C-WT.
(2) GMT and date, a little later when Regulus is observed at W 6 b2 8 047 5 AM.

Answers.-(1 C-WT 8 11 6 14 8 8, (2) GMT 1 4 12 8 m2 0 11 Jan. 17.
1817a. At long. 138 *09 f3E the LMT is 0'091157" on April 23.
Required .- (1) GMT and (late.
(2) ZT and date at the place.
Answers.-(1) GMT 1415712011 Apr. 22, (2) ZT 2 3 15 7 1n2 0 5 Apr. 22.
1817b. At long. 157 * 18! 4W the LMT is 1931 on June 29.
Required.-(1) ZT and date.
(2) GMT and date.
Answers.-(1) ZT 2000 June 29, (2) GMT 0600 June 30.
1817c. At long. 99 *35 f7WV the daylight saving time is 21b29145" on August 3 1.
Required.-(1) Standard time and date.
(2) LMT and date.
Answers .- (1) Standard time 2 0 12 9 14 5 ' Aug. 31, (2) 1.AIT 2 0 b 5 1 m2 2 e Aug. 31.
1818a. Find the LAT and date at ZT 5126 ' 13 11 on June 12, 1975, for long. 9 *28 f1E.
Answer.-LAT 5 b 0 4 2 18 June 12.
1818b. At long. 77*15!5W the LAT is 1500 on June 13, 1975.
Requi red .- (1) ZT.
(2) LMIT. i

Answers.-(1) ZT 151081,566, (2) LMXT 141591.548.
1818c. Using the Air Almanac, find (1) LAT at long. 117 055'W, and (2) the Eq.

T, at ZT 2 0 "4 3 m0 9 1 on June 1, 1975.
Answers.-(1) LAT 2 0 b 5 3 114 4 8, (2) Eq. T (+) 21151.
1819a. Find 1ST at ZT 19b 24m260 on June Ij 1975, for long. 87 051'2E.
Answer.-LST 1 1' 5 3 12 9 5.
1819b. Find the ZT at 1ST 21120m078 on Mfay 31, 1975, for long. 54 021'3W.
Answer.-ZT 4h24m08.

J..
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CHAPTER XIX

THE ALMANAC

1901. Introductlon.-A requirement of celestial navigation is the availability of
accurate predictions of the positions of the celestial bodies used. These predictions,
with respect to the celestial equator system of coordinates (art. 1428), are contained in
three publications of the United States Naval Observator. The solution for a celestial
line of position consists principally of the conversion of tabulated coordinates to those
on the horizon system of coordinates (art. 1430).

The American Ephemeris and Nautical Almanac gives, to a high precision, de-
tailed information on a large number of celestial bodies. This annual publication is
arranged to suit the convenience of the astronomer, for whom it is primarily intended.
The ephemeris is not needed for ordinary purposes of navigation, although it contains
some information of general interest, such as various astronomical constants, details of
eclipses, information on planetary configurations (art. 1422), and miscellanious i
phenomena. Each volume of the ephemeris contains instructions for its use.

With the editions for 1960, The American Ephemeris and Nauti:al Almanac issued
by the Nautical Almanac Office, United States Naval Observatory, and The Astro-
nomical Ephemeris issued by H. M. Nautical Almanac Office, Royal Greenwich
Observatory, were unified. With the exception of the introductory pages 1, fi and
vi-viii, the two publications are identical; they are printed separately in the two
countries, from reproducible material prepared partly in the United States and partly u
in the United Kingdom.

The title The Astronomical Ephemeris replaced, without loss of continuity of 1
content, the previous title of The Nautical Almanac and Astronomical Ephemeris
(usually abbreviated io The Nautical Almanac), which was introduced by NevilMaskelyne for the original British edition of 1767; the title .The Vautical Alanac is
now used, in both the United Kingdom and the United States, for the unified edition

skof the Almanacs for surface navigation previously entitled The. Abridged lautical

Almanac and The American Nautical Almanac respectively.
The Nautical Almanac, an annual publication, contains the astronomical infor I

mation needed by the marine navigator. It is conveniently arranged to suit his needs,
and the information is tabulated to a practical degree of precision, in general to the
nearest 0. 1 of arc and 1 of time, at hourly intervals. Beginning with the edition for I
1958, this volume is a joint publication of the U. S. Naval Observatory and H. M.
Nautical Almanac Office, Royal Greenwich Observatory, and incorporates a number of
changes from previous editions. Extracts from the Naufical Almanac f. 1975 are
given in appendix F. These extracts, illustrating the various features of tht pubica-
tion, can be used in the solution of the various illustrative and sample prcb "- ns Of LIW
present volume.

The Air Almanac, published two times per year, is intended primarily for air
navigators. In general, the information is similar to that of the Nautical Almanac,
but is given to a precision of 1' of arc and 18 of time, at intervals of 10D (values for the -

sun and Aries are given to a precision of W 1). This publication is suitable for ordinary
navigation at sea, but may lack the precision that is sometimes needed. The Air Almanac
is a joint publication of the U. S. Naval Observatory and H. M. Nautical Almanac
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Office, Royal Greenwich Observatory. Extracts from the Air Almanac are given inappendix G.

A highly abbreviated, long-term almanac is given in appendix H. Because of the
large intervals between entries, and the fact that no provision is made for nutation,
information taiken from this almanac may be of reduced accuracy. Although this
accuracy is sufficient for most purposes of navigation, the almanac is not as convenient
to use as either of those published by the U. S. Naval Observatory, and is not re-om-
mended when one of them is available. Instructions for its use are included in
appendix H.

The Explanatory Suppiement to the Astronomical Ephemeris and to the Ameripan
=Ephemeri. and Nautical Almanac, first published in 1961, contains detailed explanations

of the basis and derivation of each ephemeris in the edition for 1960; it also contains
historical notes and other useful information and permanent tables that are not given
in the almanacs. The second edition, published in 1974, contains footnotes indicating
the changes that. have been introduced into the ephemerides since 1960. It also includes
a reprint of The Supplement to A.E. 1968, which gives an account of the introduction of
the IAU System of Astronomical Constants. The Explanatory Supplement is published
by H.M. Stationery Office, London.

1902. Nautical Almanac.-The major portion of the Nautical Almanac is devoted
to hourly tabulation of Greenwich hour angle and declination, to the nearest 0! 1 of arc.
On each set of facing pages, information is given for three consecutive days. On the left-
hand page, successive columns give GHA of Aries and both GHA and declination of
Venus, Mars, Jupiter, and Saturn, followed by the SHA and declination of 57 stars.
The GHA and declination of the sun and moon, and the horizontal parallax of the
moon, are given on the right-hand page. Where applicable, the quantities v and d are
given to assist in interpolation. The quantity v is the difference between the actual
change of GHA in one hour and a constant value used in the interpolation tables, while d
is the change in declination in one hour. Both v and d are given to the nearest 0'1. To
the right of the moor. data is given the LMT (art. 1817) of sunrise, sunset, and begin-
ning and ending of nautical and civil twilight for various latitudes from 72 0N to 60 0S.
The LMT of moonrise and moonset at the same latitudes is given for each of the three
days for which other information is given, and for the following day. Magnitude (art.
1405) of each planet at GMT 1200 of the middle day is given at the top of the column.
The GMT (art. 1814) of transit across the celestial meridian of Greenwich is given as Z
"Mer. Pass." The value for the first point of Aries for the middle of the three days is
given to the nearest OT1 at the bottom of the Aries column. The time of transit of the
planets for the middle day is given to the nearest whole minute, with SI- (!tt GMT
0000 of the middle day) to the nearest 0'1, below the list of stars. For the sun and
moon, the time of transit to the nearest whole minute is given for each day. Fcr the N!
moon, both upper apd lower transits are given. This information is tabulated below the S2
rising, setting, and .vdiight, information. Given there, also, are the equation of time for
0 b and 12h, and the age and phase of tile moon (art. 1423). Equation of time is given,
without sign, to the nearest whole second. Age is given to the nearest whole day. Phase 4 M
is given by symbol.

The main tabulation is preceded by a list of religious and civil holidays, phase- J
of the moon, a calendar, information on eclipses occurring during the year, and notes
and a diarramn giving information on the planets.

The main tabulation is followed by explanation and examples. Next are four
pages of standard times (zone descriptions) in use in various places in the world. Star b
charts are given next, followed by a list of 173 stars in order of increasing sidereal hour
angle. This list includes the stars given on the daily pages. It gives the SHA and

A-
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declination each month, and the magnitude. Stars are listed by Bayer's name and also
by popular name where there is one. Following the star list are three pages of Polaris 1
tables giving the azimuth and the corrections to be applied to the observed altitude to
find the latitude. Next is a table for converting arc to time units. This is followed by I
a 30-page table called "Increments and Corrections," used for interpolation of Green-
wich hour angle and declination. This table is printed on tinted paper, for quick
location. Then come tables for interpolating for times of rising, setting, and twilight;
followed by two indices of the 57 stars listed on the daily pages, one index being in
alphabetical order, and the other in order of decreasing SHA.

Sextant altitude corrections are given at the front and back of the almanac.
Tables for the sun, stars, and planets, and a dip table, are given on the insid- front
cover and facing page, with an additional correction for nonstandard temperature and
atmospheric pressure on the following page. Tables for the moon, and ar abbreviated
dip table, are given on the inside back cover and facing page. Use of the altitude
correction tables is explained in chapter XVI. Corrections for the sun, stars, and
planets for altitudes greater than 100, and the dip table, are repeated on one side of a
loose bookmark. The star indices are repeated on the other side.

1903. Air Almanac.-As in the Nautical Almanac, the major portion of the Air
Almanac is devoted to a tabulation of GHA and declination. However, in the Air
Almanac values are given at intervals of ten minutes, to a precision of 0f I for the sun
and Aries and to a precision of ' for the moon and the planets. Values are given for
the sun, first point of Aries (GHA only), the three navigationa- planets most favorably
located for observation, and the moon. The magnitude of each planet listed is given
at the top of its column, and the phase of the moon is given at. the top of its column.
Values for the first 12 hours of the day are given on the right-hand page, and those for
the second half of the day on the back. In addition, the right-hand page has a table of
the moon's parallax in altitude, and below this the semidiamneter of the sun, and both
the semidiameter and age of the moon (art. 1423). Each daily page includes the LMT J
of moonrise and moonset; and a difference column for fimii.g the time of moonrise!
and moonset at any longitude.

Critical tables for interpolation for GHA are given on the inside front cover, [
which also has an alphabetical listing of the stars, with the number, magnitude, SHA,
and declination of each. The same interpolation table and star list are printed on a A
flap which follows the daily pages. This flap also contains a star chart, a star index in
order of decreasing SHA, and a table for interpolation of the LMT of moonrise and I
moonset for longitude.

Following the flap are instructions for the use of the almanac; a list of symbols
and abbreviations in English, French, and Spanish; a list of time differences between
Greenwich and various other )laces: a number of sky diagrams (art. 2212); a planet I
location diagram (art. 2209); star recognition diagrams for periscopic sextants; sunrise,
sunset, and civil twilight tables; rising, setting, and depression graphs; semiduration
graphs of sunlight, twilight, and moonlight in high latitudes; list of 173 stars by number
and Bayer's name (also popular name where there is one), giving the SHA and declina-
tion each month (to a precision of 0:1), and the iagnitude: tables for interpolation of
GHA sun and GHA Aries; a table for converting arc to time; a single Polaris correction
table; an aircraft standard (Iome refraction table: a refraction correction table; a
Coriolis correction table; and on the inside back cover a correction table for dip of
the horizon.

1904. Use of the almanac.-The time used as an entering argument in the almanacs
is 12 ' + Greenwich hour angle of the mean sun and is denoted by GMT. This scale
may differ from the broadcast time signals by an amount which, if ignored, will intro-
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duce an error of up to 02 in longitude determined from astronomical observations.
The difference arises because the time argument depends on the variabie rate of rotation

*of the earth while the broadcast time signals are now based on an atomic time-scale.
Step adjustments of exactly one second are made to the time signals as required (pri-
marily at 241 on December 31 and June 30) so that the difference between the timc
signals and GMT, as used in the almanacs, may not exceed 0!9. Those who require to
reduce observations to a precision of better than 11 must therefore obtain the correction
to the time signals from coding in the signal, or from other sources. The ;orrection may
be applied to each of the times of observation. Alternatively, the longitude, when
determined from astronomical observations, may be corrected by the orresponding
amount shown in the following table:

Correction to time signals Correction to longitude A
-0!7 to -0!9 02 to east
-6 to - 0!3 0!1 to east
-0!2 to +0!2 no correction
+W~ to +O0?6 0 to West
+0!7 to +0!9 02 to west

The main contents of the almanacs consist of data from which the Greenwich
hour angle (GHA) and the declination (Dec.) of all the bodies used for navigation
can be obtained for any instant of Greenwich mean time (GMT). The local hour
angle (LHA) can then be obtained by means of the formula:

- west
LHA= GHA longitude.

+ east

For the sun, moon, and the four navigationnl planets, the GHA and declination
-e tabulated directly in the Nautical Almanac for each hour of GMT througbout the

year; in the Air Al nanac, the values are tabulated for each whole 10m of GMT. For the
stars the sidereal hour angle (SHA) is given, and the GHA is obtained from:

GHA Star=GHA Aries4-SHA Star.

The SHA and declination of the stars change slo. 'v and may be regarded as con-
stant over periods of several days or even months if lesser accuracy is required. The
SHA and declination of stars tabulated in the dir Almanac may be considered constant
to a precision of 1 :5 to 2' for the period covered by each of the volumes providing the
data for a whole: n, wdli most data being closer to the smaller value. GHA Aries, or
the Greenwich h,,.r angle of the first point of Aries (the vernal equinox), is tabulated
for each hour of GMT in the Nautical Almanac and fo- each whole 10" of GMT in the
Air Almanac. Permanent tables give the appropriate increments to the tabulated values z
of GHA and declination for the minutes and seconds of GMT.

In the Nautical Almanac, the permanent table for increments also includes correc-
tions for v, the difference between the actual change of "HA i. one hour and a constant
-alue used in the interpolation tables and d, the ch ige in dcclination in one hour.

In the Nautical Almanac, v is always postive mnle! a negative sign (-) is given.
This can occur onl3 *n the case of Venus. For tle sun, the tabulated values of GHA
have been adjusted to reduce to a minimum the error caused uy treating v as negligible;
there is no v tabulated for the sun.

No sign is given for tabulated values of d, which is positive if declination is in-
creasing, and negative if it is decreasing. The sign of a v or d value is given also to the
related correction.

RiA
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In the Air Almanac, the tabular values of the GHA of the moon are adjusted so
that use of an interpolation table based 'n a fixed rate of change gives rise to negligible
error; no such adjustment is necessary for the sun and planets. Tile tabulated decline zion
values, except for the sun, are those for the middle of the interval between the time
indicated and the next following time for which a value is given, making interpolation
unnecessary. Thus, it is always important to take out the GHA and declination for
the tabular GMT immediately before the time of observation,

In the Air Almanac, GHA Aries and the GHA and declination of the sun are tabu-!
late.! to a precision of 0' 1. If these values are extracted with the tabular precision, thel
"Interpolation of GHA" table on the inside front cover (and flap) should not be used;,
use the "Interpolation of GHA Sun" and "Interpolation of GHA Aries" tables, asi
appropriate. These tables for interpolation to a precision of 0. 1 just precede the Polaris!
Table.

The instructions in the explanation of each volume to ignore the decimal in smaller,
type when extracting GHA Aries and GHA and declination of the sun to a precision of!
1' instead of rounding-off in the normal way are intended for the air navigator.

1905. Finding GHA and declination of the sun.-Nautical Almanac. Enter the,
daily-page table with the whole hour next preceding the given GMT, unless this time

'is itself a whole hour, and take out the tabulated GHA and declination. Record, also,I
the d value given at the bottom of the declination column. Next, enter the increments
and corrections table for the number of minutes of GMT. If there are seconds, use
the next earlier whole minute. On the line corresponding to the seconds of GMT take
the value from the sun-planets column. Add this to the value of GHA from the daily
page to find -HA at the given time. Next, enter the correction table for the same
minute with the d value, and take out the correction. Give this the sign of the d value,
and apply it to the declination from the daily page. The result is the declination at
the given time.

Example 1.-Find the GHA and declination of the sun at GMT 18124137' on
June 1, 1975, using the Nautical Almanac.

Solution.-

Sun Sun
GMT 18"24m37 June 1 GMT 18124376 June 1

18" 9034.3 18h 22 02.5N d(+)0'3
24m371 6009!.3 dcorr. (+)W1
GHA 96043!6 Dec. 22°02!.6N

The correction table for GHA of the sun is based upon a rate of change of 15*1
per hour, the average rate (luring a year. At most times the rate differs slightly from,
this. The slight error thus introduced is minimized by adjustment of the tabular values.,

The d value is the amount that the declination changes between 1200 and 1300 oni.
the middle day of the three shown. V

Air Almanac. Enter the daily page wich the whole 10 next preceding the giveni
GMT, unless the time is itself a whole 10m, and extract the tabulated GHA. The!4
declination is extracted, without interpolation, from the same line as the tabulatedl
GHA or, in the case rf planets, the top line of the block of six. If the values extracted'
are rounded to the rearest minute, next enter the "Interpolation of GHA" table on thej
inside front cover ('n( flap), using the "Sun, etc." entry column, and take out thel
value for the remainig minutes and seconds of GMT. If the entry time is an exact!
tabulated value, use the correction given half a line above the entry time. Add thisll
correction to the GHA taken from the daily page to find the GHA at the given time. No.1
adjustment of declination is nee,led. If the values are extracted with a precision of 0! 1,

t -
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the table for interpolating the GHA of the sun to a precision of O. I must be used. No
adjustment of declination is needed.

Example 2.--Find the GHA an(l declination of the sun at GMT 1 8 h2 4 m3 7 8 on
June 1, 1975, using the Air Almanac.

Solution.-

Sun Sun
GMT I 18124n'371 June 1 GMT 18124n:371 June I

- •820m 95034 '  
18120m 9503413

4n375 1009, .137s 10OW3
GIIA 96043' OHA 96043!6
Dec. 22 003'N Dec. 2r.002.6N

1906. Finding GHA and declination of the moon.-Naut'cal Almanac. Enter the
daily-page table with the whole hour next preceding the given GMT, unless this time
is itself a whole hour, and take out the tabulated GHA and declination. Record, also,
the corresponding v and d values tabulated on the same line, and determine the sign

-5 1 of the d value. The v value of the moon is always positive (+), ar' *, not marked in
the almanac. Next, eiter the increments and corrections table fo.-. "autes of GMT,
and on the line for the seconds of GMT take the GHA correct.,,u 'roil the moon
column. Then, enter the correction table for the same mihute with the v value, and
extract the correction. Add both of these corrections to the GHA from the daily page
to obtain the GHA at the given time. Then, enter the same correction table with the
d value, and extract the correction. Give this correction the sign of the d value, and
apply it to the declination from the daily page to find the declination at the given time.

Example 1.--Find the GIIA and declination of the moon at GMT 21I"25144, on
June 1, 1975, using the Nautical Almanac.

Sobdiion.-

i\'Moon Moon
GMT 2"125n44- June I GNlT 21"25-44" June 1

25"44' 6 008'4 c(+)15'8 ( corr. (-)4:5
v corr. (+)617 Dec. 3002!.3S
GlIA 231043.2

The cvirrection table for GIIA of the moon is )ased upon the minimum rate at
which the moon's GIBA increases, 14'19'0 er hour. The v correction makes the adjust-
ment for the actual rate. The v value itself is the difference between the minimum
rate and the actual rate during the hour :ollowing the tabulated time. The d value is
the amount that the declination changes during the hour following the tabulated time.

Air Almanac. Enter the daily page with the whole 10' next preceding the given
GMT, unless this time is itself a whole 101, and take out the tabulated GHA and 'he
declination, without interpolation. Next, enter the "Interpolation of GHA" table on

-- the inside front cover, using the "moon" entry column, and take out the value for the
remaining minutes and seconds of GMT. If the entry time is an exact tabulated value,
use the correction given half a line above the entry time. Add this correction to the
GHA taken from the daily page to find the GHA at the given time. No adjustment of
declination is needed.

Example 2.-Find the GI-A and declination of the moon at GMT 21h25144-
on June 1, 1975, using the Air Almanac.
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Solution.-
Moon

GMT 21b25m4 4 June 1
2 1 h20 m 230020 '

5m446 1023 '

GHA 231043'
Dec. 3002'S

The declination given in the table is correct for the time five minutes later than
tabulated, so that it can be vsed for the ten-minute interval without interpolation, to an
accuracy to meet most requirements. If greater accuracy is needed, it can be ot Aned:
by interpolation, rememberiig to allow for the five minutes indicated above.

1907. Finding GHA and declination of a planet.-Nautical Almanac. Enter the!
daily-page table with the whole hour next preceding the given GMT, unless the time
itself is a whole hour, and take out the tabulated GHA and declinaticn. Record, also,
the v value given at the bout )m of each of these columns. Next, enter the increments
and corrections table for the minutes of GMT, and on the line for the seconds of GMT
take the GHA correction from the sun-planets column. Next, enter the correction
table with the v value and extract" the correction, giving it the sign of the v value. Add
ihe first correction to the GHA from the daily page, and apply the second correction
in accordance with its sign, to obtain the GHA at the given time. Then, enter the
correction table for the same minute with the d value, and extract the correction.
Give this correction the sign of the d value, and apply it to the declination from the
daily page to find the declination at the given time.

Example 1.-Find the GHA and declination of Venus at GMT 5b2 4m0 7, on June 2,
1975, using the Nautical Almanac.

Solution.-

Venus Venus
GMT 5h24l078 June 2 GMT 5h24m078 June 2

5h 206059!4 5h 23030:8N d (-)0:5
240075 6001:8 v (-)0!.4 d corr. (-)0.2
v corr. (-)0'2 Dec. 23°30!6N
GHA 213°0 10

The correction table for GHA of planets is based upon the mean rate of the sun,
150 per hour. The v value is the difference between 150 and the change of GHA of I
the planet between 1200 and 1300 on the middle day of the three shown. The d value
is the amount that the declination changes between 1200 and 1300 on the middle day.

Venus is the only body listed which ever has a negative v value. 3

Air Almanac. Enter the daily page with the whole 1k next preceding the given
GMT, unless this time is itself a whole 102, and extract the tabulated GHA and declina- -€

tion, without interpolation. The tabulated declination is correct for the time 30' later
than tabulated, so that interpolation during the hour following tabulation is not needed
for most purposes. Next, enter the "Interpolation of GHA" table on the inside front
cover, using the "sun, etc." column, and take out the value for the remaining minutes
and seconds of GMT. If the entry time is an exact tabulated value, use the correction
half a line above the entry time. Add this correction to the GHA from the daily page
to find the GHA at the given time. No adjustment of declination is needed.

Example 2.-Find the GHA and declination of Venus at GMT 5h4 8m4 5 1 on June 2,
1975, using the Air Almanac.
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Solution.-
Venus

GMT 5148m458 June 2
5 h4 0m 216059 '

8m456 20111
GHA 219010 '

Dec. 23°31'N

The declination is taken for the next earlier tabulated time, and is correct for GMT
5h4 5m.

1908. Finding GHA and declination of a star.-If the GHA and declination of
each navigational star were tabulated separately, the almanacs would be several times
their present size. But since the sidereal hour angle (art. 1426) and the declination are
nearly constant over several days (to the nearest 0! 1) or months (to the nearest 1'),
separate tabulations are not needed. Instead, the GHA of the first point of Aries,
from which SHA is measured, is tabulated on the daily pages, and a single listing of
SHA and declination is given for each double page of the Nautical Almanac, and for an
entire volume of the Air Almanac. The finding of GHA T is similar to finding GHA
of the sun, moon, and planets.

Nautical Almanac. Enter the daily-page table with the whole hour next preceding
the given GMT, unless this time is itself a whole hour, and take out the tabulated
GHA T. Record, also, the tabulated SHA and declination of the star from the listing
on the left-hand daily page. Next, enter the increments and corrections table for the
minutes of GMT, and on the line for the seconds of GMT take the GHA correction from
the Aries column. Add this correction and the SHA of the star to the GHA T of the daily
page to find the GHA of the star at the given time. No adjustment of declination is
needed.

Example /.-Find the GHA and declination of Canopus at GMT 3 h24n,336 on

June 2, 1975, using the Nautical Almanac.
Solution.-

Canopus

GMT 3h24m33 June 2
3h 294058'0

24m338 6009f3
SHA 264009'3
GHA 205O16:6
Dec. 52*41 ' S

The SHA and declination of 173 stars, including Polaris and the 57 listed on the
daily pages, are given for the middle of each month, on almanac pages 268-273. For
a star not listed on the daily pages this is the only almanac source of this information. - 1k
Interpolation in this table is not necessary for ordinary purposes of navigation, but is
sometimes needed for precise results. Thus, if the SHA and declination of ft Crucis
(Mimosa) are desired for March 1, 1975, they are found by simple eye interpolation to
by SHA 168°25!2 and Dec. 59°33.2S.

If GRIA T is desired, it is found as indicated in example 1, but omitting the addition
of SHA of a star. In the example GHA T is 294*58'+609.3=0107!3.

Air Almanac. Enter the daily page with the whole 10m next preceding the given A_
GMT, unless this is itself a whole 10,, and extract the tabulated GHAT. Next,
enter the "Interpolation of GHA" table on the inside front cover, using the "sun, etc."
entry column, and take out the value for the remaining minutes and seconds of GMT.
If the entry time is an exact tabulated value, use the correction given half a line above

- ,- _
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the entry time. From the tabulation at the left side of the same page, extract the I
SHA and declination of the star. Add the GHA from the daily page and the two values
taken from the inside front cover to find the GHA at the given time. No adjustment
of declination is needed.

Example R.-Find the GHA and declination of Peacock at GMT 12h1 7 5 8 - on I
June 1, 1975, using the Air Almanac.

Solution.-
Peacock

3MT 12h17m581 June 1
1 2 b 10 m 71052 '

7m585 2000'
SHA 54003'
GHA 127055'

Dec. 56049'S

Rising, Setting, and Twilight

1909. Rising, setting, and twilight.-In both almanacs the times of sunrise, sunset,
inoonrise, moonset, and twilight information at various latitudes between 72'N and
60°S are given to the nearest whole minute. By definition, rising or setting occurs
when the upper limb of the body is on the visible horizon, assuming standard refraction
for zero height of eye. Because of variations in refraction and height of eye, compu- I
tation to a greater l)recision than 1 is not justified.

In high latitudes some of the phenomena do not occur during certain periods.
The symbols used to indicate this condition are:

m Sun or moon does not set, but remains continuously above the horizon.
m Sun or moon does not rise, but remains continuously below the horizon.
////Twilight lasts all night.
The Nautical Almanac makes no provision for finding the times of rising, setting,

or twilight in polar regions. The Air Almanac has graphs for this purpose.
In the Nautical Almanac, sunrise, sunset, and twilight tables are given only once

for the middle of the three (lays on each page opening. For most pl)poses this informa-
tion can be used for all three days. Both almanacs have moonrise and moonset tables i
for each day.

The tabulations are in local mean time (art. 1817). On the zone meridian, this is
the zone time (ZT). For every 15' of longitude that the observer's position differs
from that of the zone meridian, the zone time of the phenomena differs by 11% being i
later if the observer is west of the zone meridian, and earlier if he is east of the zone
meridian. The local mean time of the phenomena varies with latitude of the observer,
declination of the body, and hour angle of the body relative to that of the mean sun.

Sunrise and sunset are also tabulated in the tide tables (from 76°N to 60'S) and "
in a supplement to the American ephemeris of 1946 entitled Tables of Sunrise, Sunset,
and Twilight (from 75°N to 75'S). The meridian angle of any body at the time of its
rising and setting can be computed by the formulas given in article 715 of volume II.
The data concerning the rising and setting of the sun and moon and the duration of
twilight for high southern latitudes are published as graphs in United States Naval
Observatory Circular No. 147, Sunlight, Moonlight, and Twilight for Antarctica; these
graphs are similar to ihe graphs in the Air Almanac for northern latitudes (art. 1912).

1910. Finding time of sunrise and sunset.-Nautical Almanac. Enter the table
on the daily page, and extract the LMT for the tabulated latitude next smaller than
the observer's latitude (unless this is an exact tabulated value). Apply a correction
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from table I or almanac page xxxii to interpolate for latitude, determining the sign of
the correction by inspection. Then convert LMT to ZT by means of the difference
in longitude (dX) between the local and zone meridians.

Example.-Find the zone time of sunrise and sunset at lat. 43031!4N, long. 360
14'3W on June 1, 1975.

Solution.-
L 43*31'.4N June 1
X 361 4 .3W

Sunrise Sunset
400 0433 400 1922

T I (-)11 T I (+)11
LMT 0422 LMT 1933

dX (+)25 dX (+)25
ZT 0447 ZT 1958

Air Almanac. The procedure is the same as that for the Nautical Almanac, except
-, that the LMT is extracted from the tables of sunrise and sunset instead of the daily

page, and latitude correction -s by linear interpolation.
The tabulated times are for the Greenwich meridian. Except in high latitudes

near the times of the equinoxes, the time of sunrise and sunset varies so little from day
to day that no interpolation is needed for longitude. If such an interpolation is con-
sidered justified, it can be made in the same manner as for the moon (art. 1012).

In high latitudes, interpolation is not always possible. For instance, on June 1,
1975, sunrise at latitude 660N occurs at 0115, but at latitude 68°N the sun does not
set. Between these two latitudes the time of sunrise might be found from the graphs
in the Air Almanac, or by computation, as explained in article 715 of volume II.
However, in such a marginal situation, the time of sunrise itself is uncertain, being
greatly affected by a relatively small change of refraction or height of eye.

1911. Finding time of twilight.-Morning twilight ends at sunrise, and evening
twilight begins at sunset. The time of the darker limit can be found from the almanacs.

The time of the darker limits of both civil and nautical twilights (center of the sun 60
~and 12', respectively, below the celestial horizon) is given in the Nautical Almanac.

The Air Almanac provides tabulations of civil twilight from 60'S to 720N. The bright-

ness of the sky at any given depression of the sun below the horizon may vary consider-
ably from day to day, depending upon the amount of cloudiness and other atmospheric
conditions. In general, however, the most effective period for observing stars and
planets occurs when the center of the sun is between about 30 and 90 below the celestial
horizon. Hence, the darker limit of civil twilight occurs at about the mid point of
this period. At the darker limit of nautical twilight the horizon is generally too dark
for good observations. At the darker limit of astronomical twilight (center of the sun j
180 below the celestial horizon) full night has set in. The time of this twilight is given
in the ephemeris. Its approximate value can be determined by extrapolation (art. 207,
vol. II) in the Nautical Almanac, noting that the duration of the different kinds of
twilight is not proportional to the number of degrees of depression at the darker limit..
More precise determination of the time at which the center of the sun is any given num-
ber of degrees below the celestial horizon can be determined by a large-scale diagram
on the plane of the celestial meridan (art. 1432) or by computation (art. 715, vol. II).
Duration of twilight in latitudes higher than 65ON is given in a graph in the Air Almanac.

Nautical Almanac. The method of finding the darker limit of twilight is the same
as that for sunrise and sunset (art. 1910).

1.A
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Example 1.-Find the zone time of beginning of morning nautical twilight and
ending of evening nautical twilight at lat. 21*54.7S. long. 109034.2E on June 1, 1975.

Solution.-
L 21*54'7S June 1
X 1090342E

Nautical Nautical
twilight twilight

20 0 S 0537 200S 1819
TI (+)3 TI (-)3

LMT 0540 LMT 1816
dX (-)18 dX (-)18

ZT 0522 ZT 1758

Air Almanac. The method of finding the darker limit of twilight is the same as
that for sunrise and sunset as explained in article 1910.

Example 2.-Find the zone time of beginning of morning civil twilight and ending
of evening civil twilight at lat. 47°18'8S, long. 87028:3W on June 1, 1975.

Solution.-
L 47°18'8S June 1
X 87 028"3W

Civil Twilight Civil Twilight
45°S 0654 450S 1701

corr. (+)7 corr. (-)7
LMT 0701 LMT 1654

dX (-)10 dx (-)10
ZT 0651 (twilight) ,T 1644 (twilight)

Sometimes in high latitudes the sun does not rise but twilight occurs. This is
indicated in the Air Almanac by the symbol U in the sunrise and sunset column.
To find the time of beginning of morning twilight, subtract half the duration of twilight
as obtained from the duration of twilight graph from the time of meridian transit of
the sun; and for the time of ending of evening twilight, add it to the time of meridian
transit. The LMT of meridian transit never differs by more than 164 (approximately)
from 1200. The actual time on any date can be determined from the almanac.

1912. Finding time of moonrise and moonset is similar to finding time of sunrise
and sunset, with one important difference. Because of the moon's rapid change of
declination, and its fast eastward motion relative to the sun, the time of moonrise and
moonset varies considerably from day to day. These changes of position on the celestial
sphere (art. 1403) are continuous, as moonrise and moonset occur successively at -
various longitudes around the earth. Therefore, the change in time is distributed over
all longitudes. For precise results, it would be necessary to compute the time of the
phenomena at any given place, by the method described in article 715 of volume II.
For ordinary purposes of navigation, however, it is sufficiently accurate to interpolate
between consecutive moonrises or moonsets at the Greenwich meridian. Since apparent
motion of the moon is westward, relative to an observer on the earth, interpolation in
west longitude is between the phenomenon on the given date and the following one. In
east longitude it is between the phenomenon on the given date and the preceding one.

Nautical Almanac. For the given (late, enter the daily-page table with latitude, and
extract the LMT for the tabulated latitude next smaller than the observer's latitude
(unless this is an exact tabulated value). Apply a correction from table I of the almanac

,'I
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"Tables for Interpolating Sunrise, Moonrise, etc." to interpolate for latitude, deter-
mining the sign of the correction by inspection. Repeat this procedure for the day
• following the given date, if in west longitude; or for the day preceding, if in east longi-
tude. Using the difference between these two times, and the longitude, enter table II
of the almanac "Tables for Interpolating Sunrise, Sunset, etc." and take out the correc-
tion. Apply this correction to the LMT of moonrise or moonset at the Greenwich
meridian on the given date to find the LMT at the position of the observer. The sign
to be given the correction is such as to make the corrected time fall between the times
for the two dates between which interpolation is being made. This is nearly always
positive (+) in west longitude and negative (-) in east longitude. Convert the cor-
rected LMT to ZT.

Example 1.-Find the zone time of moonrise and moonset at lat. 58'23.6N,
long. 144*07'5W on June 1, 1975, using the Nautical Almanac.

Solution.-
L 58°23!6N June 1
X 1440 07f5W

Moonrise Moonset
58 0N 0007 June 1 58N 1110 June 1
T I (+)I T I (-)l

LMT (G) 0008 June I LNIT (G) 1109 June 1

58*N 0021 June 2 58'N 1221 June 2
TI 0 TI 0

LMT (G) 0021 June 2 LMT (G) 1221 June 2
LMT (G) 0008 June 1 LNIT (G) 1109 June 1

diff. 13 (liff. 72 '

TII (+)5 T I (+)28
LMT (G) 0008 June 1 LMT (G) 1109 June 1

LMT 0013 June 1 LMT 1137 June 1
dX (-)24 (X (-)24

ZT 2349 May31 ZT 113 June I

Air Almanac. For the given date, determine LMT for the observer's latitude at
t.e Greenwich meridian, in the same manner as with the Nautical Almanac, except that
linear interpolation is made directly fro-: the main tabulation, since no interpolation
table is provided. Extract, also, the - alue from the "Diff." column to the right of the
moonrise and moonset column, interpolating if necessary. This "Diff." is one-fourth of
one-half of the daily difference. The error introduced by this approximation is generally
not more than a few minutes, although it increases with !atitude. Using this difference,
and the longitude, enter the "Interpolation of Moonrise, Moonset" table on flap F4
of the Air Almanac and take out the correction. The Air Almanac recommends the
taking of the correction from this table without interpolation. The results thus obtained
are sufficiently accurate for ordinary purpose-s of navigation. If greater accuracy is
desired, the correction can be taken by interpolation. However, since the "Diff."
itself is an approximation, the Nautical Almanac or computation (art. 715, vol. II)
should be used if accuracy is a consideration. Apply the correction to the LMT of
moonrise or moonset at the Greenwich meridian on the given date to find the LMT at
the position of the observer. The correction is positive ( "i) for west longitude, and
negative (-) for cast longitude, unless the "Diff." on the daily page is preceded by a
negative sign (-), when the correction is negative (-) for west longitude, and positive

.S
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for east longitude. If the time is near midnight, record the date at each step, as

in the Nautical Almanac solution.
Example .- Find the zone time of moonrise and moonset at lat. 58 023!6N, long.

14400 7'5W on June 1, 1975, using the Air Almanac.
Solution.-

L 58*23:6N June 1
>,~ 144007,.5W

Moonrise Moonset
diff. (+)07 diff. (+)36

58°N 0007 58 0N 1110
corr. (+)1 corr. (-)1

LMT (G) 0008 LMT (G) 1109
corr. (+)4 corr. (+)29

LMT 0012 LMT 1138
dX (-)24 dX (-)24
ZT 2348 May 31 ZT 1114

As with the sun, there are times in high latitudes when interpolation is inaccurate
or impossible. At such periods, the times of the phenomena themselves are uncertain,
but an approximate answer can be obtained by moonlight graph in the Air Almanac
or by computation, as explained in article 715 of volume I. With the moon, this
condition occurs when the moon rises or sets at one latitude, but not at the next higher
tabulated latitude, as with the sun. It also occurs wheit the moon rises or sets on one
day but not on the preceding or following day. This latter coidition is indicated in the
Air Almanac by the symbol * in the "Diff." column.

Because of the eastward revolution of the moon around the earth, there is one day
each synodical month (29% days) when the moon does not rise, and one day when it
does not set. These occur near last quarter and first quarter, respectively. Since this
day is not the same at all latitudes or at all longitudes, the time of moonrise or moonset
found from the almanac may occasionally be thi- preceding or succeeding one to that
desired. When interpolating near midnight, one should exercise caution to prevent an
error.

Refer to the right-hand daily page of the Nautical Almanac for June 12, 13, 14
(app. F). On June 13 moonset occurs at 2350 at latitude 70°N, and at 0031 at latitude
72°N. These are not the same moonset, the one at 0031 occurring approximately one
day later than the one occurring at 2350. This is indicated by the two times, which
differ by nearly 24 hours. The table indicates that with increasing northerly latitude, i
moonset occurs later. Between 70°N and 72°N the time crosses midnight to the following
day. Hence, between these latitudes interpolation should be made between 2350 on
June 13 and 0007 on June 14.

The effect of the revolution of the moon around the earth is to cause the nmoon to
rise or set later from day to day. The daily retardation due to this effect does not differ
greatly from 50m. The change in declination of the moon may increase or decrease this
effect. The effect due to change of declination increases with latitude, and in extreme I
conditions it may be greater than the effect due to revolution of the moon. Hence, the
interval between successive moonrises or moonsets is more erratic in high latitudes
than in low latitudes. When the two effects act in the same direction, daily differencesj
can be quite large. Thus, at latitude 72°N the moon rises at 0550 on June 13, and at
0806 on June 14. When they act in opposite directions, they are small, and when the i
effect due to change in declination is larger than that due to revolution, the moon sets
earlier on succeeding (lays. Thus, at latitude 72°N the moon sets at 0031 on June 13, 1

-I%
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and at 0007 on June 14. This condition is reflected in the Air Almanac by a negative
"Diff." If this happens near last quarter or first quarter, two moonrises or moonsets
might occur on the same day, one a few minutes after the day begins, and the other a
few minutes before it ends. Or. June 14, 1975, for instance, at latitude 72*N, the moon
sets at 0007, rises at 0806, and sets again at 2350 the same day. On those days on which
no moonrise or no moonset occurs, the next succeeding one is shown with 2 4b added to
the time. Thus, at latitude 68°N the moon rises at 2342 on May 25, while the next
moonrise occurs 2 4h4 5m later, at 0027 on May 27. This is listed both as 2427 on May 26
and as 0027 on May 27 (not shown in app. F).

Interpolation for longitude is always made between consecutive moonrises or moon-
sets, regardless of the days on which they fall.

Example 8.-Find the zone time of moonset at lat. 71°38!7N, long. 56 021'8W
during the night of June 13-14, 1975, using the Nautical Almanac.

Soltion.-
L 710 38!7N June 13-14
X 56 021' 8W

Moonset
70'N 2350 June 13
T I (+)15

LMT (G) 0005 June 14

70'N 2342 June 14
T I (+)7

LNI T (G) 2349 June 14
LMT (G) 0005 June 14

(tiff. 16
T 11 (-)2

LMT (G) 0005 June 14
LMT 0003 June 14

dx (-)15
ZT 2348 June 13

Interpolation for the first entry is between 2350 on June 13 (lat. 70 0 N) and 0007
on June 14 (lat. 72°N); for the second entry, between 2342 on June 14 and 2350 on
June 14.

Beyond the northern limits of the almanacs the values can be obtained from a
series of graphs given near the back of the Air Almanac. These graphs are shown in
appendix G. For high latitudes, graphs are used instead of tables because graphs give
a clearer picture of conditions, which may change radically with relatively little change
in position or date. Under these conditions interpolation to practical precision is simpler
by graph than by table. In those parts of the graph which are difficult to read, the
times of the phenomena's occurrence are themselves uncertain, being altered consider- d
ably by a relatively small change in refraction or height of eye.

On all of these graphs any given latitude is represented by a horizontal line, and
any given date by a vertical line. At the intersection of these two lines the duration
is read from the curves, interpolating by eye between curves.

The "Semiduration of Sunlight" graph gives the number of hours between sunrise
and meridian transit or between meridian transit and sunset. The dot scale near the
top of the graph indicates the LMT of meridian transit, the time represented by the
minute dot nearest the vertical dateline being used. If the intersection occurs in the

.. iS



512 THE ALMAINAC

area marked "sun above horizon," the sun does not set; and if in the area marked I1
"sun below horizon," the sun does not rise.

Example I.-Find the zone time of sunrise and sunset at lat. 71°300N, long.
10°00:W near Jan Mayen Island, on August 25, 1975.

Sohton.-
August 25

LMT 1202 LAN, from top of graph
dx (-)20

ZT 1142 LAN
semidur. 840 from graph

ZT 0302 sunrise (-semidur.)
ZT 2022 sunset (±semidur.)

A vertical line through August 25 passes nearest the dot representing LAN 1202
on the scale near the top of the graph. This is LMT; at longitude 10°00:0 W the ZT
is 201 earlier, or at 1142. The intersection of the vertical dateline with the horizontal
latitude line occur- between the S and 9 ' curves, at approximately 8 b4 0 m

. Hence,
sunrise occurs at this interval before LAN and sunset at this interval after LAN.

The "Duration of Twilight" graph gives the number of hours between the beginning
of morning ciril twilight (center of sun 6 below the horizon) and sunrise, or between
sunset and the end of evening civil twilight. If the sun does not rise, but twilight does
occur, the time taken from the graph is half the total length of the single twilight period,
or the number of hours from beginning of morning twilight to LAN, or from LAN to
end of evening twilight. If the intersection occurs in the area marked "continuous
twilight or sunlight," the center of the sun does not get more than 60 below the horizon,
and if in the area marked "no twilight nor sunlight," the sun remains more than 6
below the horizon throughout the entire day. ednof

Example 2.-Find the zone time of beginning of morning twilight and ending of
evening twilight at the place and date of example 1.

Solution.-

Twilight T,ilight
ZT 0302 sunrise, from example I ZT 2022 sunset, from example 1

dur. 153 from graph dur. 153 from graph
ZT 0109 morning twilight ZT 225 evening twilight

The intersection of the vertical dateline and the horizontal latitude line occurs
approximately one-sixth of the distance from the 2b line toward the 112 0 1 line; or at

about jb53m. &Morning twilight begins at this interval before sunrise, and evening twilight
ends at this interval after sunset.

The "Semiduration of .Moonlight" graph gives the number of hours between -
moonrise and meridian transit or beween meridian transit and moonset. The dot
scale near the top of the graph indica.ts the LMT of meridian transit, each dot repre-
senting one hour. The phase symbols indicate the date on which the principal moon -2
phases occur, the open circle indicating full moon and the dark circle indicating new
moon. If the intersection of the vertical dateline and the horizontal latitude line falls
in the "moon above horizon" or "moon below horizon" area, the moon remains above
or below the horizon, respectively, for the entire 24 hours of the (lay.

If approximations of the times of moonrise and moonset are sufficient, the values
of semiduration taken from the graph can be used without adjustment. For more - -

accurate results, the times on the required (late and the adjacent (late (the following

A.
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date in west longitude and the preceding date in east longitude) should be determined,
and an interpolation made for longitude, as in any latitude, since the intervals given
are for the Greenwich meridian.

Example 3.-Find the zone time of moonrise and moonset at lat. 74° 000N, long.
108*0 00OW on May 8, 1975, and the phase of the moor on this date.

Solution.-

May 8 May 9
LMT 0923 LMT 1006 meridian transit, from graph

dX (+)12 dX (+)12
ZT 0935 ZT 1018 meridian transit

semidur. 7 15 9 ' semidur. 9 b1 5m from graph
ZT 0136 ZT 0103 (moonrise-semidur.)
ZT 1734 ZT 1933 (moonset+semidur.)

Moonrise Moonset
ZT 0136 May 8 ZT 1734 May 8
ZT 0103 May 9 ZT 1933 'May 9

diff. (-)33 diff. (+)119
33X108.0/360 (-)10 119X108.0/360 (+) 36

ZT 0126 ZT 1810

The phase is crescent, about two days before new moon. The LMT of meridian
transits are found by noting the intersections of the vertical datelines with the dot
scale near the top of the graph, interpolating by eye. At longitude 108° 0 0:0W the
ZT is 120 later. The semiduration is found by noting the position, with respect to the
samiduration curves, of the intersection of the vertical dateline with the horizontal j
latitude line. This interval is subtracted from the time of meridian transit to obtain
moonrise, and added to obtain moonset. These solutions are made for both May 8
and 9, and the difference determined in minutes. The adjustment to be applied to
the ZT on May 8 at Greenwich is determined by multiplying this difference by the
ratio X/360. The phase is determined by noting the position of the vertical dateline
with respect to the phase symbols. If the answer indicates that the phenomenon occurs
on a date differing from that desired, a new solution should be made, adjusting the
starting date accordingly. The phenomenon may occur twice on the same day, or it
may not occur at all. In high latitudes the effect on the time of moonrise and moonsetIf a relatively small change in declination is considerably greater than in lower latitudes,
rtsulting in greater differences from day to day.

Sunlight, twilight, and moonlight, graphs are not given for south latitudes. Beyond
latitude 65-S, the northern hemisphere graphs can be used for determining the semi-
duration or duration, by using the vertical dateline for a day when the declination
has the same numerical value but opposite sign. The time of meridian transit and the
phase of the moon are determined as explained above, using the correct date. Between
latitudes 60*S and 65*S solution is made by interpolation between the tables and the
graphs.

Several other methods of solution of these phenomena are available. The Tide
Tables tabulate sunrise and sunset from latitude 76*N to 60'S. A supplement to the
American Ephemeris of 1946, entitled Tables of Sunrise, Sunset, and Twilight, provides
tabulations from latitude 75°N to 75°S and graphs for semiduration of sunlight and
duration of twilight, with separate graphs for civil, nautical, and astronomical twilights.
Seniduration or duration can be determined graphically by means of a diagram on

I
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the plane of the celestial meridian (art. 1432), or by computation. When computation i

is used, solution is made for the meridian angle at which the required negati' altitude
occurs. The meridian angle expressed in time units is the semiduration in thb case of I
sunrise, sunset, moonrise, and moonset; and the semiduration of the combined sunlight
and twilight, or the time from meridian transit at which morning twilight begins or
evening twilight ends. For sunrise and sunset the altitude used is (-)50'. Allowance
for height of eye can be made by algebraically subtracting (numerically adding) the
dip correction from this altitude. The altitude used for .twilight is (-)6, (-)12° , or
(-)18* for civil, nautical, or astronomical twilight, respectively. The altitude used for
moonrise and moonset is -34'-SD+HP, where SD is semidiameter and HP is hori-
zontal parallax, from the daily pages of the Nautical Almanac.

1913. Rising, setting, and twilight at a moving craft.-Instnictions given in the
preceding three articles relate to a fixed position on the earth. Aboard a moving craft
the problem is complicated somewhat by the fact that time of occurrence depends
upon position of the craft, and vice versa. At ship speeds, it is generally sufficiently
accurate to make an approimate mental solution, and use the position of tie vessel
at this time to make a more accurate solution. If higher accuracy is required, the
position at the time indicated in the second solution can be used for a third solution.
If desired, this process can be repeated until the same answer is obtained from two con-
secutive solutions. However, it is generally sufficient to alter the first solution by 1 I
for each 15' of longitude that tht, position of the craft differs from that used in the solu- m

tition, adding if west of the esti nated position, and subtracting if east of it.. In applying i
this rule, use both longitudes to the nearf-t !5'. The first solution is known as the

first estimate; the second ;,,Iution is the second estimate.

[1 II5
|.I

!,II
I 2.
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CHAPTER XX

SIGHT REDUCTION

2001. Introduction.-The process of deriving from a celestial observation the in-
formation needed for establishing a line of osition is called ,,ight reduction. The ob-
servation itself consists of measuring the altitude of a celestial body and noting the
time. The process of finding such a line of position may be divided into six steps:

1. Correction of sextant altitude (ch. XVI).
2. Determination of GHA and declination (ch. XIX).
3. Selection of assumed position and finding local hour angle or meridian angle at

that point.
4. Computation of altitude and azimuth.
5. Comparison of computed and observed altitudes.
6. Plot of the line of position.
Brradly !.,!aking, tables which assist in any of these steps can be considered

sight red-tetion tables. However, the expression is generally limited to tables intended
primerily for computation of altitude and azimuth. A great variety of such tables
exists. In chapter XXI various methods of sight reduction, including graphical and me-
chanica1 solutions, are contrasted. All are based, directly or indirectly, npon solution
of the :,avigational triangle (art. 1433). Thus, the process of sight reduction, in its
limited sense, is one of converting coordinates of the celestial equator system (ort. 1428)
to those of the horizon system (art. 1430).

The correction of the sextant altitude (,s) to find observed altitude (Ho) is not
necessarily performed first. If any form of time other than GMT is used for timing the
observation, it is first converted to GMT because this is the kind of time used for
entering the almanacs. From the almanac, the GHA and declination arc determined.

2002. Selection of the assumed position (AP) .- The following variables are needed
to compute the altitude and azimuth:

1. Latitude (fI).
2. Declination (d or Dec.).
3. Local hour angle (LHA) or meridian angle (t).

Except for declination, these variables are dependent upon the position from which
the altitude and azimuth are to be computed for the time of the observation. Although
the dead reckoning or estimateu position can be used, unnecessary interpolation can
be avoided when using modern sight reduction tables by selecting an A? for the
reduction that will result in two of the three variables being exact entry values or
table arguments. In these tables altitudes and azimuth angles are givn. for each whole
degree of latitude and each whole degiee of either meridian angle or local hour angle.
Since the assumed position should be within 30' of the actual position, the who!_ degree
of latitude nearest to the DR or EP at the time of the sight is selected as the assumed
latitude (aL). The assumed longitude (aX) is also selected within 30' of the DR or
EP so that no minutes of are will remain after it is applied to GHA. This means that
in west longitude the minutes of aX must be the same as those of GHA; while in east
longitude the minutes of aX must be equal to 60' minus the minutes of GHA.

2003. Finding the local hour angle and meridian angle.-Meridian angle is the
angular distance that the celestial body is east or west of the celestitl meridian. It is
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516 SIGHT REDUCTION

found from local hour angle (LHA), which, in turn, is found from Greenwich hour
angle by adding east longitude or subtracting west longitude. A time diagram (art. 1428) 1
is useful in visuaizing this relationship.

Example 1.-The GHA is 168'42!6.
Required.-The LHA and t at (1) long. 137°24 6W, and (2) 1580 24.7E.
Solution.-

(1) GHA 168042!6 (2) GHA 1680426
X 13724:6W X 15824.7E

LHA 31018!0 LHA 327007!3
t 31018.0W t 32052.7E

In west longitude, if GHA. is less than longitude, add 3600 to GHA before sub-
tracting. In east longitude, if the sum exceeds 3600, subtract this amount. If LHA is
less than 1800, it is numerically equal to meridian angle, whil is labeled W (west).
If LHA is greater than 1800, t is 360 0-LHA and is labeled E (east).

Example 2.-The GHA is 168o42f6; observations are made at (1) long. 137 024'6W,
and (2) long. 158'24'7E.

Required.-The aX providing whole degrees of LHA and t.
Solution.-

(1) GHA 168042!6 (2) GHA 168-42f6
aX 137'42'6W aX 15817.4E

LHA 31o00.0 LHA 327000-
t 31 000'0W t 3300:0E

2004. Comparison of computed and observed altitudes.-After appropriate correc-
tions are applied to the sextant altitude (hs), the observed altitude (Ho) is obtained. 1
For the instant of observation, the altitude and azimuth at some convenient assumed I
position (AP) near the actual position of the observer are dtermined by calculation or
equivalent process. The difference between this computed altitude (Hc) and Ho is the *
altitude intercept (a), sometimes called altitude difference.

Since a is the difference in altitude at the assumed and actual positions, it is also i
the difference in zenith distance, and therefore the difference in radii of the circles of
equal altitude at the two places. The position having the greater altitude is on the circle I
of smaller radius, and hencer ;s closer to the GP of the body. In figure 2004 the AP is
shown rca the inner circle. I..nce, Hc is greater than Ho.

The altitude intercept, the numerical difference between Hc and Ho, is customarily
expressed in nautical miles (minutes of arc), and labeled T or A to indicate whether the
line of position is toward or away from the GP, as measured from the AP.

Two useful aids in labeling the intercept are: Coast Guard Academy for Computed
Greater Away, and Ho Mo To for Ho More Toward.

For example, 4
Hc 37051.6 Hc 61°57'3
Ho 37043!9 14 62*12:7

a 7.7A a 15.4T

2005. Plot of the line of position.-The line of posltion can be plotted using part of
the information within the broken circle of figure 2004, as shown in figure 2005. First, the
AP is plotted. The circle of equal altitude through this position is not needed, and is
not plotted. From the AP the azimuth line is measured toward or ftway from the GP as

L - appropriate, and the altitude intercept is measured along this line. At the point thus

-• - . a o
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1.TUDE FOR OBk

NVICITUDE FOR COs, A

GP

II /A I
//

Fiouz 2004.-The basis for the line of position from a celestial observation.

I FIGURE 2005.-A line of position fromi observatirn or the star Capella at 0643.

located, a line is drawn perpendicular to the aziraiuth line. This perpendicular is the
line of position.I 2006. Computation of altitude and aziuth.-In modern practice, solutions of
the navigational triangle for altitude and azimuth tire uisually effected by means of

- -~ sight reduction tables ef the inspection type. These inspection tables may contain
tabulations of altitude and azimuth angle for arguments of local hour angle (or meridian
angle), declination, and latitude, or tabulations of altitude and azimuth of selected
stars for arguments of epoch, latitude, and] sidereal time (LHAT). Values are taken
directly from the tables, withou t need for logarithms, auxiliary f unctions, or mathemati-
cal solutions (except interpolation).

NMathematical solutions of altitude and azimuth angle are presented in chapter
VII of volume 1I. Chapter IX (if volume 11 contains examples of the use of logarithms
and auxiliary functions in sight reduction.

\.
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The principal inspection tables are Pub. No. 229, Sight Reduction Tabesfor Marine
Navigation; Pub. No. 249, Sight Reduction Tables for Air Navigation; and Pub. No. 214,
Tables of Computed Altitude and Azimuth.

2007. Sight Reduction Tables for Marine Navigation (Pub. No. 229).-These
tables are published by the Defense Mapping Agency Hydrographic Center to facilitate
the practice of celestial navigation at sep. A secondary purpose of the tables is to provide,
within the limitations of the tabular precision and interval, a table of the solutions of
the spherical triangle of which two sides and the included angle are known and it is

necessary to find the values of the third side and adjacent angle.
The tables have been designed primarily for use with the Marcq St.-Hilaire or

intercept method of sight reduction, 'atilizing a position assumed or chosen so that
interpolation for latitude and local hour angle is not required. For entering argumehits of
integral degrees of latitude, declination, and local hour angle, altitudes and their dif-
ferences are tabulated to the nearest tenth of a minute, azimuth angles to the nearest
tenth of a degree. But the tables are designed for precise interpolation of altitude for
declination only by means of interpolation tables which facilitate linear interpolation
and provide additionally for the effect of second differences (art. 2008). The data are
applicable to the solutions of sights of all celestial bodies; there are no limiting values of
altitude, latitude, hour angle, or decl;nation.

The tables are divided into six volumes, each of which includes two eight-degree
zones of latitude. An overlap of 10 occurs between volumes. The six volumes cover
latitude bands 00 to 150, 15' to 30', 300 tG 450, 450 to 60', 600 to 750, and 750 to 900.

Each consecutive opening of the pages of a latitude zone differs from the preceding
one by 10 of local hour angle (LHA). As shown in figures 2007a and 2007b, the values
of LHA are prominently displayed at the top and bottom of each page; the horizontal
argument heading each column is latitude, and the vertical argument is declination •
(Dec.). For each combination of arguments, the tabulations are: the tabular altitude
(ht or Tab. He), the altitude difference (d) with its sign, and the azimuth angle (Z).

Within each opening, the data on the left-hand page are the altitudes, altitude
differences, and azimuth angles of celestial bodies when .he latitude of the observer
has the same name as the declinations of the bodies. For any LI-A tabulated on a left- I
hand page and any combination of the tabular latitude and declination arguments, the
tabular altitude and associated azimuth angle respondents on the left-hand page are
those of a body above the celestial horizon of the observer.

The LHA's tabulated on the left-hand pages are limited to the following ranges: ,
00 increasing to 90', and 3600 decreasing to 270. On any left-hand page there are two i
tabulated LHA's, one LHA in the range 00 increasing to 900, and the second in the 1
range 3600 decreasing to 270.

On the right-hand page of each opening, the data above the horizontal rules are 1I
the tabular altitudes, altitude differences, and azimuth angles of celestial bodies above
the celestial horizon when the latitude of the observer has a name contrary to the name
of the declinations of the bodies and the LHA's of the bodies are those tabulated at
the top of the page. The data below the horizontal rules are the tabular altitudes,
altitude differences, and azimuth angles of celestial bodies above the celestial horizon
when the latitude of the observer has the same name as the declinations of the bodies,
and the LHA's of the bodies are those tabulated at the bottom of the page.

The LHA's tabulated at the top of a right-hand page are the same as those tabu-
lated on the left-hand page of the opening. The LHA's tabulated at the bottom of the
right-hand page are limited to the range 900 increasing to 2700, one of the two LHA's
at the bottom of the page is in the range 900 increasing to 1800; the other LHA is in
the range 1800 increasing to 2700; the LHA in the range 900 increasing to 1800 is the

I!
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supplement of the LHA at the top of the page in the range 0' increasing to 90. When
the LHA is 900, the left and right-hand pages are identical.The horizontal rules, known as the Contrary-Same Line or C-S Line, indicate the

degree of declination in which the celestial horizon occurs.
Figure 2007c illustrates four of the eight possible celestial triangles for specific

numerical values of latitude and declination, and the LHA's tabulated on the left and
right-hand pages of an opening of the tables (figs. 2007a and 2007b). The diagram on
the plane of the celestial meridian at the upper left of figure 2007c indicates that the
celestial body always lies above the celestial horizon when the observer's latitude has
the same name as the declination of the body and the values of LHA are those tabulated
on the left-hand page of an opening of the tables. The diagram at the upper right reveals
that for the various combinations of arguments on the right-hand page, including
whether the name of the observer's latitude is the same as or contrary to the name of
the declination, the numerical value of the declination governs whether the body is
above or below the celestial horizon. For example, the following arguments are used for
entering the tables:

LHA 600
Latitude 450N (Contrary Name to Declination)
Declination 50S

The respondents are:

Tabular altitude, ht (Tab. Hc) 16053!6
Altitude difference, d (-)46f2
Azimuth angle, Z 115?6

As can be verified by an inspection of the upper-right diagram, the altitude respond-ent is for a body 16053 f6 above the celestial horizon. Further inspection of the tabular

data (fig. 2007b) and the diagram reveals that with the LHA and latitude (Contrary
Name) remaining constant, the altitude of the body decreases as the declination in-
creases in numerical value. Between values of declination 260 and 270 the body crosses
the celestial horizon. When the declination reaches 350, the altitude is 6039.6 below
the celestial horizon; the tabular azimuth angle is the supplement of the actual azimuth
angle of 134?4.

As an additional example, the following arguments are used for entering the tables:

LHA 2400 (t 120"E)
Latitude 45°S (Same Name as Declination)
Declination 5S

The respondents are:

Tabular altitude, ht (Tab. ic) 16053!6
Altitude difference, d (-)46!2
Azimuth angle, Z 1150,6

However, inspection of the diagram on the plane of the celestial meridian at the lower
right of figure 2007c reveals that the altitude is 16053!6 below the celestial horizon;
the tabular azimuth angle is the supplement of the actual azimuth angle of 64?4.
Further inspection of the tabular data and the diagram reveals that with the LHA and
latitude (Same Name) remaining constant, the altitude of the body increases as the

I"-
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Ftiouni 2097.-Diagrarr-s on the plane of the celestial meridian.I

declination increases numerically. Between values of declination of 260 and 270 the
body crosses the celestial horizon. When the declination reaches 350, the altitude is

- 6039!6 above the celestial horizon; the tabular azimuth angle is the actual azimuth
angle of 4506.

Inspection of figures 2007a, 2007b, and 2007c reveals that if the left-hand page of
an opening of the tables is entered with latitude of contrary name and one of the IA's
tabulated at the bottom of the facing page, the tabular altitudes are negative; the -

tabular azimuth angles are the supplements of the actual azimuth angles.
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2008. Pub. No. 229 interpolation.-In the normal use of the tables with the Mareq
St.-Hilaire method, it is only nece.sary to interpolate the tabular altitude and
azimuth angle for the excess of the actual declination of the celestial body over the
integral declination argument. When the tabular altitude is less than 600, the required
interpolation can always be effected through the use of the tabulated altitude differences.
When the tabular altitude is in excess of 600, it may be necessary tc include the effects
of second differences. When the tabular altitude difference is printed in italic type
followed by a small dot, the effects of the second differences should be included in the
interpolation. Although the effects of second differences may not be required, these
effects can always be included in the interpolation whenever it is desired to obtain
greater accuracy.

If the sight reduction is from a position such that interpolation for latitude and
local hour angle increments is necessary, the required additional interpolation of the
altitude can be effected by graphical means.

The data in the column for latitude 450 (Same Name as Declination) as contained
- in figure 2007a is rearranged in table 2008 to illustrate the first and second differences.

Table 2008 illustrates that the first differences are the differences between successive
altitudes in a latitude column; the second differences are the differences between
successive first differences.

LHA 600, Lat. 450 (Same Name as Declination)

Dec. ht (Tab. He) First Difference Second Difference

40 23o42f3

+44:5
50 24026:8 -02

+44!3
60 25011 -03

+44!0
70 25o55.1

TABLE 2008.-First and second differences of tabular altitudes.

The usual case is that the change of altitude with 60' increase in declination is
nearly linear as illustrated in figure 2008. In this case, the required interpolation can
be effected by multiplying the altitude difference (a first difference) by the excess of
the actual declination over the integral declination argument divided by 60'. This
excess of declination in minutes and tenths of minutes of arc is referred to as the
declination increment and is abbreviated Dec. Inc.

Using the data of table 2008, the computed altitude when the LHA is 600, the
latitude (Same Name) is 450, and the declination is 5*45:5 is determined as follows:

Dec Inc 455difernc ~6 0,n"' (+)44.3 X--7 =33. -
Correction=Altitude differenceX ( 60 6

He= ht+ correction --: 240 26! 8 +33 f 6=25*00'4. 4

2009. Pub. No. 229 Interpolatiot, Table.-The main part of the four-psge Inter-
polation Table is basically a multiplication table providing tabulations of:

J.* Altitude DiffcrenceXDeclination Increment
60'

~-I P-

--- __.- - - ... . . . __ : -_ - _ h -- ,= - - --- ,T- -
--
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250oo12 ---4-25 00.1-
I LHA 60"

Lat. 45

~24*3o' (Same Name)

SI

24000 jI

23040 40 50 60 70
Declination

FIGURE; 2008.-L near interpolation by graph.

The design of the Interpolation Table is such that the desired product must be I
derived from component parts of the altitude difference. The first part is a multiple
f 10' (10', 20', 30', 40', or 50') of the altitude difference; the second part is the re-

mainder in the range 0O to 99. For example, the component parts of altitude dif- I
ference 44:3 a,e 40' and 4:3.

In the usa of the first part of the altitude difference, the Interpolation Table
arguments are Dec. Inc. and the integral multiple of 10' in the altitude difference,
d. As shown in figure 2009a, the respondent is: g

Ten.XDec. Inc.
ensX 60'

In the use of the second part of the altitude difference, thr- interpolation Table I
arguments are the nearest Dec. Inc. ending in 0'5 and Units arA Decimals. The re-
spondent is: -.- Dec Inc

Units and DecimalsX Dc "nc.

In comp iting the table, the values in the Tens part of the multiplication table
were modifie by small quantities varying from -0042 to +0:033 before rounding j'
to the tabular precision to compensate for any difference between the actual Dec.J
Inc. and the nearest Dec. Inc. ending in 0:5 when using the Units and Decimals part I
of the table.

As an example of the use of the Interpolation Table, the computed altitude and
true azimuth are determined for Lat. 45°N, LHA 600, and Dec. 5045.5N. Data are
exhibited in figure 2009b.

The respondents for the entering arguments (Lat. 450 Same Name as Declination,
LHA 600, and Dec. 5) are:

Tabular altitude, lit 24o26!8
Altitude difference, d (+)44!3
Tabular azimuth angle, Z 108?6

I--i7 . 11 1___
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Altitude DAfWeSne (d) Dul

Dec. Dw.atIn. Ift ecmls '"'
Ui & Dt.imols X -C-- ! Ol4.1D- n 1 24 $45.2 T ns X. .224

153.2 fl6 0.2 1.0 1.7 2.5 f.0 4.8 5.5 6.3 7.1 28:7 9.2
45.4 5.2. i

4S.5 7.6 1522. 3] 3 .y A 30.
45." '. 3 xB.. 33.1 145. 60 ,o3'.3 352
45.8 A0' X- 3'.3 . 0

FIGURE 2009a.-Ir-terpolation Table.

Note that Dec. Inc. 45!5 is the i-ertical argument for entering the Interpolation
Table to extract die correctiop for tens of minutes of altitude difference, d, and that it
also indicates the subtable where the correction foi minutes and tenths of minutes
(Units and Decimals) of altitud, difference, d, is found. Enterrig the Interpolation
Table with Dec. Inc. 45!5 as the vertical argument, the correction for 40' of the altitude
difference is 30! 3; the correction fPr 4! 3 of the altitude difference is 3! 3. Adding the two
parts, the correction is (+)33'6, the sign of the correction being in Eccordance with
the sign of the altitude difference, ,

No special table is provided for interpolation of the azimuth angle, and the differ-
ences are not tabulated. With latitude and local hour angle constant, the successive
azimuth angle differences corresponding to 1V increase in declination are less than 10?0
for altitudes less than 840, and can easily be found by inspectior. If formal interpolation
of azimuth angle is desired, the degrees and tenths of degrees of azimuth angle differ-
ence are treated as minutes and tenths of minutes in obtaining the required correction
from the Units and Decimals subtable to the rig't of the declinct.,n ine7emne:.t. But
for most practical applications, interpolation by inspecuon usually suffices. In this
example of formal interpolation, using an azimuth angle difference of -- 0?7 and a Dec.
Inc. of 45'5, the correction as extracted from the Units and Decimals subtabie to the
right of the Dec. Inc. is -0?5. Therefore, the azimuth angle a.- interpolated for
declinatioh increment is 108?1 (108?6-0?5). In summary.

Tabular altitude lit 24026:8
Correction for 40' of ailt. diff. (+)30'3
Correction for 43 of alt. diff (+)3'3

Computed altitude He 250 004

(See figures 2008 and 2009b)

Tabular azimudi anale Z 108?6
Correction for Dec. Ync. 45!5 (-)0?5
Interpolated azimuth angle Z N108?IV
True azimuth Zn 25109

'

K .
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1Wat1AITIO# TAM

s"a 0 d sr 013 4 a, 6,r C

j j 8j3

"SG 75 ISO 22S 300 V32 2 0008 IS 23 3034 4SS3 168 0
4 1 7.5 110 225 300 374 .1 0 0 • 3A24 239 4 75 4 6 91 2 4 i

@

432 75 ISO 227 301 376 .2 030 1724 3239 47$5 :42 77C-.
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4538 7 132 228 20 342 A 414 229244 5254774
4397? 32 230 30 4 2 3120745 20477

60 , 300 LH.A. LATITUDE SAME NAM AS DEUNATION m3!* 1 3"9 40" 41-* r 4r" 44 43! ' !
. d z 6k , 1 $k 4 1 s d-- z d 2 Ok d I d I Of
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6FIGR 2009b.-Data from main tables Table.

2010. Pub. No. 229 interpolation when second differences are required.The

• ~~accuracy of linear interpolation usually decreases as the altitude increases. Atatiue
above 0;0 it may be necessary to include the effect of second differences in the interpola-
tion. When the altitude difference, d, is printed in italic type followed by a small dot,[
the second-difference correction may exceed 0.'25, and~ should normally be applied. The

need for a second-difference correction is illustrated by the graph of table 2010 data in
figure 2010a.

Other than graphically, the required correction for the effects of second differences
. _ is obtained from the appropriate subtable of the Interpolation Table. However, before

the Interpolation Table can be used for this purpose, what is knowna as the double-
second difference must be formed. The double-second difference (DSD) is the sum
of two successive second differences. Although second differences are not tabulated, the
DSD can be formed readily by subtracting, algebraically, the tabular altitude difference
immediately above the respondent altitude difference from the tabular altitude difference
immediately below. The result will always be a negative value.

As shoxn in figure 20" Ob, that compartment of the DSD table opposite the block

in which the Dec. Inc. is found is enteredl with the DSD to obtain the DSD correction

LilA 380, Let. 450 (Same Name as Declination)

Dec. ht (Tab. 1) First Difference Second Diference
8 500 64008 .2 0

510 64011.0 -2:3 S

2 -520 6401115 -2:1 02 07-

530 64009.9
. TnLF, 2010.-First and second differences of tbular altitudes.

5h.
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64*12"

•,"11.'6--

•!4 10' / LHA 38'
t! "Lat. 45*

(Same Name)

091-4

W408

500 510 58°

Declination

FIGuRE 2010a.-Nonlinear interpolation by graph.

to the altitude. The correction is always plus. Therefore, the sign of the DSD need not
be recorded. When the DSD entry corresponJs to an exact tabular value, always use
the upper of the two possible corrections.

As an example of the use of the double-second difference, the computed altitude
and true azimuth are determined for Lat. 45°N, LHA 38*, and Dec. 51 °30'0N. Data are
exhibited in figure 2010b.

The respondents for the entering arguments (Lat. 450 Same Name as Declination,
LHA 380, and Dec. 510) are:

Tabular altitude, ht 64 °11'.
Altitude difference, d (+)0!5.
Azimuth angle, Z 62?8

The linear interpolation correction to the tabular altitude for Dec. Inc. 30!0 is
(+)0:3.

Hc-ht+linear correction=64 11:0+0'3=64 011'3.

However, by inspection of figure 2010a. illustrating this solution graphically, the
computed altitude should be 64011:6. The actual change in altitude with an increase
in declination is nonlinear. The altitude value lies on the curve between the points for
declination 51* and declination 52' instead of the straight line connecting these points.

The DSD is formed by subtracting, algebraically, the tabular altitude difference
immediately above the respondent altitude difference from the tabular altitude dif-
ference immediately below. Thus, the DSD is formed by algebraically subtracting
(+)2!.8 from (-)1'6; the result is (-)4!4.

As shown in figure 2010b, that compartment of the DSD table opposite the block
in which the Dec. Inc. (300) is found is entered with the DSD (4'4) to obtain the DSD
correction to the altitude. The correction is 0!3. The correction is always plus.

Hc=ht+linear correction+DSD correction
Hc= 64*1 1'0+0!3+03= 64'11:6.
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FInURF 2010b.-Data from main tables and Interpolation Table.

2011. Complete solution by Pub. No. 229 and Nautical Almnanac.-The complete
solution includes all of the parts listed in article 2001. Because of the various alternatives
available for the separate parts, a large number of variations might be used in the +
complete solution.

It is good practice to have a standard work form. If this is not printed, or cn a EIrubber stamp, it should be copied in its entirety before the solution is; started. The
first step should then be to fill in the known information. If the solution for observed
altitude is made first, this value can then be copied in the main solution, so that it will
be ready for comparison when Hc is determiied. The best form to use is that which i

the individual navigator finds most logical an.! least likely to result in errors.
,Some navigators include a time diagram (art. 1428) in the form as a check both

on the time and meridian angle computation.
There is a growing tendency among navigatrs to keep the navigational watch set

to GMT. This is particularly helpful wh ,n a number of observations are -fade, at I
during twilight, to eliminate the need for repeated application of watch error and zone
description, and determination of Greenwich date.

Exampte.-On June 2, 1975, the 1742 dead reckoning position of a ship is lat.
41'10'S, long. 128*00'E. The ship is on course 3150, speed 20 knots. Observations
are made from a height of eye of 31 feet using a sextant having an index correction of -

(-)1!0 as indicated below. Determine the 1742 fix.

Body GMT Sextant Altitude SIHA Dedination
Spica ----------------- 0h24m03•  32030'4 159001!1 11002:2S
Regulus 0--------------W290585 360571 20S139 .....
Procyon --------------- 035"1595 350051 24502,9S 5°17'2N
Canopits -------------- 0W41552 52047.7 264009:3 52-4 1 1

f
8 ,-

'-5--
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Spica Regulus

GMT (June 2) --------------------- 08h2 4m0 38 0 8b2 9m5 8
GHA T for S' GMT --------------- 10010'3 10010.
Increments -------------- 24m038 6001 f.7 29 588 7030!7
SI{A* ---------------------------- 159001! 1 208013!9
GHA --------------------------- 175013! 1 225549
aX -------------------------------- 127046.9E 128005.IE
LHA* --------------------------- 30300.0 354!0000
Dec ------------------------------- 11002!2S 12005f2N
Dec. Inc -------------------------- 02'2 05!2
aL ------------------------------ 41000!OS 410 00!0S
ht (Tab. Hc) ------------------- 31055!0 36042f6
d and correction ------- (--)39! (+I-)15 (-)59!7 (-)5:2
Hc ------------------------------ 31056f5 360374
Ho -------------------------------- 3222!5 36049!4
a --------------------------------- 26. OT 12. OT
Z and Zn -------------- S104?IE 075?9 S172?7E 007?3

Procyon Canopis

GMT (June 2) -------------------- 08135n598 08h4 W 5 5"
GHA T for 8h GMT .--------------- 10010'3 10010!3
Increments ------------- 3,A59" 9001"2 41n55' 10030f5
SHA* --------------------------- 245029f8 264009!3
GHA* ---------------- --------- 264041!3 284050!1
aX -------------------------------- 128 018f.7E 128 0099E
LHA* -------------------------- 3300'0 53000'0
Dec ------------------------------- 50172'.\ 52'41! IS
Dec. Inc --------------------------- 172 41 f1
aL -------------------------------- 41 0000S 410000S
ht (Tab. H) ----------------------- 34059:1 52048:5
d and correction ........ (-)52'0 (-)14 (+)38 2.6
H( -------------------------------- 34044!2 52051 f 1
Ho ..-------- ------------------- 34057f3 52040!6
a --------------------------------- 13. IT 10. 5A
Z and Zn -------------- S138?7W 318?7 S53?3W 233?3

2012. Sight Reduction Tables for Air Navigation (Pub. No. 249).-Although
these tables are designed to satisfy the needs of the air navigator, they are frequently
used for sight reduction a' sea. The following description and explanation of the use

- of the tables is limited to the marine applie- n.
Volume I contains tabulations of P" . (to the nearest 1') and azimuth (to the

nearest 10) in parallel columns. For :,AQh i of latitude a two-page table (one-page
above 690) is given. For each 1' (20 bev ond latitude 690) of LHA T, altitude and azi-
mut.h are given for seven stars carefully selected with regard to azimuth, magnitude,
altitude, and continuity. Stars of the first magnitude are shown in capital letters, and
those of second and third magnitude in lower case with initial capital. After each 15
entries a break occurs and a new listing of stars is given, whether or not there are any
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, 40-30"S

I '

I 2 I •41"*30'

128"E 129 3

changes from the previous list. Stars are listed in the order of increasing azimuth at

the beginning of each period. Forty-one stars are included, 19 of which are of the first!

magnitude, 17 of the second magnitude, and 5 of the third magnitude. The tables4

are intended for use with an assumed position selected so that latitude and LHAT
are each the nearest, whole degree (nearest even degree of LHAT at latitudes higheri~than 69').

Volume I, for selected stars, is arranged for entei ing with latitude, LHA T,
and the appropriate ztar name. This arrangement minimizes the time and effort required!
in sight reduction. Progressive changes in the coordinates affecLing the tabulated de.ta
necessitate recomputaLion at approximately five-year ihtervals in order to reduce the
effects of this source of cumulative error. Of the seven stars selected for each 150 off
LHA T, the three marked by the diamond symbol (+) provide sets favorably situated,
in altitude and azimuth for the three-body fix normally used in air navigation. The!
volume for epoch 1980.0 will replace the volume for epoch 1975.0.

Tabulation by name of the star eliminates the need for finding the declination
but a correction for precession of the equinoxes (art. 1419) and nutation (art. 1417)i
may be needed. This is given in an auxiliary table near the back of the volume. The
correction which may reach a value as high as 3' is applied to the fix, not to each
altitude.

Tabulation of azimuth (not azimuth angle) eliminates the need for conversion.
Tabulation by LHAT instead of meridianangle of the star eliminates the need

for finding and applying SHA. It also makes of the tables a star finder for the seven
stars given, since all values given for any entry of LHAT are for the same time.

An almanac giving GHAT is included for use should the Air Almanac or Nautic'11%.,
,Almanac not be available.
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Examp'e I.-During evening twilight on June 2, 1975, the 1724 DR position
A a ship is lat. 40*39.2S, long. 128*01:2E. At GMT 8h2 4 0 36 the navigator observes
Canopus with a marine sextant having no IC, from a height of eye of 38 feet. The hs
is 55571

Required.-The a, Zn, and AP, using Pub. No. 249 (epoch 1975.0), vol. I, and
',the Air Almanac.

Solution.-

June 2 Canopus + -

G, 1 81,241"03" June 2 IC - -
8h2 0m 150111 D 6'

4m03$ 1001, R i'

GHAT 16012 '  sum - 7'
aX 127 048'E corr. (-) 7'

LIIA T 144000 '  hs 55057 ,

aL 41 000'S Ho 55050,
SIle 55048'

:=_r11li 55°50 '

a 2 T al 41 000'S
Zn1 2330 aX 127°48'E

7"-Fxample 2.-During evening twilight on June 2, 1975, the 1724 DR position

f a ship is lat. 40039'2S, long. 128*01'2E. At GMT 8b24'n038 the navigator observs "

Canopus with a marine sextant having no IC, from a height of eye of '308 fet. The hs
i5507.1.

Required.-The a, Zn, and AP, using Pzb. No. 249 (epoch 1975.0), vol. 1, andff!the Nautical Almanac.

Solution.-

June 2 Canoplus + * -

GMT '24"'03' June 2 ]c - -

8hOOn 10010f3 D 6.0
24m03" 6o01f7 R 0'7

GIIA T 16012!0 sum - 67
W- aX 127'-8'0E corr. (-) 67

E LII i4400.0 h' 55057'1

al, 41000'OS lbo 55050'4
Ile 55048:0
Ilo 55050:4

a 2.4T aL 41000'S
Zn 2330 aX 127'48'E

Volumes II and III are somewhat similar in many respects to Pub. No. 229.
Altitude and azimuth angle are given in parallel columns for every whole degree of
latitude (00 to 890), every whole degree of declination (00 to 290), and every whole

degree (20 beyond lat. 690) of LHA for all values at which the altitude is greater than
several degrees below the celestial horizon. The values for latitude and declination con-
trary name are tabulated with values of meridian angle (LIIA less than 1800) increasing
vpward on the page, as in some older tables such as Pub. No. 260 (art. 7!9, vol. II).
'This permits better utilization of space where same- and contrary-nanme tabulations

lih
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are given on the same page. It also serves to emphasize the difference between the
same- and contrary-name tabulations, the contrary-name tabulation being given ina
"contrary" manner on the page. A more convenient arrangement of declination en-
tries is provided by having the "top" of each page of the tables along the left side
requiring the turning of the page through 900.

The altitude difference (labeled d) is tabulatcd between the altitude and azimutl
angle to facilitate interpolation of altitude for declination. No interpolation is needed
for latitude and LHA because the assumed position is selected so that these are the
nearest whole degree (nearest even degree of LHA beyond latitude 690). The altitude
difference is the di'erence in minutes, with sign, between the accompanying altitude
and that for declination 10 greater, at the same latitude and LHA. It is used for entering
an auxiliary table for determining the correction to be applied to altitide for minutes
of declination, Dec. Inc. Interpolation is normally made in the direztion of increasing
declination.

Volume 1I covers latitudes 00 to 390, and volume III contains similar information
fr" latitudes 400 to 890. Since these tables are entered with LHA of the celestial body,
,i -qy do not become inaccurate in succeeding years, and no correction is needed foi
,-cession and nutation, as in volume I. In contrast with volume I, azimuth angle is
tabulated instead of azimuth. A long-term almanac giving the GHA and declinatiol.
of the sun is included in both volumes for use should the Air Almanac or Nautical
Almanac not be available. These volumes are intended for solution of observations
of the sun, moon, planets, and any stars within the declination range. .

Example .- During morning twilight on June 2, 1975, the 0724 DR position of
a ship is lat. 40'39.2S, long. 131°01!2E. At GMT 221124 10 38 (June 1) tle navigato4
observes Alpheratz with a marine sextant having no IC, from a height of -ye of 38 feet.Z
The hs is 20'15.3.

Requiired.-The a, Zn, and AP, using Pub. No. 249, vol. III, and the Air Almanac
So __tion.-S

June 2 Alpheratz + *-

GMT 221124,n03 'I June IIC - -
22120n' 224046 '  D 6'
4m038 1001, R 3'
SIIA 358013 '  su1 - 9'

GIIA 224000'  corr. (-)9' i

aX 131o00'E lis 20o15 '

LIIA 355000 '  Ho 20006 '

d 28 057'N Dec. Inc. 57'
ali 4100'S
it 20051' d (-) 60 Z S175 0E

corr. (-)57' 4'
Ile 19054 '

Ilo 20'06'

- a 12,r al, 41000'S
Zn 0050 aX 130 040'E

Example 4.-During morning twilight on June 2, 1975, the 0724 DR position of
a ship is lat. 40039'2S, long. 131 001'2E. At GMT 22h241103, (June 1) the navigator,
observes Alpheratz with a marine sextant having no IC, from a height of eye of 38 feet.'
The hs is 20015'3.

1.

!-a
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Required.-'rhe a, Zn, and AP, using Pub. No. 249, vol. II, and the Nautical
Almanac.

Solution.-

June 2 Alpheratz + * -

GMT 22h24-038 June 1 Ic- -

2 2h 2190457 D 6.0
24038 6001 :.7 2:6

SHA 3580132 -un- 816
GHA 224000:6 corr. (-)8:6

aX 130 059:4E hs 20015'3
LIA 355000'0 Ho 200067

d 28 057.2N Dec. Inc. 57'
aL 41° 0 0'0S
ht 20051.0 (-)60 Z S175 0 E

corr. (-)57:0
- He 19'54'0

Hlo 20006.7
a 12.7T aL 41' 0 0.0S

Zn 0050 aX 130 059f4E

2013. Tables of Computed Altitude and Azimuth (Pub. No. 214).-The

publication of these sight reduction tables has been discontinued by the Defense
-lMapping Agency Hydrographic Center. However, it is expected that navigators will
use the volumes they possess for many years to come. The tables were published in
nine volumes, each covering 100 of latitude in increments of 10. For each degree of
latitude there is a series of tables, with cutaway tabs providing quick reference to
the first page of the tables for that latitude. I)eclination entries are given at intervals
of 0?5 from 00 to 290. Beyond this, 37 selected declination entries are given to provide
solutions for all of the( stars listed onl the dailly pages of the almanacs, and most of tie

additional stars listed near the back of the Nautical Almanac. A total of 96 declination
entries are given for each latitude, arranged eight to a page. Each declination entry
is given at the top of a column. The third variable, meridian angle, is given in the
column at the extreme left and right sides of each page. These colunns are labeled

".A.," the abbreviation for "hour angle," the expression formerly used for meridian
angle, but replaced because of confusion with local hour angle, Greenwich hour angle,
etc. Meri(ian angle entries are given at intervals of 10 from 00 at the top of the page
to the maximum value at which the altitude is 50 or greater.

At most page openings, separate tables are given for declination having the same
name (N or S) as the latitude and those having contrary name (one N, the other S).

'That is, declination values on the left-hand page (same name) are duplicated on the
right-hand page (contrary name). A maximum of ninety-one meridian angle entries
(00-90') are given on the left-hand page (same name). As either the declination or the
latitude increases, the number of same-name entries increases, and the number of
contrary-name entries decreases. When the saine-name entries exceed 900 of meridian
angle, the additional ones are placed on the right-hand page, below the contrary-name
entries. At extreme values of declination and latitude theie are no contrary-name
entries, the same-name entries occupying both pages.

In each declination column there are four sets of figures. The first, given in bold
type, is the altitude (labeled "Alt.") to the nearest 0 1. Following this is Ad in small
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type. This is the change of altitude for a unit change of declination. Except wlen
the value is 1.0, entries are given in hundredths of a unit, although the position of
the decimal point is not shown. Following Ad, and also in small type, is At, the change
of altitude for a unit change of meridian angle. This is given in the same form as Ad.
The last set of figures in the column is the azimuth angle (labeled "Az."), to the nearest
01.. The current abbreviation for azimuth angle, Z, is used in example solutions.

At latitude 0' the arrangement is modified because there is no "same" or "con-
trary" name of declinaLion. Here a single set of declination entries is given. Declination
replaces latitude as the prefix label for azinmth angle.

Following the altitude-azimuth .-.ction of each latitude is a two-page star identifi-
cation table. The use of this table is explained in article 2213.

On the inside front cover ani its facing page is a speed-time-distance table, which
is useful in advancing or retiring lines of position, as well as for other purposes. This,
table contains information similar to that in table 19, but in somewhat different form.
Volume V I and older printings of other volumes have sextant altitude correction
tables on these pages,.

Following the speed-time-distance table is an arc to time conversion table. i
Following the title page and preface are given a descril)tion of the tables, and sample

problems.
On the inside biack cover and facing page is given a "multiplication table" to i

multiply Ad or At by the number of minutes between the declination or meridian angle
and the valuc used for entering the main table. This is use(d in interpolating the altitude
for declination or meridian angle.

On the two )ages next preceding the multiplication table is given a somewhat
similar table to provide easy interpolation for latitude.

The use of the various parts of Pub. No. 214 is explained in articles 2014-2016
and 2213. The primary purpose of Pub. No. 214 is to provide an easy method of sight
reduction for use with the Nautical Abnanac aboard ship. It. may also be used with thel
Air Almanac, and for solution of any spherical triangle for which entry values tire'
given. Therefore,. it can be used in great-circle sailing for (letermining the initial (ourse
an(l the distance. n

2014. Pub. No. 214 solution by Ad only.-If interpolation is m",-le for all three
variables-latitude, declination, and meridion angle-a triple interpolation is needed. I
A simpler solution, almost universally used with Pub. No. 214, is to select an assumed'
position that will eliminate interpolation for latitude and meridian angle, leaving a:
sim)le interpolation for declination.

Exaltple.- 0d onmuted altitudeh )(Z) if al is 41° 00'0N, dis 22'14'3N, and t. is 36°00'0W.
S0116tI.- t

t, 36000'OW -
(1 22014!.3N d dlift. 14'3 i

aL 41 °O0'ON

li t 54016!:8 AdI( 0.65 Z N III?0W

corr (+)9.3
He 54'26! 1
Zn 249?0

The main table is entered with the three variables, t, d, and aL (being sure to!

note whether ( andl a] are of same or contrary name); and the values of lit (tabulated
altitude, labeled "Alt." in Pub. No. 214), Ad, and Z tire taken directly from the table, -%
without interpolation. The tabulated altitude (lit) is the computed altitude (He) for - --

I

I--
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the values used for entering the table. The designation lit is used to distinguish it from
the He obtained by applying a correction to the value taken from the table.

The declination entry argument used should be the tabulated entry nearest the
declination for which a solution is sought, normally differing by not more than half
a degree. The difference between this value and the actual declination is recorded
as "d diff." No sign (+ or -) is assigned to this value. It is good practice to show
Ad as a decimal, even though it is not tabulated in this way. The sign of this value
should be determined cartfully by inspection of the main table of Pub. No. 214. Inter-
polation of altitude for declination is made between the base value taken from the
table and the value given on the same line in the next column to the right or left.
The choice of the second column depends upon the actual declination. If it is greater
than the value used for entering the table, use the next column to the right, and if less,use the next column to the left. J1f the value in the second column is greater than the

base value, the sign is plus (+), and if less, the sign is minus (-). The accuracy of
this important step can be checked by comparing the computed altitude (He) with
the altitudes given in the main table of Pub. No. 214. If Ad has been given the correct
sign (and applied correctly), He should lie netween the tabulated altitudes in the

_ columns for tabulated declination next smaller and next larger than the actual
declination.

The azimuth angle is given a prefix N or S to agree with the latitude, and a suffix
L E or W to agree with the meridian angle. For this reason it is good practice to label

these values when they are recorded.
The next step is to multiply Ad by d diff., to interpolate between the altitude

entries for consecutive declination columns. In most instances, the easiest way to do I
this is to use the multiplication table on the inside back cover of Pub. No. 214 and its
facing page, entering separately with minutes and tenths of minutes of Ad and adding
the two parts. The correction, whicl is recorded below lit, is given the sign of Ad.
The correction is then added or subtracted, in accordance with its sii, to lit. The
answer is computed altitude (He).

Azimuth (Zn), which is recorded below He, is found by converting azimuth angle
(Z) in accordance with its labels, as explained in article 1430. Usually, azimuth angle
is found without interpolation.

If Ad is changing rapidly, or when it changes sign (at the maximum altitude for
the given meridian angle and latitude), interpolation may be somewhat less accurate
than in other parts of the tables, but this should not introduce a large error unless the
celestial body is near the zenith: when the method of Pub. No. 214 is not recommended.

2015. Pub. No. 214 solution by Ad and At is similar to that using Ad only, but
with the additional step of interpolating between the altitude entries for consecutive
meridian angle entries, in a similar manner to interpolation for declination.

Example.-Find computed altitude and azimuth if aL is 410 00'ON, d is 20048.7S,
and t is 22 0 14'0E.

Solution.-

t 2214'OE t diff. 140 t corr. (-) 4'2
(I 20'48!7S 0 diff. 113 d corr. (+) 10'8

aL 41 000'0N corr (+) 66
lit 24043'1 Ad (+) 0.1,5 At (-) 0.30 Z NI574E

corr. (+)6:6
lic 24'49:7
Zn 157?4

I- _
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In this solution, t diff. is the difference between the meridian angle and the nearest [
whole degree of t used for entering the table. The t corr. is t diff. X At, found by using
the same multiplication table used for the d corr. The sign of At is found by inspectioni
of the main table. In this example interpolation is between the base altitude for t 220,1
and the altitude for t 230. Since the altitude for t 230 is less than that for t 220, the;
correction should be subtracted, so that the interpolated value will lie between the two
values between which interpolation is being made. The sign of Ad is found by comparing
the altitude for d 21000, with that for d 20030 ' . The total correction is the algebraic
sun. f the t corr. and d corr.

The principal advantage of this solution is that a round of sights can be worked and
plotted from the same assumed position. However, this advantage is offset by the addi-
tional length of the solution. The method is little used.

2016. Pub. No. 214 solution by Ad, At, and AL.e-If the altitude and azimuth
at a particular place are desired, interpolation should be made for all three variables, t,
d, and L, if needed. The change in altitude for a change of latitude of 1' (AL) is not
tabulated. The table on the two pages preceding the multiplication table of Pub. No. 214
is used for finding the correction for latitude.

-, E ample .- Find computed altitude and azimuth if aL is 41 °12'.8S, d is 21 032. 5S,
and t is 8 °52'.3W.

Solution.-

t 8052!3W t diff. 77 + -
d 21 0 32!5S d diff. 25 t corr. 2'4

aL 41 012!.SS L diff. 12'8 d corr. 2!4
lit 69'04!.0 Ad (+)0.94 At (+)0.32 L corr. 11'7

corr. (-)6!9 sum 4:8 11:7
Hc 68'57f 1 corr. (-)69
Zn 336?0 Z S1567OW

The corrections for meridian angle and declination are found as explained in1
articles 2014 and 2015. The L corr. is found by entering the correction table with
azimuth angle and L diff., the difference between the latitude of the assumed position !
and the nearest whole degree used for entering the main table. It is customary to inter-1
polate in this table, where applicable, but the error introduced by not doing so is always
less than 0!3 if the ntarest whole degree of azimuth angle is used. The sign of the latitude
correction is determined by the rules given at the bottom of the correction table. The
total correction is the algebraic sum of the three individual corrections.

All of these are altitude corrections.* The azimuth is that corresponding to the
values used for entering the main table. If the exact value at the place is desired, it
can be found by interpolation. If such an interpolation is made, the interpolated value
should be used for entering the latitude correction table for altitude interpolation.

In sight reduction for plotting lines of position, it is not customary to interpolate
for azimuth angle when Pub. No. 214 is used. However, if greater accuracy is desired,
as for determining compass error, triple interpolation should be made. This is custom-
arily accomplished by entering the main table of Pub. No. 214 with the nearest values .
of t, d, and L, and taking out the corresponding tabulated value. Simple eye interpola- I
tion is then used to determine separately the correction for each of the three variables.
The algebraic sum of these is the correction applied to the base value. The Ad, At, and
AL corrections are not used because these refer to the altitude, not the azimuth. Correc- I
tions are made to azimuth angle before it is converted to azimuth.

'- f
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Interpolation for azimuth is discussed in more detail in article 2028.
The complete solution includes all of the parts listed in article 2001. Because of

the various alternatives available for the separate parts, a large number of variations
might be used in the complete solution.

Example 2.-During morning twilight on June 1, 1975, the 0624 EP of a ship is lat.
41 0 12'3S, long. 17839:2E. At ZT 6 12 4 15 78 the navigator observes Mars with a marine
sextant having an IC of (-) 1 0, from a height of eye of 53 feet. The hs is 4145:9.

Required.-The a, Zn, and AP, using Pub. No. 214 (Ad, At, AL) and the
Na-ttical Almanac.

June 1 Mars + m -
ZT 6h24m57- 18b 134'4N d (+)0.7 1C 110
ZD (-) 12 corr. 0.f3 D 71

GMT 18 24r57sMav 31 d 1'34'7N - P 10
1811 011____
18h  1.50048.f!3 adld'l. 0.

24n57S 6o14'3 V(+) 0.8 sum 0fl 9:1
v corr. (+)03 corr. (-)9:0
GIHA i570O29 hs 4145:9

aX 17S 0392E 1e 41036'9
LHA 335042' 1

t 24 017:9E t (liff. 179 + -

(I 1'34 :7N 1 (liff. 47 t corr. 75 ]
aL 41012:3S L difi. 12f3 ( corr. 4:f
ht 42013'1 Ad(-) 0.91 At(-)0.42 L corr. 10:3

C01orr. (-)22.0 s1uml 22:0

He 41051 '1 corr. (-)22'0
Ho 41036.9 Z S146?7E

a 14.2A aL 41012'3S1aZnl 033.°3 aX 178039:2E

Special Techniques

2017. Adjustment of straight line of position.-Table 4 gives the corrections to the
straight line of position (LOP) as drawn on a chart or plotting sheet to provide a closer
approximation to the are of the circle of equal altitude, a small circle of radius equal to
the zenith distance. As shown in figure 2017, the corrections are offsets of points on theLOP and are drawn at right angles to the LOP in the direction of the observed body.

approximation to the are of the small circle can be obtained by drawing a straight line
through two offset points. The magnitudes of the offsets are dependent upon altitude
and the distance of the offset point from the intercept.

2018. Graphical interpolation of altitude for latitude and local hour angle.-In
principle the graphical miethod for interpolating altitude for latitude and local hour
angle is the measurement of the difference of the radii of two circles of equal altitude
corresponding to the altitudes of a celestial body from two positions at the same instant.
One circle passes through the assumed position (integral latitude and that longitude
providing an integral LHA), and tie second circle passes through the dead reckoning
position or other position from which the computed altitude is required.

4
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46*N--

Offset for Alt 701 and
$5 miles from intercept j

,081

Offset for Alt 70 and |

7 40 miles from intercept 
i

Closer approximation
to arc of circle of

30' equal altitude 170*)

I

45°N -T.. r .Trrjj-IIIII, nTrrrrr-,, . .

31oW 30' 30oW

FIGURE 2017.-Adjustment of straight line of position.

The measurement, which is the difference in zenith distances as measured from the
zenith of the assumed position and the zenith of scine nearby position, is effected
as follows:

1. Draw the azimuth line from the assumed position (AP) as shown in figure 2018
(the azimuth angle is interpolated for declination increment before conversion to true
azimuth).

2. From the position (DR) for which the computed altitude is required, draw a I
line perpendicular to the azimuth line or its extension. This line approximates the arc
of the circle of equal altitude passing through the DR. I

3. Measure the distance from the foot of the perpendicular to the DR in nautical
miles.

4. Enter table 4 with the distance of the DR from the foot of the perpendicular,
and the altitude of the body as interpolated for declination increment; extract the offset.

5. From the foot of the perpendicular and in a direction away from the celestial
body, lay off the offset on the azimuth line or its extension.

6. As shown in figure 2018, a closer approximation to the arc of the circle of equal -
altitude through the DR is made by drawing a straight line from the offset point to

; o- the DR.

-5'
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7. The required correction, in units of minutes of latitude for the latitude and
LHA increments is the length along the azimuth line between the AP and the arc of
'the circle of equal altitude through the DR.

If the arc of the circle of equal altitude through the DR crosses the azimuth line
lbetween the AP and the body, the correction is to be added to the altitude interpolated
for declination increment; otherwise the correction is to be subtracted. The method will
give highly satisfactory results except when plotting on a Mercator chart in high

latitudes.
Example.-

Computed altitude from AP Hc 70oO5:0
Observed altitude Ho 70OWO:
Intercept a 5. OA

Computed altitude from AP Hc 70oO5'0
Difference of the radii 20f4
Computed altitude from DR le 69446

Computed altitude from DR Hc 69446
Observed altitude Ho 70oOOfO
Intercept a 15. 4T

* The basic method should have most frequent application in great-circle solutions.
2019. Pub. No. 229 interpolation near the horizon.-This discussion is restricted

to the interpolation of altitude for declination within the 1 interval containing the
horizon, indicated by the horizontal segments of the C-S Line. Interpolation of altitude
in the interval under consideration is accomplished by using the last tabular altitude
and altitude difference appearing above the C-S Line. Since the last tabulp- n!.!itu2'i
above the C-S Line indicates the body's altitude above the horizon for LHA at top of
page, for the pertinent latitude, and for the last integral declination above the horizontal
segment of the C-S Line pertaining to that particular latitude, interpolation resulting in
positive altitudes may be carried out for increments of declination of contrary name so
:ong as the interpolated altitude correction does not exceed the last tabular altitude
above the C-S Line; for the LHA at bottom of page, positive altitudes will result when
interpolating altitude for increments of declination of same name so long as the inter-
polated altitude correction exceeds the last tabular value above the C-S Line. Inter-
polation for declinations and increments of declination in excess of the above limits
results in negative altitudes.

The tabular azimuth angle pertinent to this one-degree interval of declination is
that immediately above or that immediately below the C-S Line, according as the
entering arguments are contrary or same name, respectively. The difference in azimuth
angle for the interval is determined by taking the value of tabular azimuth angle, on
the same side of the C-S Line as the LHA argument, from the supplement of that on
the opposite side of the line.

2020. Pub. No. 229 interpolation of negative altitudes.-This paragraph is re-
stricted to tabular and interpolated altitudes for declinations other than one-degree
intervals of declination containing the C--S Line. For all local hour angles at the top

I. of the right-hand page, all !abular or interpolated altitudes on that page for declinations
below the C-S Line are negative; also for any local hour angle at the bottom of the right-
hand page, all tabular or interpolated altitudes for declinations above the C-S Line

I".
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50° N Straight lineI repreentation of
|| arc of circle of

Cicleequal altitude

pa passing through
I
s DR (Altitude

d l i ndecltation. atitude.il and LHA increments,

FCircle of equal altitude
L. passing through AP

C (Altitude interpolated for
tdeclination increment only)
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31 ° W 30' 300 W

FIGURE 2018.-Graphieal interpolation of altitude.

are negative; additionally, for these same local hour angles and latitudes changed to
Contrary Name, the tabular or interpolated altitudes on the left-hand page are negative.

Interpolation of altitudes for declination increments within these areas of negative

altitude should, however, be accomplished as if the altitudes were positive, adhering I
strictly to the sign given d. Then, after interpolation, regard the results as negative.
In all instances involving negative altitudes, except the one-degree interval of declination
which includes the C-S Line, the supplement of the pertinent tabular azimuth angle
is that to be converted to true azimuth by the rules to be found on each opening of the
basic tables.

2021. Interpolation near the zenith.-In the region within 40 of the zenith where
normal interpolation methods are inadequate, the following method can usually be
used to interpolate both altitude and azimuth angle. The Interpolation Table is em-
ployed in carrying out the desired interpolation, but the values of altitude and azimuth

angle extracted from the basic tables constitute data which require independent dif-
ferencing; the tabular altitude difference, d, is riot used.

To carry out the altitude interpolation, the basic tables are entered with the per-
tinent LilA and Dec., and wit the integral degree of Lat. so chosen that, when in-!
creased by the declination increment, it is within 30' of the known or DR latitude;
this practice will prevent long intercepts. For these entering arguments and for a latitude
and declination one degree more than the above referenced latitude and declination,
respeptively, extract the tabular altitudes and azimuth angles. The altitudes and -

azimuth angles are then differenced and with these differences interpolation of altitude
and azimuth angle for the desired declination is made, utilizing the Interpolation i
Table. The computed altitude is then compared with that observed to determine the!
intercept, which together with the interpolated azimuth angle converted to true azimuth
makes possible the construction of a line of position, which is plotted from the assumed

'S
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longitude, and from the latitude of the entering argument, augmented by the declination
increment.

Example I.-

LHA Lat. Dec. Ho
3027' 31 006'N 28 035f1N 86005f5

Lat. Dec. Tab. Hc diff. Tab. Z diff.
310 280 8014 13802

'(+) I f.0
320 290 86002'4 138?5

Interpolate to Dec.=28'35:1
Dec. Inc.=35. 1, diff.= (+) 1 :0, Z diff.= (+)0?3

Tab. Ile 86001:4 Tab. Z 138?2
Correction (+)0: 6 (+)0?2

He 86002f0 Z 138?4
Ho 86005'5

Intercept 3.5T Zn 221?6

Plot from Lat. 31 035:1N

Ei~xam ple 2.-
LHA Lat. Dec. Ho

357019 '  37058'S 36 0 13'IS 87014'2
Lat. Dac. Tab. He diff. Tab. Z diff.
380 360 86052'8 12809

(+)l14 (+)O?4390 370 86054'2 12903

Interpolate to Dec.=36*13:1
Dec. Inc.=13' , diff.=(+)1:4. Z diff.=(+)0?4

Tab. Hc 86052 8 Tab. Z 12809
Correction (+)0f3 (+)0?1

Hc 86053! 1 Z 129?0
Ho 87014'2

Intercept 21.1T Zn 951?0
Plot from Lat. 38*13:1S

2022. Precomputafion.-Sometimes it is desired to determine computed altitude
before the observation, generally for the purpose of obtaining a line of position quickly
after the observation has been completed. This is called precomputation. When it is

F done, sextant altitude corrections are generally applied with reversed sign to He to obtain
precomputed altitude (Hp), which is then compared directly with hs to obtain the
altitude intercept for plotting a line of position. Where altitude is needed for entering
correction tables, the computed alitude (He) is used. The error introduced by this
practice is negligible except at low altitudes, where the corrections should be adjusted
by using the Hp to reenter the tables. If great-r accuracy is required, limit precom-
putation to He and Zn, and apply corrections to • e sextent altitude after observation.

Example.-On June 2, 1975, the 1025 DR position of a ship is lat. 42 021:4S,
long. 118°47:1W. The navigator plans to observe the lower limb of the sun at this
time with a marine sextant having an IC of (+)2:5, from a height of eye of 25 feet. -

Required.-(1) Precomputed altitude by Pub. No. 214, Ad only, (2) the a, Zn,
and AP if hs is 22023f6. Use Nautical Almanac.

I
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Solution.-

June 2 Sun + -
ZT 1oh252003 1Sh 2210.5N d(+)0.3 IC 2!5
ZD (+)8 dcorr. (+)01 D 4:9

GM'IT 1Sb25=00June2 d 22 010.6N 9 13'7
1Sh  90032:0 sum 162 4: 9

25"00 '  6-'5:0 corr. (+)lI i -

GHA .0547:0
aX 11S047.0W

LHA 3380000
t 220000E
(d 22 0 115N d diff. 11,'6

aL 42 000:OS
lit 22050'5 Ad (-)0.95 Z S157?9E

corr. (-)10.1
Hc 22 040!4

corr. (+)11:3 (rev.)
(1) Hp 22029:1

hs 22023'6
(2) a 5.5A aL 4200.0S

Zn 022?1 aX 11847'0W
3

At the AP used in the calculation, Hp is correct only for the time used. However,
if the observation is made early or late, the same Hp and Zn can be used by moving

i the AP along tie parallel of latitude, eastward for early observations, or westward for

late observations, a distance equal to 0:25 of longitude for each second (15'0 for each
minute) difference between actual and predicted times. This adjustment is based upon

the assumptions that tie apparent motion of the body is westward at the rate of 150
per hour, and the declination is constant. Over the seconds or minutes likely to be
involved, these assumptions and the possible increased length of the plotted lines do
not introduce a significant error, except possibly for the i~iooit.

2023. Low altitudes.&-When He is determined by inspection tables such as Pub. I
No. 214, a minimum tabulated altitude muy be available. In Pub. No. 214, altitudes
below 50 are not. given. These tables can be used for low-altitude observations by
selection of an AP that will result in He being 50 or greater. To do this, proceed as
follows: At the time of observation, note the approximate azimuth of the celestial body.
Plot the azimuth line through the DR or EP and measure off, toward the celestial body,
a distance equal to 6*--hs (or 6V-Io). Select the AP in relation to this point as if it
were the DR or EP. Occasionally it may be necessary to use 7*-hs (or 7*-Ho). 4
The increased length of the altitude intercept line does not introduce a significant
error over the distance that a rhumb line can be considered identical to a great circle.
Only in high latitudes is this a problem, and here the error can be virtually eliminated
by using a chart projection on which a great circle plots as a straight line or approxi-
inatelv so. The error introduced by using a rhumb line to represent the circle of equal
altitude (tie line of position) is not increased because the AP selected is near the A
azimuth line.

Example.-On !tie 1, 1975, tie 1625 DR position of a ship is lat. 43"397S,
long. 1507.0OW. At GMT 17' 2 4 ' 22 8 the . :igator observes the lowei limb of tie sun
as it breaks out below anr overcast, ,hortiv before setting. lie uses a marine sextant
having no IC, and xiakezs his observation from a height of eye of 52 feet. The lis is

=f
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1001!6, air temperature (art. 807, vol. II) 240F, and the atmospheric pressure (art. 808,
vol. II) 30.16 inches. The sun's azimuth is approximately 3050.

Required.-The a, Zn, and AP using Pub. No. 214 (Ad only), the Nautical Almanac,
and tables 23 and 24.~Solution.-

Junei Sun + -Q

GMTC 17h24w22 , June 1 17h 22002'1N d(+)0.3 IC --
17h 75034f4 dcorr. (+)0W1 D 7:0

24m225 6005!5 d 22002 f2N sum - 70
GHA 81039f9 corr. (-)7f0

aX 2039.9W hs 10016
LHA 61°00W0 ha 0054'6

t 61 000.0W
d 22 002.2N d diff. 2:2 9'1

aL 41 000S T 1!3
lit 5021 '8 Ad(-)0.75 Z S125?5W B W 3

- corr. '-)1:7 sum - 10'7
He 5°20'1 corr. (-)10f7
Mo 0043!.9 ha 0°__4_._ 6

a 276.2A "41° 0 00S Ho 0043f9
Zn :05".5 aX 20039'.9W

Refer to figure 2023. From the 1625 DR position, the approximate azimuth of
3050 is plotted, as shown by the broken line. Along this line a distance of 6000'0-
0043:9=5°16:1, or 116.1 miles, is measured, locating the point labeled A. The AP is
selected with respect to this point as if it were the DR po~tition. The sight is plotted
from this AP as in any observatit,n. If it makes the plot easic,, record a in the solution
in degrees and minutes of arc instead of in miles (5020f o , o ,, 2
276.2 miles).

Large altitude differe,,ces cn be avoided by uing a method of solution that pro-
vides for low altitudes. Among such methods are Pub. Nos. 229 and 249; nearly any
trigonometric method such as the co.ine-haversine formula, the Ageton Method (table

. ; and most graphicgl and mechanical methods. All of these unechods are discussed
in chapter XXI. If a trigonometric method is used, the signs of the various functions
(or special rales) should be used if there is a possibility of He being negative. The need
for special care can be eliminated by using an assumed po," ion about half a degree or
more from the DR position or EP, -n the direction of the celestial body, if the altitude is
less than 0'30' .

By ally method of solution., if either He or Ho (but not both) is negative, tie alti-
tude intercept is found by numerically adding the two altitudes. Thus, if He is (+)0°12 ' 6
and Ho is (-)0°03?2, the altitude intercept., a, is 15'8, or 15.S miles. The positive altitude
is greater than the negative one. Therefore, the a in this cse is away. If both He and Ho
i -e negative, the difference is found by subtraction, but in this case the one which is
numerically smaller is the greater altitud . Thus, if He is (-)0*09'6 and Ho is (-)0004:3,
the altitude ik.tercept. is 5.3T.

2024. High altitudes are usually avoided for at least two reasons. First, bodies
)- ar the zenith are difficult to observe. A star or planet is diffic-i't to "bring down"

_ to the horizoi It is not always easy to determine the azimuth accurately, and wrhen
near the zenith, a body may be changihg azimuth rapidly. On the other hand, such
observations are little affected by astronomical refraction. The second reason for
avoiding high altitudes i- one of geometry. As the altitude increases, the radius of
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FurE 2023.-Selecting an AP for low-altitude solutions by Pub. No. 214.

the circle of position decreases. For a body near the zenith, the radius is so small
that the use of a straight line to approximate the circle my introduce serious error.

With higher altitudes, it is good practice to avoid use of lines of position extending
a considerable distance fom the azimuth line. Since the decrease in radius is gradual,
there is no one altitude at which the curvature become; excessive. However, a safe
general rule, if one is needed, is to use the DR position or EP aR tie assumed position,
and interpolate for azimuth angle, for all altitudes greater than 70'. The purpose of
this is not primarily to decrease the altitude intercept, as sometimes suggesten, but to
decrease the length of the line of position.

Within perhaps three degrees of the zenith, the. curvat.ure of the circle of position
becomes so great that even for a short distance a straight line i. not an adequate repre-
sentation of the circle. At these altitudes, it it good practice to plot the line of position

a. :"as a circle. This is (lone by using the geographical position (GP) of the celestial body
as the center, and the zenith distance as the radius. Hence, no sight reduction tables
are needed. The same body can be used for obtaining a fix from two observations
separated by several minutes. Ju celestial navigation, as in piloting, a circle of position
is advanced or retired by moving its center.

Example.-On May 31, 1975, the 1224 DR posi ion of a ship is ]at. 20 0 17'4N,
long. 50'07'4W. The ship is on course 127', speed 18 knots. Using a marine sextant
having no IC, the navigator observes the lower limb of the sun twice, fhun a height f

Z

t
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eye of 65 feet. The first observation is made at GMT 15b15'156, and hs is 8801'1.
The second observation is made at GMT 15 b24 m1 38, and hs is 87034'7. The GHA of
the sun at GMT 15h15m 15 is 49°25:6. Use the same declination as at GMT 15"24m 136.

Required.-The 1224 fix.
Solution

May 31 Sun + o -

GMT 15"15m15 ° May 31 d 21 053'1N IC - -

GH& 49-256 D 78
Q 15!9

GPLI 21531N 1um 159 78
GPX 92'Wcorr. (+)8:1

Its 880011
radius 110.8 mi. Ho 88009;2

z 1050.8

May 31 Sun + Q

GMT 15"24m13- May 31 15' 21°530N d (+)0'3 IC - -
15h 450368 (lcorr. (+)0!1 D V8

24,138 6o03!.3 d 21053'1N 0 15!9
GIIA 51040:1 sunm !59 VA

corr. (+)8!1
GP L2 21 053. f1N Is 87034!7
GP X2  5i040:IW I1o 87042!8
radius 137.2 nii. z 2017'2

Answer.-1224 fix: L 20009'0N, X 50*06'0W.
The plot of this problem is shown in figure "24. No significant error would be

introduced by assuming the same declination anu sextant altitude correction for both
observations, and t change of GHA equal to the are equivalent of the time difference
between observations (art. 1811). In east longitude the GP longitude would be
360O GHA.

Latitude by Meridian Transit

2025. Meridian altitudes.-The latitude of a place on die surface of the earth,
being its angular distance from the equator, is measured by an arc of th. meridian
between the zenith and the equator. and hence is equal to the declination of the zenith;
therefore, if the zenith distance of any heavenly body when on the meridian be known,
together with the declination of the body, the latitude can be found.

Figure 2025t. shows the celestial sphere surrounding the earth: P.MP, is the upper
branch of a celestial meridian and LL' a portion of the corresponding geographic
meridian. The declination of a body at M (are QM) is numerically equal to the latitude
of its geographical position at GP. The zenith distance of a body is equivalent to the
dstance on earth between the geographical position of the body and the position of the
observer. In figure 2025a the zenith distance of M iL q0° and its declination is 20°N.
Ifthe body is on the meridian, the GP is also on the meridian. Since P,, Z, and M are
all on the celestial meridian, the navigationel triangle flattens out to a line. The b-
server is 300 north of the GP (L 50'N) if the body iq seen to bear south, or 30' south.
of the GP (L' 10'S) if the body is seen to bear north. The navigator knows whether
the GP is north or south, because it is the same as the direction he faces when making
his observation.

[ .
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52°W 51'W 50oW 49*W

22"N GP2  GP 2N

II

II

21224

-0 , 2 -
52*W 51*W 50*W 49'W

FiGURE 2024.-Plotting high-altitude observations.

In the diagram on the plane of the celestial meridian shown in figure 2025b, M is
the position of a celestial body north of the equator but south of the zenith; QM is
the declination of the body; SM is the altitude (h); and MZ is the zenith distance (z).

From the diagram:
QZ=QM+MZ, or L=d+z.

With attention to the direction of the GP and the name of the declination, the
above equation may be considered general for any position of the body at upper transit,
as M, M', M".

When the body is below the pole, as at M"'-that is, at its lower transit-the same
formula may be used by substituting 180 0-d for d. Another solution is given ir this:
case by observing that:

NPn=P,,M"'+NM"', or L=p+h.

By drawing that half of the diagram or, the plane of the celestial meridian con-
taining the zenith, the proper combination of zenith distance and declination is made I
obvious, as shown in the following examples:

Fxample .- The navigator observes the sun on the meridian, bearing south. The
declination of the sun is 1000 ON; the corrected sextant altitude (Ho) is 60°00:0.

Required.-The latitude.
Solution.- L=z+d. -

Ho 60000!0
z :30000o
d 10000ON
L 4O0 OOON

1'
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A

I
Not Pole

zI

South Pol

FIGURE 2025a.-Body on celestial meridian.

PS

Na

FIGURE 2025b.--Diagram oil the plane of the celestial meridian.
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z /

L=z+d

; N <S

FIGURE 2025c.-Meridian altitude diagram.

Example 2.-The navigator observes the sun on the meridian, bearing south. The
declination of the sun is 10000OS; the corrected sextant altitude (Ho) is 65°000.

Required.-The latitude.
Solution.- L=z-d.

9000!0
Ho 6500:0|
z 250000
d 10000OS
L 15°0OOON

•.-7 . / Ii
IIor,

Q M

Z L=z-d

Pn

N S
FIGURE 2025d.-Meridian altitude diagram.

Example 8.-The navigator observes the sun on the meridian, bearing north. The
declination of the sun is 20°00'S; the corrected sextant altitude (Ho) is 6000:0.

Required.-The latitude.
Solution.- L=z+d.

90000 0
Ho 60°1100

z 30°00 ' tj

d 200 '-S
L 50 0 00'0S
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N PS

L=z+d

FIo~ui 2025e.-Meridian altitude diagram.

Example 4.-The navigator observes the sun on the meridian, bearing north. The
declination of the sun is 23° 0 0'.0N ; the corrected sextant altitude (Ho) is 72 00.0.

Required.-The latitude.
Solution.- L=d-z.

90000!0
Ho 72'00'0
z 18°00.0

* (I 230 O0N
L, 5000'ON

Example 5.-In the vicinity of the equator, the navigator observes the sun on
the meridian, bearing north. The declination of the sun is 22 005.N; the corrected
s e x ta n t a ltitu d e (H o ) is 6 7°45 .0 .

Required.-The latitude.
Solution.- L=z-d.

9000010
Ho 67O450
7 22015!0
d 220 060N
L 0O1010S

-z-

I i

M Z Q

Ld-z

j Pn
N S

FIGUnE 2025f.-Meridian altitude diagram.
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I L=z-d

N

FIounr 2O25g.-NMe.idian transit in the vicinity of the equator.

Example 6.-The nadvigator in high northern latitudes observes the sun on the A
celestial meridian, bearing north. The declination of the sun is 18*46'0N; the correctedi
sextant altitude (Ho) is 6*22f0.

Required.--The latitu~de.
Solution.- L-(!80*-d)-z, or

L=P+h.

* 90000
Ho b'22'0
z 8303810
1800 -d 161014C0N
L 7702f6'0N

L V(l8o*-d)-z,or
L= p-.h

N -S

FiGURr 2025h.-Meridian altitude at lower transit.

Since the sun's GP is 83038'0 north of the observer in high northern latitudes,
the GP is beyond the pole, or on the lower branch of the observer's meridian.

- If an cbservation is made near but not exactly ait meridian transit, it can be solved
as a meridian altitude, wvith one mlodification. Enter table 29 v% ith the approximate
latitude of the observer and the (leclinatlon of the body, and take out the altitude
factor (a). This is the dlifference between meridian altitude and the altitude one minute
of timec later (or earlier). Next., enter table 30 wvith the altitude factor and the difference
of time between meridian transit and the time. of observation, and take out the correc-
tion. Ad(1( this value to Ho if near uipper transit,, or subtract it fromn Ho if near lowerc
transit. Then proceedl as for a meridian altitudle, remembering that the value obtained 11-
is the latitude ait the time of observation, not at, the time of mneridian transit. Tlii

I US
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- imethod should not be used beyond the limits of table 30 unless reduced accuracy is
acceptable. This process is called reduction to the meridian, the altitude before adjust-I :11-01A an ex-meridian altitude, and the observation an ex-meridian observation. Itrequires knowledge of the meridian angle, which depends upon knowledge of longitude.

2026. Finding time of meridian transit.-If a meridian altitude is to be observed
other than by chance, a knowledge of the time of transit of the body across the meridian
is needed.

On a slow-moving vessel, or one traveling approximately east or west, the tUme
need not be known with great accuracy. The right-hand daily page of the Nautical
Almanac gives the GMT of transit of the sun and moon across the Greenwich meridian
(approximately LMT of transit across the local meridian) under the heading "Mer.
Pass." In the case of the moon, an interpolation should be made for longitude. This
is performed in the same manner as finding the LMT of moonrise and moonset (art.
1912). In the case of planets, the tabulated accuracy is normally sufficient without
interpolation. The time of transit of the navigational planets is given at the lower
right-hand corner of each left-hand daily page of the Nautical Almanac. The tabulated
values are for the middle day of the page. These times are the GMT of transit across
the Greenwich meridian, but are approximately correct for the LMT of transit across
the local meridian. Observations are started several minutes in advance and continued
until the altitude reaches a maximum and starts to decrease (a minimum and starts
to increase for lower transit). The greatest altitude occurs at upper transit (and the
least at lower transit). This method is not reliable if there is a large northerly or southerly
component of the vessel's motion, because the altitude at meridian transit changes I
slowly, particularly at low altitudes. At this time the change (lue to the vessel's motion
may be considerably greater than that (lie to apparent motion of the body (rotation of
the eaith), so that the highest, altitude occurs several minutes before or after meridian
transit.

If the moment at. wbich the azimuth is 000' or 180' can be dleterminedl accurately,
the observation can be made at this time. However. this generally does not l)rovide a •
high order of accuracy.

If the longitude is known with sufficient accuracy, the time of transit can be
computed. A number of methods of computation have been devised, but perhaps the
simplest is to consider the GHA of the body equal to the longitude if west, or 360 '_X
if east, and find the time at. which this occurs.

Example .- Find the zone time of meridian transit of the sun at longitude 1560
44'2W on May 31, 1975.

Solution.-
May 31

X 1560442W
GIIA 156044'2
22h  150036 . -

24n328 L608f. 1
GMT 22124n,32" Nlav 31

ZD (+)10 (rev.)ZT ! 211241n32a

This solution is the reverse of finding GHA. The largest tabulated value of GIlA

that. does not exceed the desired GIA is found in the tabulation for the (lay, and
recorded, with its time. The difference between th'is value and the desired GIIA is
then used to enter the "Increments and c"orrections" table. The time interval cor-
responding to this value is added to the time taken fron the daily page. If there is a I,

iS
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correction, it is subtracted from the GHA difference before the time interval is deter-
mined. The GMT can be converted to any other kind of time desired. If the Greenwich
date differs from the local date at the time of transit (for the sun this can occur only
near the 180th meridian), a second solution may be needed. This possibility can often
be avoided by making an approximate mental solution in advance. As the basis for this I
approximate solution, it is convenient to remember that the GMT of Greenwich transit
(GHA 00) is about the same as the LMT of local transit. To find the time of transit of a
star, subtract its SHA from the desired GHA to find the desired GHAT. Determine the
time corresponding to GHAT, as explained above for the sun.

Aboard a moving vessel, the longitude at transit usually depends upon the timG
of transit. An approximate mental solution may provide a time sufficiently close. In
the absence of better information, use ZT 1200 for the sun. Find the time of transit
for the position at this time, and then make an adjustment, if necessary, for the sun
between 1200 and the time found by computation. This adjustment is equal Lo four
seconds for each minute of longitude involved. If the ship is west of the 1200 position
at the computed time of transit, add the correction; and if east, subiract it. The result is
the first estimate of the zone time of local apparent noon (LAN) or of meridian transit.
For high accuracy a second adjustment may occasionally be needed, but this is seldom
justified because of the uncertainty of the vessel's position. If the second adjustment is
made, the result is the second estimate.

I I li

LMT 1158 LMT 158
r Z1228 ZT 1226 2

30'II 30I IV -11 1 1 1 J I 1 1 1 1 1 1 111 1h 1 1 1i 11

l3E33 0N
113 0E

FIGURE 2026.-Time of meridian passage.

The time of transit of the sun can also be found by means of apparent time (art.
1818). Meridian transit occurs at LAT 12h0 0 ' 00

', This can be converted to any other
kind of time desired.

Example 2.-Find the zone time of meridian transit of the sun as observed aboard
a ship steaming at 20 knots on course 2550 on May 31, 1975, using the positional data
given in figure 2026.

Solution.-
May 31
360000'0

X, 112°55!0E

GHA 247005(04h  240037'.7

ZT 12h25m490
(IX (+) 01368

ZT 12h26m258 (first estimate)

"m

* I
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The second estimate of the zoue time of meridian transit is found by plotting the
DR position for the first estimate of the zone time of transit and then applying the dX
between this DR and the 1200 DR to the time found by computation.

ZT 1 2h2 5m4 9
°

dX (+)037-
ZT 12 h2 6126 ' (second estimate)

As shown in figure 2026. the zone times of meridian transit are noted on several
successive meridians. This is accomplished by extracting the LMT of meridian transit
from the daily page of the Nautical Almanac and converting this time to the zone
time for each meridian. The time when the ship and the sun are on the same meridian
can then be obtained by inspection to within approximately one-half minute.

Polaris

2027. Latitude by Polaris.-Another special method of findhig latitude, available
in most of the Northern Hemisphere, utilizes the fact that Pol'.is is less than 1 from
the north celestial pole. As indicated in article 1432, the altitude of the elevated pole
above the celestial horizon is equal to the latitude. Since Polaris is never far from the
pole, its observed altitude (Ho), with suitable correction, is the latitude.

The r. ture of this correction as tabulated in the Air Almanac is suggested by
inspection of figure 2027b in which the circle represents the path of Polaris around the
north celestial pole (P.), as seen by an observer on earth looking along the axis P,P,.
(fig. 2027a). The line ab represents a small portion of the observer's meridian. Polaris is
at upper transit at a and at lower transit at b. This is also shown in figure 2027b, to
larger scale. Latitude is equal to the altitude minus the polar distance (p) when Polaris
is at a and plus the polar distance when it is at b. When the star is at any point c, the
Polaris correction is polar distance times "he cosine of the local hour angle (corr.=p
cos LHA). Thus, the correction is a function of LHA of the star, and hence also of
LHA T. insofar as the difference between these quantities (the SHA) can be considered
coustant.

ZIb b p -

N )s/

FIouGa 2027a. -Latitude is equal to the (1) decli- FIGURE 2027b.-The correction is (-)aPn
nation of the zenith and (2) the altitude of the when Polaris is at a and (+)bPn
elevated pole Compare with figure 2027b. when at b. At at.y point c the correc-

tion is p cos LHA. Af B cr B' the cor-
rection is zero.

IV
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Although the above method usually provides sufficient accuracy for air navigation,
a higher degree of accuracy may be obtained by use of Polaris correction tables included
in the Nautical Almanac. These tables are based on the following formula:

Latitude-corrected sextant altitude= -p cos h-+% p sin p sin2 h tan (latitude),
where p=polar distance of Polaris=90*-Dec.

h=local hour angle of Polaris=LHA Aries+SHA.

The value ao, which is a function of LHA Aries only, is the value of both terms of
the above formula calculated for mean values of the SHA and Dec. of Polaris, for a
mean latitude of 500, and adjusted by the addition of a constant (58:8). The value a1,
which is a function of LHA Aries and latitu&, is the excess of the value of the second
term over its mean value for latitude 500, increased by a constant (06) to make it I.
always positive. The value a2, which is a function of LHA Aries and date, is the correc-
tion to the first term for the variation of Polaris from its adopted mean position; it is
increased by a constant (0:6) to make it positive. The sum of the added constants is 10,
so that:

Latitude=corrected sextant altitude-l-+ao±a1 +a2 .

The table at the top of each Polaris correction page is ent3red with LHA Aries,
and the first correction (ao) is taken out by single interpolation. The second and third j
corrections (a, and a2 , respectively) are taken from the double entry tables without i
interpolation, using the LHA Aries column with the latitude for the second correction I
and with the month for the third correction. I

Ezample 1.-During morning twilight on June 2, 1975, the 0525 DR position of a I
ship is lat. 15*43'.6N, long. 110'07'.3W. At watch time 5h24M495 A-M the navigator ob- I.
serves Polaris with a marine sextant having an IC of (--)3!0, from a height of eye of
44 feet. The watch is 238 slow on zone time. The hs is 16*240.

Required.-The latitude.
Solution.-

I

June 2 Polaris -+ +
WT 5124m49" All + -

WE (S)23' a0 382 1)64
ZT 5125'12 a, 0:3 *-P 3:3
ZD (+) 7 a2 03 sum (-)12'7 i

GMT 12h251125 June 2 add'l 6010 corr. (-)127 i
12h 70020f2 sum 388 60'0 lis 16024'0

25m12" 6019:0 corr. (-)21:2 Ho 16011f 3
GHAT 76039:2

X, 110 007.3W
LHA rr 326031'9

Ho 16011!3
corr. (-)21'2

L 15050f IN

Since LHA T is an entering value in all three correction tables, and since this is
affected by the longitude, other observations, f available, should be solved ar i plotted
first, to obtain a good longitude for the Polaris solution. For greater accuracy, par-

U ticularly in higher latitudes, and especially if considerable doubt exists as to the longi-
tude, it is good practice to find the azimuth of Polaris and draw the line of position
perpendicular to it, through the point defined by the latitude found in the computation

--
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and the longitude used in the solution. The azimuth at various latitudes to 65ON is
given below the Polaris corrections. This table can be extrapolated to higher latitudes,
but Polaris would not ordinarily be used much beyond latitude 650. In the example
given above the azimuth is 000?8. j

The Air Almanac provides only the first correction, which it designates Q. 1
Polaris observations can be solved like those of other celestial bodies, using thedeclination and SHA given in the tabulation near the back of the Nautical Almanac.
The Polaris correction table in the Air Almanac lists the correction Q to be applied

to the sextant altitude of Polaris to give the latitude of the observer. The correction
is given in a critical table, with argument LHA Aries (T) obtained from the daily
pages. The effect of refraction is not included and so the sextant altitude must be
fully corrected before use.

Example 2.-On 1 June 1975 at GMT 0 2h5 3Om3 2 s in longitude 49*18'W, the cor-
rected sextant altitude of Polaris is 54046 ' .

Required.-The latitude.
Solution.-

GMT 2 b5 3 3 2 June 1 Corr. sextant altitude 54046 '

2b50m 291028 '  Q (LHAT, 243003 ') (+) 44'
3 328 0053 '  Latitude 550301

GHA T 292021'
X 49018'W

LHA T 243003'

2028. Azimuth by tables.-One of the more frequent applications of sight reduction
tables is their use in computing the azimuth of a celestial body for comparison with an
observed azimuth in order to determine the error of the compass. In computing the
azimuth of a celestial body, for the time end place of observation, it is normally necessary
to interpolate the tabular azimuth angle as extracted from the tables for the differences I
between the table arguments and the actual values of declination, latitude, and local
hour angle. The required triple interpolation of the azimuth angle using Pub. No. 229,
Sight Reduction Tables for Mar;e Navigation, is effected as follows:

1. Refer to figure 2_ "a. The main tables are entered with the nearest integral
values of declination, latitude, and local hour angle. For these arguments, a base
azimuth angle is extracted.

2. The tables are reentered with the same latitude and LHA arguments but with
the declination argument 10 greater or less than the base declination argument de-
pending upon whether the actual declination is greater or less than the base argument.
The difference between the respondent azimuth angle and the base azimuth angle
establishes the azimuth angle difference (Z Diff.) for the increment of declination.

3. The tables are reentered with the base declination and LHA arguments but
with the latitude argui-.-nt 10 greater or less than the base latitude argument depending
upon whether the actual (usually DR) latitude is greater or less than the base argument
to find the Z Diff. for the increment of latitude.

4. The tables are reentered with the base declination and latitude arguments
but with the LHA argument 10 greater or less than the base LHA argument depending
upon whether the actual LHA is greater or less than the base argument to find the
Z Diff. for the increment of LHA.

Inc.
5. The correction to the base azimuth angle for each increment is Z Diff.X- 4" A-

-0
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430, 3170 LH.A. LAMiTDE SAME HAWA AS DEUNATON

33031 3r340 350

Z HCi~ a jk Z 6k d Z 6k i. Z "C 6k e 'dI

20 0007.232 94.21 49 55S .2s 954 A 94-82#1 90 49 404.27-s 97.14 33824.289 99 149833.3o 00. 99

Th auZir 1neroato tal (art. 20, vol . d ca nomaC bud f or
coptn thi . au bea. th sucssv azmt anl difr.e ar .es than11111'''1

gcThe tuiimey oftberation te decntio 6vof. tHe sun ismal 201 Nhe ld oa

hour angle of the sun is 316*41'2.
Required.-The gyro error.
Solution.-Byv Pub. No. 229:
The error of the gy rocompass is found as shown in figure 2028b.

I Bast Base Tab" Cor ] I
Actual Arguments Z Z Z Diff. Incrtments I(Z~iffxlIK.-6)I

Dec. 20'13:SN 20' 971 96:4 V14 138-.
DR Lat- 33'24: ON 33' Same) 978' 98*9 .In 24I0 0IZ
LilA 316*41:2 [317' 9718 9711 -0! 7 1:

Base Z 97*8 Total Cor-r. - 03
Corr. - 1
Z N 97.7E "Respondent for two base arguments and l"
Zn 097-11 change from third base argument, In vertical
Zn pgr 096*5 order of Dec.. DR Lat-. and LilA.
Gyro Error 1!2E4

FicOuRE 2028b.-Azimuth by Pub. No. 229.

Using Pub. Ne. 214, Tables of Computed Altitude-s and Az-imuth, to detcrmine thle
azimuth from the tabular values which ar- actually azimuth angles, interpolation is
made for meridian angle, declination, aiid latitude.

Example 2.-In DR lat. 41 25!9S, the azimuth of the bun is observed as 01600 pgc.
At the time of tile observation, the declination of the sun is 220 19:6;\; the meridian
angle of the sun is 17'22'4E.

Required .- The g% ro error.
Solution .- By Pub. No. 214:
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(1) Refer to appendix N. In this example the tabular azimuth angle used as base
Z is compared with the tabular azimuth angle for the base declination and latitude,
but meridian angle 180 to determine the Z Diff. for meridian angle. Similarly, the base
Z is compared with the tabular value for the base meridian angle and latitude, but
declination 220 to determine the Z Diff. for declination; and with the base value of
meridian angle and declination, but latitude 42' to determine tie Z Diff. for latitude.

(2) Interpolation is between whole degrees of meridian angle and latitude, but
between half degrees of declination when the declination is 290 or less. For declinations
of more than 290, the interpolation interval for declination varies.

Increments . 0 o 0.4

t corr.-Z Diff. X e1 =()10xo (-)04.

Increments 002
d corr.=Z 0?5 ? - 1 X 005 (+)0.0.

Increments 004L cor..=ZDiff.X -c% -- =(+)0?2X-=(+)0?1.

Base Base Tab* Correction
Actual Arguments Z Z Z Diff. Increments +

t 17".4E 17" 162.7 161".7 V(- 1".0 0'4 0'.4
d 22" 3N 22'30' 162'.7 162'.6 (-) 0.l 0" 2 0.0
L 41AS 41*(Contrary) 162* 7 162'.9 (.)0'.2 0".4 0.l j
Base Z 162.71 [Total Corr -3 ~
Corr. (-) 0.3 -
Z S 162*.4E *Respondent for two base arguments and V*

Zn 017".6 ( 30' for d) change from the third base argu- I-
Znpgc 016".0 ment. in verlical order of t. d, and L.

Gyro Error I*,6E

FiouRF 2028c.-Azimuth by Pub. No. 214.

The error of the gyrocompass is found as shown in figure 2028c. i
Soltions for azimuth are discussed in more detail in chapter VII of volume II. -
2029. Amplitudes.-For checking the compass, an azimuth observation of a celestial

body at low altitude is desirable because it can be measured easiest and most accurately.
If the body is observed when its center is on the celestial horizon, the amplitude (A),
which is the are of the horizon between tile prime vertical and the body, can be taken
directly from table 27.

The amplitude is given the prefix E (east) if the body is rising and W (west) if
setting. It is given the suffix N if the body rises or sets north of the prime vertical
(which it does if it has northerly declination) and S if it rises or sets south of the prime
vertical (having southerly declination). The suffix is given to agree with the declination
of the body. Interconversion of amplitude and azimuth is similar to that of azimuth

:._ angle and azimuth. Thus, if A=E15S, the body is 150 south of east or 90°+150=105 °.
For any given body, the numerical value of amplitude would be the same at rising
and setting if the declination did not change.

When the center of the sun is on the celestial horizon, its lower limb is about two- - -
thirds of a diameter above the visible horizon. When the center of the moon is on the
celestial horizon, its upper limb is on the visible horizon. When planets and stars are
on the celestial horizon, they are a little more than one sun diameter above the visible
horizon. In high latitudes, amplitudes should be observed on the visible horizon.

-- _ .2 - -f
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If the body is observed when its center is on the visible horizon, the observed value I

should be corrected by the value from table 28, using the rules given with the table,
before comparison with the value taken from table 27. If preferred, the correction
can be applied with reversed sign to the value taken from table 27 and compared with
the uncorrected observed value. This iq the procedure used if amplitude or azimuth
is desired when the celestial body is on the visible horizon.

Amplitudes are discussed in more detail in article 740 of volume II.

! -



CHAPTER XXI
COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION

2101. Introduction.-Before the development of a means of determining accurate
time at sea (art. 127), longitude could not be found by celestial observation. Celestial

bodies were used for determination of latitude, and as an indication of direction, often
in a very general way. The development of the marine chronometer opened up a
whole new vista to the navigator. Immediately, methods began to appear to utilize

• this new dimension of navigation. During the two centuries that have elapsed, many

of the best minds have been directed to the problem of providing easier or more adequate
methods of "reducing" the observations to a form suitable for determination of position.

2102. Kinds of methods.-Various "special" methods have been devised to take
advantage of some unique relationship to provide a simplified solution. The most
widely used are latitude methods for determination of latitude by meridian altitude
or observation of Polaris, and iongitude methods for determination of longitude by
observation of a body near the prime vertical. Both latitude and longitude methods
have now been largely superseded by the altitude method, based upon the discovery
of the altitude intercept, or difference, by the Frenchman Marcq St.-Hilaire (art. 131).
Most modern methods are of this type, although some latitude and longitude methods
are still in use.

The most commonly used methods utilize computation for determining certain
information which is then plotted as a line of position, two or more such lines being
needed for a fix. The "method" might consist of one or more formulas to be solved
by general mathematical tables, a set of special tables conveniently arranged for use
with the formulas, or a set of tables constituting a list of computed answers. A method
which determines latitude or longitude separately requires no )lot. In fact, a plot

1would be misleading unless the celestial body were almost exactly on the celestial
meridian or prime vertical, or unless the azimuth were considered. While a number of
methods determine latitude and longitude by computation, without plotting, other
methods substitute a graphical or mechanical solution for computation.

2103. Meridian altitudes.-If a celestial body is on the celestial meridian at the
time of observation, a modification of the high-altitude method (art. 2024) can be used
at any altitude, without plotting the GP. Both GP and observer are on the same
meridian, and the difference of latitude between them is the zenith distance of the body
(90-Ho). The direction of the GP is the direction faced during observation (unless
a backsight is made). The line of position is a latitude line.

Several hundred years ago, when longitude could not be found accurately, and
logarithms had not been invented, the finding of latitude furnished the only reliable
navigation available on long sea voyages. Since most of these were in a generally
easterly or westerly direction, it became common practice to sail first to the latitude of
destination ("run down the latitude") and then to follow this parallel until landfall was
made. The meridian observation of the sun at local apparent noon was the most im-

.. portant navigational event of the day, and became a well-established routine. On
the basis of this observation at "high noon," clocks were reset, and a new day, the
nautical day, began. Intentional meridian altitudes of other celestial bodies were not -.

as widely used as those of the sun.

Z159
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As accl'urntot tlt Io became Lvtili.bil ILL 1ea, al Ithn More c'OltVOIlit 1t tables Will
iore Ilttlto ell met1icsLe appeared, the noon sight, lost its importaice, Since the oderl

lnspection tabhl hlls beMe) available, Ihe use of meridian altitudes has decreased rapidly,
and reuc(ltion to tIo mn eri(dian lilas fill bit di ispp)earei 'Trite, the solition of it meridian
tltitude is simiplo fnd , itck, bitt this is more than offset by tho need for deteiiinhig the
tiio ait which to miii ko tile observation (u't. 2025), the dislike of miany iuiriners tor
having to make an observation at it predetermined time, tho inconvenience soinetitno5
experienced when local apparent 1oon occli fi it a Lime when other activities conflict,
with observation, and Cle possibility of missing the observation because of overcast
conlitions. 'Iilo flrltetice of observing it body when a line of position is desired, and
solving those which happen to have a meridian angle of 0' or 1800 in the sitem mnanner
its other observations, is a growing practice that eliminates the need for remnenbering a
separate l)ro(ediii-o for bodies on th celestial merilian, The moderti navigator thinks
primarily in terims ,f lines of position, rather than of latitude and! longitude observations.

Meridian altitudes are discussed in more detail in article 2025.
2104. Ex-merldian altitudex.-If fl observation is made near but not exactly at

meridian transit, it (-fmi be solvedi as a meridian altitude, with one modification, Enter
table 20 with the approximato latitude of the observer and the declination of the body,
and take out the altitude factor (a). This is the difference between iieridiai altitudo
anud the altitude onte tinute of time ltter (or earlier). Next, enter table 30 with the
altittde factor and1l tile difference of time between moridian transit and the time of
observation, and toike out, the correction. Add this value to Ilo if near upper transit, or
subiract it from 1(, if near lower transit. Then proceed as for a meridian altitude, re-
membering that, dh, viltie obtained is the latitude at the tito of observation, not at the
tino of ineriliti an sitv:i t.. This method shollI not be uised beyond the limnits of table :30
unless reduced ntir'itcy is acceptable. This process is called reduction to the meridian,
thli altitude before ntIjustment an ex-meridian altitude, and the observation an ex-
meridian observation. It requires knowledge of the mneridlion angle, which depends upon
knowledge of hngintile. If reasonable doitbt exists regarding the longittde, the azimu th
of the bodly it th time of observation should lIe determined, and the line of position
drawn perpendicuhtr to it (through the point delined by the "observed" latitude and the
assuned longitude), rat her than as a latitude line. There are alternative methods avail-
able. A correction to, Intitude can be applied, Ising thti factor f from table 20. In 1800
A. A. Vilkitskiy, it captain in the Russian Navy, developed a mechanical device for
,Iotertiniig the correction to Ibe applied for redlt,'tin to the mneridian

2105. Latitude by l1olarlm.-Another speial .nethod (If find ing latitulde, available
in most ,,f tite Not,r lhrn Ilenisphere, utiiiz,,s the fact that Polaris is less than 1 from
ti north celestial polh,. As inlicated ill article 1432, the altitiuhe ,f Lite elevated pole
albove the celestial horizon is equal to the latitule. Since l'olaris is never far from the
pole, its observed I altitule (lho), with sluitatle correction, is the latitude.

Like other special solutions, latitude Iy Polaris has lost imeth of its popularity since
molern inspectioni talbles have become available,. Being (,f magnituido 2.1, Polaris is
not a bright star. It. is normally considered available to the mnriner only ,huring twilight,
when the azimnthtts of various celestial bodies relative to each other are (,f more interest
than an ''easy" solution which is little, if at all, simpler than the usual solution by
inspection table. If provision were made for solution of Polaris sights by inspection
table, the special method would no longer be needed for ordinary navigation.

2106. Longitude methods.-A celestial observation for a line of position, whether
reluction is to be by longitude method or b)y latitude method, c.onsists of nusisurement
of the altitule of it hooly with the noting (,f the tin,,. If sight redluction is to be by the
longitide moeth,,d, tl latitude mtt be known, or the best estian tte used. With altitude,
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latitude, and declination (from the almanac), one is able to solve the navigational
triangle (art. 1433) for meridian angle. This is converted to local hour angle. The
Greenwich hour angle at the time of observation is determined by means of the almanac.
The difference between the GHA and LHA is the longitude. A time diagram (art. 1428)
is useful in establishing the correct relationship.Longitude can also be determined by establishing the exact time of meridian
transit, at which time the GHA (or 360-GHA) is the longitude.

If the latitude is known accurately, the longitude method provides a direct and
relatively simple solution for position. However, since latitude is rarely known to
the desired accuracy, a line of position is usually needed. This is obtained by either
(1) solving for'longitude at two or more assumed latitudes, and drawing a straight
line through the points thus found (the Sumner method), or (2) solving for longitude
at one point, determining the azimuth at this point, and drawing the line of position
through the single point thus found, perpendicular to the azimuth of the body.

The error introduced in the computed longitude as a result of an inacc:arate latitude
used in the solution increases as the celestial body departs from the prime vertical.
If it is learned that an incorrect latitude has been used in the solution, a correction
can be applied, using the factor F from table 26. If the body is near the celestial merid-
ian, a small error in the latitude introduces a large error in the longitude. At any
location, the azimuth of the body can be-determined by observation or computation,
and a line of position drawn perpendicular to it, through the position defined by the
latitude used in the computation, and the calculated longitude. Alternatively, solution
can be made at two or more latitudes, and the line of position drawn through the two
positions. It. was the use of this second method in 1837 by Captain Thomas H. Sumner,

* when his latitude was in doubt, that led to the discovery of the line of position from
celestial observation (art. 131).

No longitude method is more accurate than the GMT used for timing the observa- I-
tion. Before chronometers (art. 1514) and time signals (art. 1826) were available,
relatively few navigators attempted to determine longitude, and it was never established

search for a means of determining time at the Greenwich meridian (arts. 126, 127).
If the longitude is to be determined, most accurate results are obtained, by ob-

servation of a body on the prime vertical. The observation having been made, sight
reduction can be made by time sight or, more conveniently, by an ordinary solution

Sfor a line of position, using an inspection table such as Pub. No. 229. Any general method
of sight reduction can be used, without need for a special solution.

Solution by the longitude method is usually called a time sight. The various
longitude methods are all basically the same, differing only in choice of formulas and
arrangement of tables. The basic formula is

cost sin h-sin L sin dcos L cos d

in which t is the meridian angle, h is the altitude, L is the latitude, and d is the declina-
tion. Early tables for solution of meridian angle were called horary tables.

The time sight came into use following the development of the marine chronometer
in 1763. Solution for meridian angle is usually by the formula

hav t=sec L csc p cos S sin (S-h),

in which p=90-d if L and d have same name. and 90'+d if L and d have cont-qry.
names; and S-= Y(h+L+p).

,2 . .-
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When azimt'th angle is used with the method, it is usually computed by one of the I
formulas

sin Z=sin t cos d sech
or i

hay (180-Z)=see h sec L cos S cos (S-p).

There are no rules with this method, but it is subject to possible large errors in
high latitudes or if the body has a high declination. Various special tables have appeared
for solution of the time sight:

Cassini. The first "inspection tables" were probably prepared by M. Cassini, a
Frenchman, in 1770. These "horary tables" provided tabulated solutions for meridian
angle.

Lalande. The horary tables prepared in 1793 by Jerome Lalande, a Frenchman,
provided tabulated solution for meridian angle for the sun and stars for all latitudes
to 610.

Lynn Horary Tables, by Thomas Lynn, a commander of the East India Company
Service, were published in 1827. These 242-page tables consisted of tabulated solutions
of meridian angle computed by the time sight formula. Two years later they were
followed by a volume of 364 pages of azimuth angle (Lynn Azimuth Tables) computed
by the haversine azimuth formula. Entries are given for whole degrees of latitude to
600, declination to 240, and altitude to 600 (later 90'). The tables are accurate and
well arranged, but the triple interpolation is tedious.

Hommey. Louis Hommey's Tabie d'angles horaires (horary tables), published in
• two volumes in France in 1863, contained more than 40,000 hour angles calculated for -

"all latitudes." These tables were an improvement on those of Cassini and Lalande. A
Martelli. In 1873 a small volume of 49 pages by G. F. Martelli, an Italian, was Z

published in New Orleans. This book, called simply Tables of Logarithms, provided a -
relatively, short, fast solution for meridian angle, with very few rules and only one
interpolation. Martelli abandoned the inspection table and provided five short tables |

for a four-place logarithmic solution by the formula
Pcos (L-s'-d)-cos

ha t= 2 cos L cos d

Solution required six book openings, six table entries, and four mathematical steps.
Hour angles were given only to eight hours, and no provision was made for azimuth.

This method proved very popular, and is still used among navigators of several
countries. A 1932 edition was published in Glasgow, Scotland, with explanations ini French, Dutch, Italian, and Spanish, as well as in English. A 1944 edition added pro--:

vision for finding azimuth angle, and for solution by the altitude method.
Thomson. A table of only nine pages by Sir William Thomson, better known as

IF Lord Kelvin, was published in London in 1876 to provide a solution for the longitude ' _
method. This very thin volume, called Tables for Facilitating Sumner's Method at Sea, J
contains the first known solution by dividing the navigational triangle into two right
triangles. In 1849 Towson (art. 2126) had divided the triangle in the same manner, -
but this solution was for reduction to the meridian. Lord Kelvin divided the triangle
by dropping a perpendicular from the celestial body to the celestial meridian of the
observer, as shown in figure 2111. He used a for the length of the perpendicular v,

-V for x, and b for t (of fig. 2111). His solution uses the formulas -

: |I
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sin t= sin

cos d
cos i n d

cos a

sin h=cos a cos b',
sin asin z-

The tables are entered with half the colatitude (using colatitude to the nearest
whole degree) in column b. With a pair of dividers, search is made in the "cohypo"
column for two numbers, one agreeing with the altitude, and the other with the dec-
lination. The number in column A opposite the altitude in the cohypo column is the
azimuth angle, and that opposite the declination is the meridian angle, interpolationF being used if needed. The line of position is adjusted for the difference between the
interpolated altitude and the observed altitude.

Although the tables are among the shortest of the various methods, their manipula-
tion is difficult. In 1880 Kortazzi, a Russian astronomer, attempted to modify the
tables to provide an easier solution, but without great success.

Davis' Chronometer Tables, providing a solution for the longitude method, were
published in 1897 in London. They are similar to Lynn's tables, using his values but
providing assistance in interpolation by adding values of change with latitude, declina-
tion, and altitude. As with Lynn, a separate volume is given for azimuth angle, in
which there is no interpolation. Originally Davis' tables were limited to latitude 50
and declination 240, but later tables were published for declinations 230 to 640. A
limited number of altitude entries is given.

Blackburne. Tables by H. S. Blackbume, a New Zealander, were published in
London in 1914 under the title The Excelsior Azimuth and Position Finding Table. [

- The tables, providing a solution by the longitude method, are similar to Lynn Horary
Tables and Davis' Chronometer Tables but with a new determination of azimuth based
upon the ratio of variation of latitude to variation of meridian angle. Azimuth angles
(ten pages) are given in a separate tabulation in the same volume with meridian angles
(242 pages).

Blackburne's arrangement is more modem than that of Davis. This was the
first publication to include columns for variations of t for 1' of declination, latitude,
and altitude. Meridian angles are given to 0!1. Latitude is limited to 30', and
declination to 230.

Rust. In 1918 the Practical Tables for Navigators and Aviators, by Captain Armistead
Rust, USN, were published in Philadelphia. This small volume of 37 pages of tables I .
reverted to a logarithmic solution, as did Martelli's, using the following formula for
determining meridian angle: 3x

log hay t=log sec L+log sec d+log [cos (L-d)-sin h].

The volume has three tables. Table A tabulates log secants for obtaining the
first two terms of the formula. Table B is a double-entry table giving log % [cos (L-d)
-sin h]. Table C gives log haversines. Values are given to four places.

Azimuth angle is obtained from an original diagram computed from the well-known -

formula
sin Z=sin t cos d sec h.

AK.

1
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This diagram had been given in a volume of ex-meridian tables by Rust published in
1908. In the Practical Tables an auxiliary diagram was added to indicate the meridian i
angle when the celestial body is on the prime vertical. The purpose of the diagram is to I
resolve possible ambiguities when the azimuth angle is near 900. The Rust azimuth',
diagram was used later by Goodwin and Weems, and in the Italian Tavole H (art. 2110). 1

Goodwin. The Alpha, Beta, Gamma Navigation Tables of H. B. Goodwin, an
Englishman, were first published in London in 1921. This is a small volume having
two tables with a total of 34 pages. Meridian angle is found from the formula

cos (L-d) -cos zver t=-
cos L cos d

Table I has two values, a being the angle in seconds of are, and 0 being four-place
natural cosines multiplied by 1,000 to eliminate the decimal. Table II provides 'v,
the logarithms for the values of versine t.

The Rust diagram is used for determining azimuth angle.
Instructions are included for use of the tables for altitude method of solution,

and for reduction to the meridian.
H.O. Pubs. Nos. 203 and 204 (Littlehales), The Sumner Line of Position of Celestial'

Bodies, were published by the U. S. Navy Hydrographic Office in 1923. These tables,
prepared by George W. Littlehales, provide in two large volumes (847 and 675 pages,
respectively) tabulated solutions of the meridian angle and azimuth angle, using the
general time sight formulas. The arrangement is similar to that of Davis and Black- A
burne, but t and Z are tabulated together in consecutive columns. Latitude is limited i
to 600, and declination to 270 in H.O. Pub. No. 203 and to 640 in H.O. Pub. No. 204.1
Interpolation for latitude is avoided by using the nearest whole degree, and shifting-
the line of position for the difference between the altitude at this latitude and the i
observed altitude. a

These publications are no longer in print. I

Soule and Dreisonstok. In 1932 these two Americans prepared a small volume
providing a logarithmic solution of the longitude method, using the formulas I

1 sec S c.;, (S-h) ] -har t- see~sc 1. es p

and
sec S see (S-p)

hay (180°-Z) ser L sec h

where 8=)4 (h- L~p) and p=90°:td. ! -
The "azimuth" determined in this way is the direction of the line of position'[  _ '

(Z±900) rather than that of the celestial body.
Weems' Secant Time Sight was published in 1944 by Captain P. V. H. Weems,:

USN (Ret.), to provide a short solution based entirely upon secants and cosecants,
using the formulas

5hr S= % ht sen S ese (S-h)lcsc =see L see d -

C0 see h

where S= M (h+L+p). A Rust azimuth diagram is included for those who prefer a t

diagrammatic solution.
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2107. Finding time on prime vertical.--Best results by time sight are obtained
when the celestial body is on the prime vertical. As explained in article 1432, a celestial
body having a declination of opposite name to the latitude crosses the prime vertical
below the horizon. Its nearest visible approach is at the time of rising and setting.

If a celestial body has a declination of the same name as the latitude, but is
numerically greater, it does not cross the prime vertical. Its nearest approach (in
azimuth) is at the point at which its azimuth angle is maximum. At this point the
meridian angle is given by the formula

sec t= tan d cot L,
and its altitude by the formula

csc h=sin d csc L.

A celestial body having a declination of the same name as the latitude, and
numerically smaller, crosses the prime vertical at some point before it reaches the
celestial meridian, and again after meridian transit. At these two crossings of the
prime vertical, the meridian angles are equal and are always less than 900. They are
given by the formula

cos t= tan d cot L.
The altitudes are also equal, and are given by the formula

sin h=sin d csc L.

Meridian angle and altitude of bodies on the prime vertical, and similar data for
the nearest approach (in azimuth) of those bodies of same name which do not cross
the prime vertical, are given in table 25 for various latitudes, and for declinations
from 00 to 230, inclusive. Similar information can be determined by means of Pub.
No. 214, entering with latitude and declination, and finding the meridian angle and
altitude corresponding to an azimuth angle of 900 (or the maximum azimuth angle for
nearest approach). Since this information is generally not required to great accuracy,
interpolation is not needed.

To find the time of crossing the prime vertical, convert t to LHA, and add west =
longitude or subtract east longitude to find GHA. The GMT at which this GUA occurs
can be found and converted to any other time desired.

Example.-Determine (1) the approximate zone time, and (2) the approximate

altitude of the sun when it crosses the prime vertical during the afternoon of May 30,
1975, at lat. 51*32'3N, long. 160021'7W, using table 25 and the Nautical Almanac.

Solution.-
May 30

t 71?6W (from table 25)
L11A 71?6 2 _ __

to 160c4W i
GHIA 232!0

3' 2295?6
: 26m 6?4 -_

G.\IT 0326 May 31 --
° ~ZD( +) 11 (rev.) = -

() ZT 1626 May 30
(2) hi 28?4 (from table 25)

At the time of crossing the prime vertical, or at nearest approach (in azimuth), a -
celestial body is changing azimuth slowly, and therefore this is considered a good time .

~~to check compass deviation or to s iing ship.
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The prime vertical at any place is the celestial horizon of a point 900 away, on the !
same meridian. Therefore, a celestial body crosses the prime vertical at approximately
the same time it rises and sets at the point 90* away. Thus, if one is at latitude 35*N,
the sun crosses his prime vertical at about the same time it rises or sets at latitude
55 0S. If time of sunrise and sunset are to be obtained accurately by this method,
corrections must be applied for sernidiameter and refraction.

2108. Altitude methods, like longitude methods, require an accurately timed
observed altitude of a celestial body. Usually, in both types of solution, the naviga- i
tional triangle is solved, but in the altitude method, t, d, and L are used in solving for I
altitude. The method is based upon the concept of circles of equal altitude explained
by Commander Marcq St.-Hilaire, a Frenchman, in 1875 (art. 131). For this reason
it is often called the Marcq St.-Hilaire method. It may also be called the altitude I
intercept method because it uses the difference between computed and observed alti-
tudes, a value called an altitude intercept.

The altitude method has largely replaced the latitude and longitude methods,
although some navigators still prefer the older methods. The principal advantage of I
the altitude method is that it provides a universal solution that is equally reliable in i
all latitudes, ith al! values of declination, and vith all values of meridan angle. I
Even for observations of celestial bodies near the zenith the altitude method is appli- i
cable, although in this case an arc of the circle itself is plotted, without the use of the I
altitude intercept (art. 2024). However, the formulas selected for some of the "short
methods" do impose some limitations when those methods are used.

For many years following introduction of the altitude method, the concept was
termed the "new navigation," an expression now seldom heard. At first, an attempt
was made to adapt existing tables to the altitude method. Some were more readily
adaptable than others. In due course, various methods designed for use with the
altitude method made thei nrance. These methods may be grouped in six classi- t-
fications: those which do i., te the triangle, those which divide it by dropping a I

perpendicular from each of di three vertices, those which do not use the navigational i
triangle, and the modern "inspection table." However, not all inspection tables ares
for altitude methods. In practice, the dropping of a perpendicular from the pole has -
not been used except in great-circle sailing (art. 903). This would result in dividing
both the meridian angle and zenith distance into two parts, a condition that has not
proved attractive.

2109. Altitude methods, triangle not divided.-The basic formula for solution of
the undivided navigational triangle is

sin h=sin L sin (1+cos L cos d cos t, 5

derived from the law of cosines. A number of special tables have been prepared for
solution of the undivided triangl: -=

Davis' Requisite Tables, published in London in 1905, introduced the cosine-
haversine formula to navigation, although it. had been used previously by astronomers.
This formula is

hay z=hav (L1-d)+cos L cos d hay t,

in which z is zenith distance (90°-h). This is sometimes written

hay z=hav (L'--d) +hav 0,

- --
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in which hay =cos L cos d hay t. It might also be written entirely in haversines:

hay z=hav (d-L)+hav t [hay (180"-L-d)-hav (d-L).

In this formula the sign of d is reversed if L and d are of contrary name. The haversine
of an angle is positive whether the angle is positive or negative.

These tables were the first to give log haversines and natural haversines in one
table. The method was little used at first, but later proved very popular, and as haver-
sines became available from additional sources, the formula was used even more widely.
Davis' original tables made no provision for azimuth.

Since the cosine-haversine formula can be used for solution with tables 33 and 34,
an example is given below, with solution of azimuth by the formula

sin Z=sin t cos d sec h.

Ezaynple.-A celestial body a little to the south of west is observed, with the
following results: t 80°459W, aL 41012'3S, d 21*50.'7S.

Required.-The He and Zn by the formulas given above.
Solution.-

t 80045!9W 1 hay 9.62300 1 sin 9.99434
aL 41 0 12!3S 1 cos 9.87643

d 21050!7S I cos 9.96764 1 cos 9.96764
" - I hay 9.46707 n hay 0.29313

L-d 19021%. n hay 0.02827
z 69*04.3 n hay 0.32140

He 20'55'7 I sec 10.02964
Zn 258?8 Z S7S0470W I sin 9.99162 j

This is typical of logarithnic solutions, except that there are no "rules" for the
altitude computation. As pointed out in article 2125, the formula used for azimuth angle
does not indicate whether the body is north or south of the prime vertical.

Ball. In 1907 Rev. Frederick Ball's Altitude or Position Line Tables were published
in London. There are two volumes of 244 and 240 (later 313) pages, respectively,
the first volume having tables for latitude 00 to 300, and the second, 310 to 600 (later
editions 240 to 600). These were the first inspection tables for the altitude method.
The tabulated altitudes were computed by the haversine formula. The assumed position
is selected so that latitude and meridian angle are the nearest whole degree, but no
assistance is given for interpolation of altitude for declination.

Azimuth angle is not tabulated, being found by the altitude tables, interchanging
altitude and declination, and finding azimuth angle (in hours and minutes) in the
meridian angle columns. Since declination is limited to 240 in the first editicn and

- 600 in later editions, this method is not available for azimuth if altitude is greater
- than this amount. In this case aximuth angle is found by the formala -__

sin Z= se c LXAIh (for Sm)

sin Z=' 120

L" This formula h)ad not previously been used in navigation.

OWN-
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Davis" Alt-Azimuth Tables were published in London in 1917. This volume
lists both altitude and azimuth together for the first time. Latitudes included are-
from 30* to 640 , and declinations from 0* to 240. In 1921 a second volume was pub-i
ished foi latitudes 00 to 30*. Entries are for each whole degree of latitude and decli-
nation, and for each 4" (1 0) of meridian angle. However, for each meridian angle,
altitude or azimuth angle i given alternately. Thus, azimuth angle is given for meridian
angles of 0=, r, 16, 24m, etc., and altitude for meridian angles of 4- 12-, 20, 28m, etc.
Altitudes are given in bold type. All declination entries (0° to 24*) are given on facing
pages. Tables for laitude and declination of the same name are given in the first part -
of the book and those for contrary names in the last part, the two parts being separated
by several auxiliary tables. Altitude is given to the nearest 1', and azimuth angle

to the nearest 071. Altitudes are carried down to the horizon, and the local apparent
times of sunrise and suns"' are also given, with the azimuth angle at these times.
Because of the 8a interval between altitude entries, and the use of an assumed poston
to avoi. interpolation for change in meridian angle, large altitude differences sometimes
arise.

H.O. Pub. No. 20!, Simultaneous Altitudes and Azimutks of Cdestial Bodies, was
published by the U. S. Navy Hydrographic Office in 1919. In this volume of 606 pages,
altitudes and azimuths were tabulated in parallel columns for the first time. Latitude
is limited to 60' and declination to 240. Virtually all altitudes above the horizon are;
incl-aded. The tables are well arranged and very legible, but no assistance is given for
interpolation of altitude or azimuth angle for a change of declination. Meridian angles
are given at intervals -f 101 (2?5). Since the assumed position is selected to avoid
interpolation of altitude or azimuth for meridian angle, large altitude differences result
in some instances. This publication is no longer in print.

Yonemura. In 1920 S. Yonemura's Tables for Calculating Altitude and Azimuth
of Celestial Bodies were published in Japan. This small table of 39 pages contains
logarithms of haversines and secants, arranged for convenient solution of the formulas -

hay (90°-h)-hav (L-d)=hav 9,
log h1 -(log secL-Heg sec d) =log a- 7

log csc Z=log esc t+log sec d-log see h.

The method is similar to that of Davis' Requisite Tables but includes solution for
azimuth angle. The table is included in the book of Ogura's tables (art. 2110).

Braga. The Tdboas de Alturas by Romto Brga, a Brazilian, were published in
1924 in Paris. This is a table of natural haversines arranged for solution of the formula -

in which

hav (90-h)=A+B, 1'

in which A=hav t-hav (L+d) hav t]
and B=hav (L-d)-thav (L-d) hay t].

The first table of 108 pages is for solution for A and B. The second table of nine pages
is for finding h.

' The assimed latitude is selected so that (L-d) is a whole degree. The assumed
ii . longitude is selected so that t is a whole degree.

No provision is made for azimuth.

2

r..S
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Japanese H.O. Pub. No. 601, Cdestial Navigation Computation Tabes, was pub-
lished in 1942. The method is similar to that of Yonemura. the triangle not being
divided and a modification of the cosine-haversine formula being used for altitude.

Waller. In 1946 George W. D. Waller, a naval officer on duty as a navigation
instructor at the U. S. Naval Academy, proposed a solution by means of Gaussian
logarithms, commonly called "addition and subtraction logs." The formula

csc h= sc d csc L
1+ cscd cscL

seed sec L sect

was derived from the basic formula given above,

,e=sc t see
and esZ

see h

was derived from the time and altitude azimuth formula given in article 2125.
A single table of 30 pages would contain in consecutive columns the following values:

=log secant
B =log cosecant
C- =log (cosecant+ 1)-log cosecant
C+ =log cosecant-log (cosecant- 1)

All values would be multiplied by 100,000 to eliminate decimals. One additional page
would contain A and B values for all whole ' .grees from 0' to 180'. The values C+
and C- are the Gaussian logs.

The method is reasonably short and simple. Its publication as the "A, B, C
Method," with suitable explanation, was prevented by the untimely death of its
originator.Hugon. Nouvelles Tables Pour le CalcuI de la Droite de Hauteur a Partir du Point

Eetim , by the French hydrographic engineer, Professor P. Hugon, were published in
1947. This logarithmic solution is based upon the funddmental formula

sin h=sin L sin d+cos L cos d cos t,
from which the following is derived:

hay z=Xy+Yx
in which

X=hav (180-t)=cohav t
y=hav (d-L)

Y=hav t
x=hav [1800-(d+L)l=cohav (d+L).

The formula for z may then be written

hay z=A+B
in which

log A=iog X+log y
log B=log Y+log x.

Solution is by means of a table of 90 pages which lists in parallel columns values of
log cohav, log hay, and natural hav for every minute of arc from 0' to 1800. The solu-
tion requires six book openings, seven table entries, and five mathematical steps.

I i-
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Azimuth is found from a diagram in a pocket on the-inside back cover. This diagram
is designed to solve the formula

M~aX+Y,
in which M=cos h cos Z

a=sin (d-L)
~X=cosA

#=sin (d+L)

Y=sin2-2

Chiesa. About 1948 the Tavole nautiche e Tavole'dei Semisenoversi of the Italian
Stefano Chiesa were published in Genova, Italy. These include tables for computation
of altitude by the cosine-haversine formula, and "A, B, C" tables for computation of
azimuth angle by the formula

hav Z=[hav p-hav(L-h) sec L see h.

Rose. In 1952 the Nautische Tafeln of G. Rose were published in Germany. This
vol"-"e has a convenient table for computa'•ion of the altitude by the cosine-haversine
formula. It also includes the "A, B, C" azimuth tables of Lecky (art. 2126). Various
other tables are included, a number of them having been takcn from an earlier work of
the same name by Dr. Otto Fulst, published in numerous editions since 1860.

Doniol. The Miniature Navigation Tabl. fcr Altitude and Azimuth, by R. Doniol,
a Frenchman, was published in 1955. This is undoubtedly the shortest of all sight
reduction tables, consisting of only two pages. The formula for altitude was derived
from the basic formula given above. The formula used is

sin h=n-(n+m) a, -

in which n=cos (L-d), m=cos (L+d), and a=hav t.
The formula for Z was derived from the formula

cot Z=tan d cos L-cos t sin Lsin t ,

The formula used is

_I -

tan Z= csd
,y
ttan~t. og

ill which -j=f m+f'AN. In this expression, f-- si' I=Sa , AM=Sin (d+L)sin)

i - 1', and Aw=si (d-L)sin 1'.

The first of the two tables gives sines and cosines for each half degree, and tangents I .

for half degrees of 450 and more. Interp6 lation is performed by means of a tabulated
A value which is the change of sine or cosine for 1'. Interpolation is minimized by
selecting n assumed position so that t atid either (L+d) or (L-d) are an exact half
degree.

The second table gives the value of t in degrees, minutes, and seconds, and the
values of f and f' corresponding to selected values of a (natural haversines). The
interval between consecutive tabulated values of haversine varies from 0.0002 to 0.005.

?M.
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The solution is generally accurate to 0'.1 of altitude and 0? 1 of azimuth, but the
Imethod requires a number of relatively simple mathematical steps, making it some-
what longer than most "short" solutions.

2110. Altitude methods, perpendicular from zenith.-In figure 2110 the naviga-
tional triangle is shown in heavy lines on a diagram on the plane df the celestial meridian
(art. 1432). The broken line is a perpendicular from the zenith to the hour circle of the
celestial body. This perpendicular may fall outside the triangle. In figure 2110 it divides
both the azimuth angle (at Z) and the codeclination side into two parts. The length of
the perpendicular is designated v and the two parts of the codeclination are designated
w and x. By means of Napier's rules (art. 142, vol. II), the following basic formulas can
be derived:

sin v=cos L sin t (1)
cos w=sin L sec v, or tan w=cot L cos t (2)
sin Z'=sin w sec L, or cot Z'=sin L tan t (3)
sin h=cos v cos x (4)

sin Z"=sin see h, or cos Z"=tanv tan h, (5)

in which x=90-(d+w).

This basic method has been modified in a number of ways, having proved the
most popular altitude method.

ZI
V/I

I

~~~~~FxoUlaE 2110. Navigational tiangle with i . ..

~~~~~perpendicular from zenith to hour circle. !-.: ,

:---- ~Souillagouel, a French professor of hydrography, was the first to divide the: - .

~~navigational triangle by dropping a perpendicular from the zenith. His Tables du ;I_.' Point Auxiliare were published mn France in 1891. He designates various parts of the : :
n ~diagram of figure 2110 as follows: =:-

v is designated aw: . is designated idegntd90°--(d.-b).-

Z-d

.?_-_.-i "
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His formulas for altitude are
tan b= cot L cos t
sin a= cos L sin t
sin h=cos a sin (d-b).

For azimuth angle, the perpendicular is dropped from the celestial body to the
celestial meridian, a being the perpendicular and b that part of the celestial meridian
from the pole to the foot of the perpendicular. The following formulas are used:

tan b=cos t cot d
sin a=sin t cos d
cot Z=cos (L+b) cot a.

The assumed position is selected so that latitude is the nearest 15' and meridian
angle is the nearest 1m or 15' (2m or 30' for latitudes greater than 600). There are four
separate tables with a total of 408 pages. The method requires five book openings,
seven table entries, and six mathematical steps. Interpolation is not needed.

Bertin. A French professor of hydrography, Charles Bertin, devised tables similar
to those of Souillagouet, which were published in Paris in 1919 under the title Tablete
de Point Sphtrique. Bertin used Souillagouet's formulas for altitude, but for azimuth
angle he dropped the perpendicular from the zenith, as for altitude, and used theI

i following formulas:

sin Z,=sin c sec L
cot Z2=sin b tan (c+d)

Z=Z+Z. -

In these formulas, b and c are substituted for the a and b, respectively, of Souillagouet.
This is the first method in which Z is divided into two parts, found separately.

The assumed position is selected so that latitude and meridian angle are each
to the nearest 20'. The tables are shorter than those of Souillagouet, ha-'lng 324 pages,
but still bulky for this type solution. The method has fewer steps and requires only
two book openinge, but interpolation is needed in two steps.

Ogura. In 1920 the New Altitude and Azimuth Tables by Sinkiti Ogura, Japanese
hydrographic engineer, were published in Tokyo. The solution for altitude is generally
similar to that of Souillagouet, a perpendicular being dropped from the zenith, but
Ogura introduced secants and cosecants for the first time in this type solution. His
solution for azimuth is similar to that of Blackburne (art. 2106) and Lecky (art. 2126).

The assumed position is selected so that latitude and meridian angle are each [
to the nearest whole degree. The altitude is determined by means of two tables (A and -

B-C) of a total of 27 pages, and azimuth by means of three additional tables (D, E, F) i
of a total of 29 pages. The altitude can be obtained to an accuracy of 0'6 without
interpolation. Latitude and declination are limited to 650. The rules are numerous and!
complicated.

Both the Ogura and Yonemura (art. 2109) tables are given in the same book,
the Japanese Hydrographic Office Pub. No. 225. An English edition, with slight
modifications in the Ogura method, was published in 1924.

The Ogura tables have been widely copied.
Smart and Shearme's Position Line Tables were published in London in 1922,

based upon a division of the triangle by a perpendicular from the zenith. The altitude.
formulas of Souillagouet were used, but the arrangement of the earlier tables was
improved. It is somewhat similar to that of Ogura, but with the positions of meridian
angle and latitude interchanged, providing a !better arrangement when solutions of

i'! -
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several observations are made simultaneously. Solution requires a log s; e table which
is not provided. There is no solution for azimuth. The assumed posit, ,n is selected
so that the meridia n angle and latitude are each the nearest whole degree. No inter-
polation is needed.

Newton and Pinto. The Navegagdo Moderna of J. A. Newton and J. C. Pinto was
published in Lisbon, Portugal, in 1924, providing a solution by dropping a perpendic-

ular from the zenith. The method is based upon ideas expressed by Newton in 1912
and 1913. The formulas for altitude are almost the same as those of Souillagouet.
The method of finding azimuth angle resembles somewhat the method of Bertin, but
with the use of auxiliary angles. There are only two tables, the first occupying 120
pages, and the second two pages. The assumed position is selected so that latitude
and meridian angle are each to the nearest 30'. No interpolation is needed, but the
rules are somewhat complicated.

Weems' Line of Position Book, published in 1927, combines the Ogura altitude
tables and the Rust azimuth diagram (art. 2106).

H.O. Pub. No. 208 (Dreisonstok), Navigation Tables for alanners and Aviators,
was published by the U. S. Navy Hydrographic Office in 1928 to provide a solution by
the method of dropping a perpendicular from the zenith. The method, devised by
Lieutenant Commander J. Y. Dreisonstok, USN, i similar to Ogura's For altitude,
it uses the Souilagouet formula inverted so as to be in secants and cosecants. For
azimuth angle the formula is similar to that of Newton and Pinto, except that it does
not use the parallactic angle at the celestial body. In the first edition the latitude was
limited to 650. There were two tables, one of 45 pages and the other of 18 pages. Later,
a 23-page addition to the first table extended the coverage to the poles.

The assumed position is selected so that the latitude and meridian angle are each
the nearest whole degree. The method requires four book openings, eight table entries,
and six mathematical steps. Although values are usually obtained by relatively easy
interpolation, altitude accuracy of 0'5 can be obtained without interpolation. j

As with H.O. Pub. No. 211 (art. 2111), the rules for this method were made on
the assumption that only bodies above the celestial horizon would be observed. The
rules may be restated to allow for both positive and negative altitudes, as follows:

If t is less then 900, give b same name as latitude.
If t is greater than 900, give b opposite name to latitude, and mark Z' minus.
If (d+b) is numerically greater than 900, mark Z" minus.
If (d+i;') is contrary name to latitude, the altitude is negative; use the supple-

ment of Z".
If Z is minus, subtract from 360' and mark plus.
The value labeled "t" in the tables is actually LHA. If t, east or west, is used, as

iln modern practice, the printed values greater than 1800 can be ignored. The rules
CUn be stated in abbreviated form on alternate pages, as follows: -

At tho top of each left-hand page of table I:

t<900 , b same name as L.

At, the top of each right-hand page of table I:

t>900 , b contrary name to L, Z' (-).

At, the top of each left-hand page of table II:

(d+b) >90', Z' (-).

At the top of each right-hand page of table II:

Z(-), use 360-Z.

TIN3
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At the bottom of each page of table II (if desired):

(d+b) contrary name to L, He (-): use 180'-Z'.

If the D+B value used for finding Z' exceeds 10,000, it is reduced by this amount,
the remainder being used for entering table II. If desired, this can be stated in abbre-
viated form at the bottom of aliernate pages of table II, as follows:

(C+D) >10,000, use (C+D)-10,000.

Like H.O. Pub. No. 211 (art. 2111), H.O. Pub. N o. 208 has been largely superseded
by those tables constituting a list of computed answers.

Gingrich. The Aerial and Marine Navigation Tables, by Lieutenant John E.
Gingrich, USN, were published in 1.931 to provide another solution by the method of I
dropping a perpendicular fro'r. the zenith. The formulas for altitude are similar to
those of Ogura, and the formulas fo,- azimuth are similar to those of Perrin (art. 2126).
The first two tables, of 31 and seven pages, respectively, are similar to those of Ogura.
A single third table of 13 pages is given for azimuth. The general arrangement is in
many respects similar to that of H.O. Pub. No. 208, and as with the earlier method,
the assumed position is selected so that latitude and meridian angle are each to the
nearest whole degree. The precision of tabulation of K, an auxiliary function, is not
consistent. Consequently, if the tables are used without interpolation, errors as great
as 0!5 can arise in the computed altitude.

Weems' New Line of Position Tables are sometimes called the Manuscript
Tables because they were in manuscript form from 1932 until they were published in
1943. They are similar to his earlier tables but arranged with the position of latitude
and meridian angle values interchanged so that values for several observations can be
taken from the tables with a single book opening. The latitude values are extended
from the 65' given in earlier tables to 90*. As in the earlier edition, the Rust azimuth
diagram (art. 2106) is included, but provision is also made for computation of azimuth
angle. One Dart is found in terms of latitude and meridian angle, using the formula of
H.O. Pub. No. 208, and the other part is found in terms of altitude and the perpendicular
from the zenith. If the azimuth is required to a greater precision that 0?5, interpolation
is needed. The assumed position is selected so that the latitude and meridian angle are
each the nearest whole degree.

Collins. The I. C. S. Altitude and Azimuth Tables for Air and Sea Navigation,
by Elmer B. Collins, formerly of the U. S. Navy Hydrographic Office, were published
by the International Correspondence Schools in 1934. The tables and method of solution
are generally similar to those of H.O. Pub. No. 208.

F-Tafel, published by the German Oberkommandos der Kriegsmarine about 1937,
divides the triangle by a perpendicular from the zenith. The formulas of Souillagouet
are used for altitude. Azimuth is found by the familiar formula -

- - M sin Z-sin t cos d sec h.

There are four tables. Latitude, declination, and altitude are limited to 700. The
assumed position is selected so that latitude and meridian angle are each to the nearest
whole degree.

Comrie. In 1938 the Hughes' Tables for Sea and Air Navigation, by L. J. Comrie,
former Superintendent, H. M. Nautical Almanac Office, were published in London.
These tables are similar to those of H.O. Pub. No. 208, but arranged with the positions

i2-i
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of latitude and meridian angle interchanged as in the Weems' New Line of Position
Tables.

Myerscough and Hamilton. The Rapid Navigation Tables, by W. My'rsough
and W. Hamilton, were published in London in 1939. A perpendicular is dropped
i;rom the zenith to the hour circle of the cele.3tial body. With slight modification, the
altitude formulas of Souillagouet and the azimuth formula of Gingrich are used. Six
quantities are tabulated in a single table of 90 pages. Both declination and latitude are
limited to 70'. In the 1950 edition, the limits of declination and latitude were extended
to 890. A revision of the 1950 edition was published in 1965 as Rapid Navigation
Tablesfor Mariners, a table of 195 pages.

Ageton's Manual of Celestial Navigation, published in 1942, combines the first
table of Weems' New Line of Position Tables as table I, and H.O. Pub. No. 211 (art.
2111) as table II. The basic formulas are restated in terms of secants and cosecants.
The result is a short, easy solution without interpolation, involving four book openings,
eight table entries, and four mathematical steps. Since the H.O. Pub. No. 211 table is
included, the book can be used for Ageton's earlier method.

Benest and Timberlake. The Astro-Navigation Tables for the Common Tangent
Method by two British professors, E. E. Benest and E. M. Timberlake, were published
in 1945. In three tables of 61, 18, and 12 pages is given a logarithmic solution for altitude
only, by dropping a perpendicular from the zenith. The formulas are slight modifications
of those of Ogura.

The location of the line of position is somewhat similar to the method sometimes
used in longitude method solutions such as H.O. Pubs. Nos. 203 and 204 (art. 2106).
Two assumed positions are selected, usually 10 apart on the same meridian. The
altitude intercept at each position is determined, and a circle, or are of a circle, is 'IC

- drawn with the assumed position as the center, and the altitude intercept as the radius.
The line of position is the common tangent to the two circles. Since there are four
common tangents, the general direction of the body is required. Where doubt exists
as to which of two or more answers is the correct one, additional solutions from other
assumed positions may resolve the ambiguity. If the celestial body is near the meridian,
the two assumed positions are better taken on the same parallel of latitude. Even with
these precautions, there is danger of selection of the wrong line.

Tavole H (I. I. 3113), published by the Istituto Idrografico della Marina of
Italy in 1947, combines table I of Ogura and table II of Weems' New Line of Position
Tables, including, also, the Rust azimuth diagram (art. 2106). This table is a modi-
fication of an earlier Tavole F.

tumbeli. In 1969 Captain Petar Cumbeli of Yugoslavia published his single
volume ard compact Aautijke Tablice. This method is based upon a triangle divided
by dropping a perpendicular from the zenith. The table includes an English explanation.

2111. Altitude methods, perpendicular from body.-Figure 2111 is a diagram on the
plane of the celestial meridian (art. 1432), with the navigational triangle shown in heavy
lines. A perpendicular from the celestial body, M, to the celestial meridian divides the
triangle into two right spherical triangles. In figure 2111 the length of the perpendicular
is designated v and the two parts of the colatitude are designated w and x. By means of
Napier's rules (art. 142, vol. II), the following basic formulas can be derived:

sin v=cos d sin t (1)
cos w=sin d see v, or sin w=cot t tan v (2)
sin h=cos v cox x (3)
sin Z=sin v see h, or cos Z=tan x tan h (4)

t. . .
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I.I

FIGURE 2111.-avgational triangle with per-
: pendicular from celestial body to celestialmeridian.

: Since z=90°-(w+tL), formula (3) can be written in terms of latitude, and wt found
: from equation (2). Thus, both h and Z can be determined l y means of t, d, and L and
kauxiliary functions found from them.j
, William Thomson (Lord Kelvin) was the first to divide the navigational riangle

as show-n in figure 2111 for sight reduction, but his method (art. 2106) was for deter-

ru~ination of longitude. Various later methods made such a division for determination
of altitude. f)o

Fuss. te Thuses to Find Altitudes and Aiths, devised by V. E. Fuss, an astron-
omer at the Kronstadt (Ruia) Naval Observatory, were published in 1901. In these
tables a perpendicular is dropped from the celestial body, the following notation being
used (fig. 2111): f s -(

v is designated a mad s a n-
f is designated 90-b
x is designated B-90

B=90°-L+b (if v falls between Z and Q).

Solution is by the following formulas:

sin a=cos d sin t
cot b=cot d cos tsin hi=cos a sin B --

cot Z=cot a cos B.

The assumed latitude is selected to provide the nearest 15' value of B. The assumed
longitude is selected so that t will be the nearest whole 1n (0?25). The tables are entered
twice, first with t and d to find a and b, interpolating for d, and then with B and a
to find h and Z, interpolating for a. The method involves two book openings, eight -A
table (,:tries, four interpolations, and ten mathematical steps. There are 144 pages
of tables.

Aquino. The Altitude and Azimuth Tables of Radler do Aquino, a Brazilian naval -10
officer, were first published in 1909. These were followed the next year by his Sea and
Air Navigation Tables. Several later editions of both publications appeared with some

INt
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modification, principally of the auxiliary material given. Aquino dropped a perpen-
dicular from the celestial body to the celestial meridian, and used the same formulas
as Fuss and generally the same arrangement, except that longitude is assumed so as to
provide a meridian angle to the nearest whole degree.

H.O. Pub. No. 209 (Pierce), Position Tables for Aerial and Surface Navigation,
was published by the U. S. Navy Hydrographic Office in 1930. These tables were
devised by Commander M. R. Pierce, USN, in 1925, when he was navigator of the
dirigible USS Los Angeles. The method is based upon a triangle divided by a perpen-
dicular from the celestial body. It is generally similar to those designed by Fuss and
Aquino, but the arrangement is somewhat different, requiring 206 pages of. tables. This
method was never widely used, and is now out of print.

H.O. Pub. No. 211 (Ageton), Dead Reckoning Altitude and Azimuth Table, was
published by the U. S. Navy Hydrographic Office in 1931. This method, designed by
Lieutenant Arthur A. Ageton, USN, while a student of the Post Graduate School,
then at Annapolis, Maryland, is based upon a triangle divided by dropping a per-
pendicular from the celestial body. It is generally similar to those of Fuss and Aquino.
However, Ageton modified the formulas so as to include only secants and cosecants.
In terms of figure 2111, his notation is as follows:

v is designated R
w is designated 900-K
x is designated K--,L
K=x+L.Ageton's formulas are c s e

esI R-csc t se d

sec R
csc h=sec R sec (K-L) -
csc Z-sc h

A single table of 36 pages gives five-place log cosecants (labeled A) and log secants
(labeled B), both multiplied by 100,000 to eliminate the decimal. These values are
given in parallel columns for each 0!5 of angle from 0' to 1800. The table is well ar-
ranged and indexed for quick reference. The rules are relatively simple and well pre-
sented. The method can be used for solution from the dead reckoning or any other as-
sumed position. The method is intended for use without interpolation. These features
combined to make this a popular method, although solution is somewhat tedious, F
and large errors may be encountered if t is near 900. The method has been largely
superseded by those tables constituting a list of computed answers. However, the
method is now published as table 35.

If a celestial body near the visible horizon is observed, it may be below the celestial F
horizon (zenith distance greater than 900), because of refraction and dip. Un, r these
conditions the computed altitude, Hc, is negative (art. 2023). In the solutio. )y H.O.
Pub. No. 211, Hc is negative if K is of t1"n same name as L and greater than (90'+L), S
or if K is of contrary name to L and greater than (90*-L). Under the second of these
conditions. Z is less than 900 and should be taken from the top of the table if K is
greater than (180 0-L).

Fontoura da Costa and Penteado's Tabuas de Altura e Azimute were published in
Lisboa, Portugal, in 1936. These consist of 26 pages of log secant and log cosecant
tables similar to those of H.O. Pub. No. 211. The method and formulas are slight
modifications of those of H.O. Pub. No. 211 (table 35).

SN
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Tillman. The Altitude Tables for Mariners and Aviators, by E. Tillman, were
published in 1936 in Sweden. Solution is by three tables using the basic formulas
given above.

USSR tables. About 1940 the USSR replaced the Fuss tables with a method
that is similar but uses a much shorter table. However, the solution is about the same
length as with the Fuss tables, requiring six book openings, nine table entries, and
five mathematical steps. Visual interpolation is used.

Japanese H.O. Pub. No. 602, Brief Celestial Navigation Table, was published in
1942. A perpendicular is dropped from the celestial body, as in figure 2111. Side w,
is designated K, and the following formulas are derived from the basic formulas given
above:

log tan K---log cot d~log cos t

log cot Z=log cot t+log csc K+log cos (K+L)

log cot h=log cot (K+L)+log see Z.

These formulas result in a simple solution, at the expense of some duplication in the
three tables of 49 pages.

Hickerson. In 1944 Thomas F. Hickerson, professor of applied mathematics
at the University of North Carolina, published a small volume called Navigational
Handbook with Tables, in which the tables of H.O. Pub. No. 211 are given with the
interval between entries reduced to 0:2. All values are given on 45 pages, by tabulating
values only to 450 and interchanging the A and B values for angles between 450 and
900. In 1947 a second edition was published under the title Latitude, Longitude and
Azimuth by the Sun or Stars. I

2112. Altitude methods without use of navigational triangle.-The navigational
triangle is composed of arcs of three great circles: the celestial meridian of the observer,
the hour circle of the celestial body, and the vertical circle of the celestial body. Arcs
of other great circles might also be used in forming spherical triangles that can be
solved to find altitude and azimuth.

Kotlari6. In 1954 Stjepo M. Kotlari6, scientific co-worker, Hydrographic Institute
of the Yugoslav Navy, proposed a method and in 1958 published Tables K! based upon
the solution of three right spherical triangles composed of arcs of great circles, as
follows:

triangle 1-celestial horizon, hour circle, and celestial equator;
triangle 2-celestial horizon, hour circle, and celestial meridian (lower branch);
triangle 3-celestial horizon, hour circle, and vertical circle.

The formulas are derived from Napier's rules (F, M, and C are auxiliary parts): --

cos C=os L sin t
tan M=cot L cos t

tan (Z+F)=- sin L tan t
tan F=cos C tan (M+d)

sin Hc=sin C sin (M+d)
Z=(Z+F)-F.

Hc and Z are solved from tables I and II, tables III and IV being the multiplica-
tion tables for obtaining the Hc corrections. The four tables total 190 pages. Table III
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is not used if the assumed position is selected so that latitude and meridian angle are
the nearest whole or half degree. The pages could be reduced considerably if values for
half degrees were not tabulated. With an assumed position selected as indicated above,
the method requires only four table entries and three mathematical steps. All signs areprinted in the heading of the tables. The computation is simple. Tables KI were re-

printed in 1963 and 1971. The tables include a comprehensive English -- planation.
2113. Modern inspection tables may contain lists of altitude or azimuth, or both.

Another type tabulates the information needed for finding longitudes. Values are taken
directly from the tables, without the need for logarithms, auxiliary functions, or mathe-
matical solutions (except interpolation). Inspection tables are not new, the horary
tables of Cassini in 1770, Lalande in 1793, Lynn in 1827, and Hommey in 1863 (art.
2106) being of this type. Other inspection tables include Davis' Chronometer Tables,
Blackburne, H.O. Pubs. Nos. 203 and 204, Ball, Davis' Alt-Azimuth Tables, and H.O.
Pub. No. 201 (arts. 2106 and 2109). None of these tables is used to any extent today,
largely because interpolation is difficult, and coverage is limited. A short logarithmic
solution with wide coverage has often proved more popular.

In contrast, the modem inspection table, raade practicable by recent developments
in computation techniques, has largely replaced the trigonometric solution. The princi-
pal modem inspection tables are:

Pub. No. 214, Tables of Computed Altitude and Azimuth, were published by the
, U. S. Navy Hydrographic Office between 1936 and 1916, in nine volumes. Between

1951 and 1953 the British Admiralty published identical tables (H.D. 486) in six
volumes, with altered explanation to suit British practice. The first volume of an
identical Spanish edition was published in Spain in 1953, and the second volume in
1956. Several volumes of an Italian edition based on Pub. No. 214 have also been
published. Pub. No. 214 was superseded by Pub. No. 229, Sight Reduction Tablesfor
SMarine Navigation. roth tables are described in detail in chapter XX.

British Air Pub. 1618 (H.O. Pub. No. 218), Astronomical Navigation Tables,~were published by the British Admiralty between 1938 and 1944 in 15 volumes (lat.

0--790). In 1941 the first 14 volumes Oat. 00-69o) were republished by the U. S. Navy
Hydrographic Cffice as H.O. Pub. No. 218. The tables are intended primarily for Faviators. _

These tables are similar to Pub. No. 249, but with several major differences. In A.P.
1618 values are given to the nearest whole minute for altitude, and the nearest whole
degree for azimuth. The altitude vatues include allowance for refraction at a height• of 5,000 feet. The minimum altitude in most cases is 100. Provision is made for inter-

polation for declination only, and this always from the next smaller whole degree,
instead of from the nearest whole degree. Declination is given for each whole degree
from 0' to 280 only. In addition, values of altitude and azimuth angle are given for
the declination (in 1940) of 22 stars. This part of the table is entered with the star name
(or an arbitrarily-assigned number), so the declination of the jody need not be known.

:- An auxiliary table provides a correction for changes in declination during the years
following 1940 (to the year 2000).

During World War II these tables were widely used by aviators. Some marine
navigators also used them. Publication of these tables has been discontinued.

Japanese H.O. Pub. No. 351, Celestial Navigation Observation Table, was pub-
lished in 1940-42, in seven volumes for latitudes 0o-700. The original printing was
classified "secret." The tables are similar to British Air Pub. 1618, with several differ-
ences. In H.O. Pub. No. 218 all star-name entry tables are given first, followed by

o ,-.. all declination entry tables. In Pub. No. 351 the declination entry table for each degree

N
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of latitude is followed by the star-name entry table. Altitude :-ng -efraction
at 4,000 meters (13,123 feet), are tabulated to a minimum va. . Declination
is extended to 29". The latitude-declination contrary-name rntrie. Axvcr'd so that
meridian angles increase upward on the page as in Pub. No. 2"0 (a&-t. 719, v 11 U),
resulting in better utilization of space on the pages havin, L.,.h '.same nip':e" and
"contrary name" entries. Twenty stars are used, the selecti j d omewhat
from that of H.O. Pub. No. 218. In H.O. Pub. No. 218 the stars zri. " A. and num-.
bered alphabetically. In Pub. No. 351 they are given in order oi declination, from
Dubhe, listed as 62'03'N, to Sirius, listed as 16°38'S.

Hoelme, In October 1941 George G. Hoehne, then a navigation instructor at the
Pan American Airways Navigation School, Miaw;. 11orida, submitted a set of Star
Air Navigation Tables to the U. S. Navy Hydrographic Office which were superior to
the star section e H.O. Pub. No. 218 in basic design. His manuscripts included the
tabulation of the altitudes and true azimuths of carefully selected bright stars arranged
in a format such that this data could be rapidly extracted for at least ten stars from
two facing pages with but one opening of the tables. The use of LHAT instead of the
LHA of each star as a table argument simplified the sight reduction by: (1) eliminating
the need to apply the SHA of a star to the GHAT to obtain the LHA of a star; (2)

= enabling the optimum anangement for rapid extraction of tabular values of altitude
and true azimuth; and (3) providing for the selection of the best stars for observation
for a given LHAT at an assumed position. The use of LHAT as a table argument with
the data arranged in parallel columns so that the stars would be tabulated, from left
to right, in increasing numerical order of true azimuth served to make the tables a star
finder. The same basic format was later used with 360' of LHAT per table opening
for volume I of Pub. No. 249, Sight Rediction Tables for Air Navigation.

In early 1942, Hoehne was originally granted permission to use, in part. tabular
values of altitude, azimuth angle, and pertinent data contained in the star section of
H.O. Pub. No. 218 and ingeniously constructed his preliminary volume I of Celestial
Navigation Tables. Its success led to his publication of volume II of Practical-Cdestial I
Air Natigation Tables in 1943. For the period 1942-1990, two simple correction tables I
prevent the tabulated altitudes from becoming inaccurate because of precession of the
equinoxes (art. 1419). Refraction at altitude 5,000 feet is included as in H.O. Pub. No. A
218.

Figures 2113a and 2113b illustrate facing pages on which data for at least 10 stars
are tabulated for a 600 range of LHA T (T).

The tabulated altitudes are corrected for annual change in declination using
Table I on the inside of the front cover (fig. 2113c). This correction must be added or
subtracted according to the sign prefixed to (t). The year at the bottom of each star
column is the year before which this correction cannot exceed 1'. -

GHA T as obtained from the almanac is adjusted for the annual change in right
ascension using Table VII at the back of the book (fig. 2113d). The correction obtained
from this table can be readily combined with the increment to be added to the tabular I 41

GRA T extracted from the almanac.
Ezample.&-During morning twilight on June 1, 1975: the 0430 DR position of a

ship is lat. 30°10'N, long. 45'02'W. At GMT 4132030' the navigator observes Fomal-
haut with a marine sextant having no IC, from a height of eye of 38 feet. The hs is
24058 ' .

Required.-The a, Zn, and AP, using volume II of Practical Cdstial Air Navigation
j Tables and the Air Almanac.

- - -- -i
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Solution.-

June 1 Fomalhaut ± -

GMT 7h32030" June 1 IC -
7h3 0 - 1040' D 6'
2m301 0038' sum - 6'

GHA T 362018 corr. (-) 6'
1975 corr. (-) 04' hs 24058'

adj. GHA T 362014' Ho 24052'

aX 45 0 14'W
LIA T 317000'

aL 30 000'N
lit 24049 ' t (+)17

1975 corr. (.-) 10'
He 24059'
Ho 24052'

a 7A aL 30 000'N
Zn 1540 aX 45 0 14'W

Since refraction at 5.000 feet is included in the tabulated altitudes, the sextant
altitude is not corrected for refraction. An auxiliary table provides an additional refrac-
tion correction to be applied to low-altitude observations. For marine observations
there is no correction for altitudes above 150; the correction is (-)!' for altitudes 60 to
10* and (-)2' for altitude 4° . The correction is applied to the sextant altitude.

Japanese H.O. Pub. No. 603, Simplified Celestial Obserration Table, was published
in 1943. This publ-atk,n is virtually the same as Pub. No. 351, except that eight
additional stars are gi.ven, all farther south than those of Pub. No. 351. This extends
the list to a Crucis ,Acrux), given as declination 62°48'S.

Altitude and Azimuth Almanac was published by the Japanese Hydrographic I
Office, beginning in 1944. Originally, this was a secret publication. Several different I -

versions were printed, and there were some modifications after the first editions. In
each, however, the functions of almanac and sight reduction tables were combined. For
each of several specific locations, the altitude and azimuth of one or more celestial
bodies are tabulated ",)r the dzte and time, usually at ten-minute intervals. In the
earlier editions, the locations selected were important points in the western Pacific.
From this practice, these publications are sometimes called "destination tables."
Later editions used positions differing in latitude by 50 . These tables provided a quick
solution for observations made at the tabulated times. On a worldwide basis such a
system would involve a very voluminous tabulation each year, or cumbersome cor-
rections. The Altitude and Azimth Almanac is no longer published.

Hohentafeln nach Sternzeit, an official German table, was published in 1944
as an experimental edition with a vry limited range of latitude. The tables were
similar to those of Hoeline, but with six stars listed for each minute of local sidereal
time.

Minfclier and Chevalier. The Cdlculo del Punto of Vicior M6nclier and Roberto
Chevalier was published in 1945-49 by Aeronfutica Art ntina. There are six volumes
for latitudes 0* to 590 south. At intervals of 401LST (or 10 LHAT) the altitude,
correction factor, and azimuth (not azimuth angle) of selected stars are tabulated.
Twelve colrumns are provided, but a number of blank areas appear, resulting in an
average of about nine altitude-azimuth entries for each time entry. In most cases :-

II

_ -

I ___________
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30ON 30N
ALTAIR 1ASALAGUE VEGA E MIN DENEB

T ,

Al , A At, At Al. A, Ah. A,
• e, t * ' L * ' 1 *

301 6823+ 9 191 5049- ( 252 6956- 1 302 5803 0 321 7321 23 301
302 6812 9 193 5000 1 253 6911 1 301 5731 0 321 7341 12 20 302
303 6759 9 196 4910 1 251 6827 1 300 5658 0 320 7358 12 18 303
304 6744 9 199 1820 1 251 6742 1 300 5625 0 320 7413 12 16 304
305 6726 9 201 4730 1 255 6656 1 299 5551 0 319 7426 12 13 305
306 67074 9 203 4640- 3 256 6611- 1 299 517 0 319 7437-13 It 306
307 6645 9 206 4549 1 25616525 1 298 5413 0 318 7445 13 8 307
308 6621 9 208 4459 1 257 6t39 3 298 5408 0 318 7451 13 5 308
309 6536 9 210 1408 1 258 6353 1 298 5333 0 318 7455 13 3 309
310 6529 8 212 1317 1 258 6307 1 297 5258 0 317 7456 13 0 310
31 6501 8 211 1226- 3 259 6221- 3 297 5223 0 337 7455-13 357 311
312 6430 8 236 i335 1 260 6135 0 297 5151 0 317 7451 13 355 312
313 6359 8 218400,, 20060 0 297,5111 0 3167445 13 352 31 3
33t 6326 8 220 3953 1 261 6002 0 2965036 0 316 7437 13 349 314
315 6252 8 222 3901 1 262 5915 0 296 4959 0 336 7426 12 347

316 62164 8 22t 3810- 1 262 3829 0 296 4923 0 315 7413-12 344 316
317 61 3 7 225 3718 263 5742 0 296 4847 0 315 7358 12 342 317
318 6102 7 22713627 3 263 5655 0 296 4810 0 315 7341 12 340 318
319 6024 7 22913535 3 261 5609 0 296 4731 0 315 7321 11 337 319

1 320 593I 7 230 3444 264 5522 0 296 4657 0 315 7301 11 335 320!

321 5901' 7 213 3352- 1 265 5435 0 2906 4620 0 315 7238-11 333 321
322 5823 20 3300 1 2(j5348 0 296 4543 0 335 7214 30 331 322
323 5732 7 23 3208 1 266 5302 0 296 4506 0 314 7148 30 329 323
32t 5659 7 25 33 7 267 5215 0 296 4429 0 314 7121 10 328 324
3 25 56365 267 5128 0 296 4352 0 314 7053 9 326 325
326 55324 6 2M8 2933- 1 268 5041 ( 296 1315 0 314 7023- 9 325 326
327 5448 G, 29 2811 268 1954 0 296 4237 0 314 6952 9 323 327
328 5403 6 210 2749 3 269 4908 3) 296 4200 0 314 6921 8 322 328
329 5318 6 231 2657 26914821 0 296 4123 0 314 6848 8 321 329
330 5232 6 212 2605 1 270 1734 0 296 40J6 0 314 6815 8 319 330
331 513 6+ 6 23 2533- 1 270 1648 0 296 4008 0 3146740- 7 338 331
332 5100 6 211 2122 3 271 4601 0 296 3931 0 314 6705 7 317 332
333 5013 6 235 2330 1 271 3515 0 296 3854 0 314 6630 7 316 333 - ,
334 4925 6 216 2238 1 272 4128 0 296 3836 0 314 6554 7 315 334 -
335 4838 6 217 2146 3 272 4342 0 297 3739 0 314 6517 6 314 335 1

336 t7.01 6 238 2051- 1 273 3255 0 297 3702 0 314 6439- 6 314 336
337 1701 6 219 2002 1 273 4209 0 297 3624 0 314 6402 6 313 337
33813633 5 2530 1913 1 274 tl122+ 1 297 3547 0 314 623 5 332 338
339 132 5 2533 1819 1 273 0036 297 3510 0 311 6245 5 312 339

10 3t35 5 251 1727 1 275 3950 3 297 3433 0 334 206 5 313 340
341 13 16- 5 252 1636- 3 275 390t+ 1 298 3356 0 314 1326- 5 310 341
312 E1.56 5 251 1150 1 2763818 1 298 3319 0 315 047 4 310 342
3t3 4207 5 251 1353 1 27613732 1 298 3212 0 315 6007 4 309 343
334 It117 5 25t11301 1 27713646 1 298 3203 0 315 5927 4 309 .144
315 1027 5 255 1310 1 277 R600 1 298 3128 0 315 3846 4 309 345
336 3937- 5 255 1219 1 277 35 154 I 298 3052 0 315 5805- 3 308 346
3U7 38316 5. 256 3127 1 27813329 1 299 3015 0 335 5725 3 308 347
33 37536 S 257 1036 1 278 33 14 1 299 2938 0 315 5643 3 308 348
349 3705 5 257 945 1 279 1258 1 299 2902 0 315 5602 3 307 349
350 3634 553 851 3 27 R233 32992826 0 3165323 3307 350
351 3523+ 5 259 305- 280 3128- 1 300 2749 0 316 5439- 2 307 351
352 332 5 259 713 1 280 013 1 300 2713 0 316 5358 2 307 352
353 33 5 2633 623- 1 281 295 1 300 2637 0 316 5316 2 306 353
35t 3250 5 26, 1913 300 2601 0 316 5234 2 3 354
315 3159 5 261 828 1 301 2526 0 317 5152 2 306 355
356 3108P 5 262 7I3 13 303 2050 0 337 3 10-1 306 356
357 3016 262 659 1 303 45 0 317 5028 3 306 35735332925 5 2( 1614 3 301 2339 0 317 4946 1 306 358 --359233 52632 530 302 304 0 317 4904 I 306 359

36002742- 5 260 446+ 302 2229 0 318 0821- 1 306 360
i year .. 158 144 Year .

From Practical Celestial Ar Na gation Tables, Volume II. Copyright 194t, 1948,1969 & 1970, by Navigati n Pubishing Co., and by
George 0. tlochne, Author. Used by perrmisson. --

FioURF 2113b.-Right-hand page of opening of Practical Celestial Air Navigation Tables. - _
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TABLE I.

1 2 3 4 5 6 7 8 910 11 12 131415 1617181920
Year Year

1942 0 0 0 C 00 0 0 0 010 0 00 0 1 1 1 1 1 1942 1
1943 0 0 0 0 0 00000 1 1 1 1 1 1 1 1 1 1943
1944 00 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1944
1945 0 0 0 0 0 0 1 1 1 1 1 1 1 1 2 1 2 2 2 2 1945

1946 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 19461947 0 0 0 0 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 1947

1948 0 0 0 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 3 3 1948
1949 0 0 0 1 1 1 1 1 1 2i 2 2 2 2 2 2 3 3 3 3 1949

1950 0 0 0 1 1 1 1 1 2 2 2 2 2 2 2 3 3 3 3 3 1950

1951 0 0 1 1 1 1 1 1 2 2 2 2 2 3 3 3 33 3 4 1951
1952 0 0 1 1 l 1 1 22 2 2 2 3 3 3 3 3 4 1 4 1952
1953 0 0 1 1 1 1 2 2 2 2 2 3 3 3 3 3 4 4 4 4 1953
1954 0 0 1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4 4 5 1954

1955 0 0 1 1 1 2 2 2 2 2 3 3 3 4 4 4 4 4 5 5 1955

1956 0 1 1 1 12 2 2 2 3 3 3 3 4 4 4 5 5 55 1956
1957 0 1 1 1 1 2 2 2 3 3 3 3 4 4 4 5 5 5 5 6 1957
1958 0 1 1 1 2 2 2 2 3 3 3 4 4 4 4 5 5 5 6 6 1958
159 0 1 1 1 2 2 2 3 3 3 3 4 4 4 5 5 5 6 6 6 1959
1960 0 1 1 1 2 2 2 3 3 3 4 4 4 5 5 5 6 6 6 7 1960

191 0 1 1 1 2 2 2 3 3 414 4 5 5 5 6 6 6 7 7 1961
1962 0 1 1 1 2 2 3 3 3 44 4 5 5 6 6 6 7 7 7 1962
1963 0 1 1 2 2 2 3 3 3 4 4 5 5 5 6 6 7 7 7 8 1963
1964 01122 23344 45566 67788 1964
1965 01122 23 3 44 5 55 6 617 78 88 1965

1966 0 1 1 2 2 3 3 3 4 415 5 6 6 617 7 8 8 9 1966
1967 01122 33444 55667 78899 1967
196 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 78899 1968
1969 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 910 1969
1970 0 1 2 2 2 3 4 4 4 5 6 6 6 7 8 8 8 91010 1970

1971 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 91010 1971
1972 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 9 9101011 1972
1973 1 1 2 2 3 3 4 4 5 6 6 7 7 8 8 9 9101011 1973
1974 1 1 2 2 3 3 4 5 5 6 6 7 7 8 8 910101111 1974 9
1975 1 1 2 2 3 4 4 5 5 1 6 7 8 8 9 910101112 1975

1976 1 1 2 2 3 4 4 5 56 7 7 8 8 9 101011 1112 1976
1977 1 1 2 2 3 4 4 5 6 6 7 7 8 9 9 1010111212 1977
1978 1 1 2 3 3 4 4 5 6 6 7 8 8 910 1011111213 1978
19791123345566781 10111212131979
1980 1 1 2 3 3 4 5 5 6 7 7 8 9 910 111121313 1980

1981 1 1 2 3 3 4 5 5 6 7 8 8 91010 1112121314 1981
1982 1 1 2 3 4 14 5 6 6 7 8 8 91010 11 12 13 13 14 1982
1983 1 1 2 3 4 4 5 6 6 7 8 9 91011 1112131414 1983
1984 1 1 2 3 4 4 5 6 7 7 8 9101011 1212131415 1994
1985 1 2 2 34 4 5 6 7 181 9101011 1213141415 1985

1986 1 2 2 3 4 5 5 6 7 8 8 91011 12 1213141515 1986
1987 1 2 2 3 4 5 5 6 7 8 9 9101112 13 13 1415 16 1987
1988 1 2 2 3 4 5 6 6 7 8 910101112 13 141415 16 1988
1989 1 2 2 3 4 5 6 7 7 8 910111112 1314151616 1989 -
1990 1 2 2 3 4 5 6 7 8 8 910111212 11314151617, 1990

YFrom Practical Celetial Air Narigalion Tables, Volume II. Copyright 1941,1943,1969 & 1970, by Narigaflon Putbljhing Co., and by
George 0. Ifochne, Author. Used by permisiot.

I FIGURE 2113c.-Correction to tabulated altitude due to annual change in decination of stars.
I2
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TABLE VU.
CORRECION TO CR4 ARIES DUE TO ANNUAL CHANCE IN RIGHT ASCENSION OF STARS

1. AL.DEBARAN 6. ARCTURUS It. DENED 16. POLLUX 2.SRU
Name 2. ALPHERATZ 7. BETELGEUX 12. DENEBOLA 17. PROCYON 22. SPICA Name

of 3. ALPHECCA 8. CAPELLA 13. DUDHE 18. RASALAGUE 23. VEGA . f
Star 4. ALTAIR 9. CAPH 14. ETAMIN 19. REGULUS Star

5. ANTARES [0. CANOPUS 15. FOMALHAUT 20. RIGEL

No. 1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 No.
Year Yeaw

1942 -09+39-04+01+32 -15-01-06+29+20 +08+28-03+11+23 +33-04-04-19+04 +21+284 15 1942
1943 10 38 04 00 31 16 o1 07 28 20 08 28 03 11 22 33 05 04 20 03 21 27 1943
1944 11 38 05-01 30 17 02 08 27 19 07 27 04 10 22 32 06 05 2102 20 26 14 1944
1945 11 37 05 01 30 17 03 09 27 19 07 26 05 10 21 31 06 06 2202 19 26 14 1945

1946 -12+36-06-02+29 -18-04-10+26+191 +06+25-06+10+20 +30-07-06-22+01 +18+25+13 1946
1947 13 35 07 03 28 19 05 12 25 18 06 25 07 09 19 29 08 07 23 00 18 24 13 1947
1948 14315 07 04 27 19 05 13 24 18 05 24 08 09 18 28 09 08 24-01 17 23 12 1948
1949 15 34 08 04 26 .0 06 14 23 18 05 23 9 09 17 27 10 08 25 01 16 22 12 1949
1930 16 3, 09 05 25 21 07 15 23 17, 04 22 10 08 17 26 10 09 26 02 1622 111950

1951 -17+32-09-06+24 -21-08-16+22+17 +04+22-11+08+16 +25-11-10-26-03 +15+21+11 1951
19S2 17 31 10 07 23 22 09 17 21 17 03 21 12 08 15 24 12 11 27 03 15 20 10 19S2
1953 18 311 0 07 22 23 09 18 20 16 03 20 13 07 14 23 13 11 28 04 14 19 10 1953
1954 19 30 11 08 21 23 10 19 19 16 02 19 14 07 13 22 14 12 29 05 13 19 09 1954
1955 20 29 12 09 20 24 11 20 19 16 02 19 15 07 12 22 14 13 30 06 13 18 09 1955

11956 -21+28-12-10+19 -25-12-22418+15 +01+18-15+06+12 +21-15-13-30-06 +12+17+08 1956
1957 22 28 13 10 19 25 13 23 17 15 01 17 1( 06 11 20 16 14 31 07 11 16 08 1957
1958 22 27 14 I1 18 26 13 24 16 15 00 16 17 06 10 19 17 15 32 08 11 15 07 1958
1959 23 26 14 12 17 27 14 25 15 14 00 15 18 05 09 18 17 15 33 08 10 15 07 1959
1960 24 25 15 12 16 28 15 26 15 14 -01 15 19 05 08 17 18 16 34 09 09 14 06 1960
1961 -25+25-15-13+15 -28-16-27+14+14 -01+14-20+05+08 +16-19-17-34-10 +09+13+06 1961
1962 26 24 16 14 14 29 17 28 13 13 02 13 21 04 07 15 20 18 35 11 08 12 05 1962
1963 26 23 17 15 13 30 18 29 12 13 02 12 22 04 06 14 20 19 36 11 07 11 05 19631
1964 27 22 17 15 12 30 18 30 11 13 03 12 23 03 05 13 21 20 37 12 07 11 04 19641
196 2821 18 16 11 31 19 32 11 12 04 11 24 03 04 12 22 20 ,48 13 06 10 04196

1966 -29+20-19-17+10 -32-20-33+10+12 -04+10-25+03+03 +11-23-21-38-14 +05+09+03 1966
1967 30 20 19 18 09 32 21 34 09 12 05 09 26 02 03 11 24 22 39 14 05 08 03 1967
1968 31 19 20 18 08 33 22 35 08 11 05 09 27 02 02 10 24 22 40 15 04 07 02 1968
1969 32 18 21 19 07 34 22 36 07 11 06 08 27 02+01 09 25 22 41 16 03 07 02 1969
1970 33 18 21 20 07 34 23 37 07 11 06 07 28 010 08 26 23 42 16 03 06 0111970
1971 -34+17-22-21+06 -35-24-38+06+10 -07+06-29+01-01 +07-27-24-42-17 +02+05+01 1971
1972 34 162221 05 36 25 39 0510 07 06 30 0102 06 2824 4318 01 0800 1972
1973 35 15 23 22 04 36 26 40 04 10 08 0531 00 02 05 2825 44 19 01 03 00 1973
1974 36 14 24 23 03 37 26 41 03 09 08 04 32 00 03 04 29 26 45 19 00 03-01 1974
1975 37 14 24 23 02 38 27 43 03 09 09 03 33 00 04 03 30 27 46 20 -01 02 01 1975

1976 -38+13-25-24+01 -39-28-44+02+09 -09+02-34-01-05 +02-31-27-46-21 -01+01-02 1976 A
1977 39 122625 00 39 2945 0108 10 2350106 01 31 28 4721 02 021977
1978 4011 26 26- 40 3046000810 01 3601 07 0032 294822 030003 1978
1979 40 11 27 26 02 41 31 47-01 08 11 00 37 02 07 00 33 29 49 23 03-01 03 1979
1980 41 10 28 27 03 41 31 48 01 07 11-01 38 02 08 -01 34 30 50 24 04 02 011980
1981 -42+09-28-28-04 -42-32-49-02+07 -12-01-39-02-09 -02-35-31-50-24 -05-03-04 1981
1982 43 08 29 29 04 43 33 50 03 07 12 02 39 03 10 03 36 31 51 25 05 04 0S 1982
1983 44 072 9 29 05 43 34 51 04 06 13 03 40 03 11 04 36 32 52 26 06 04 05 1983
1984 45 07 30 30 06 44 35 53 05 06 13 04 41 03 11 05 37 33 53 26 07 05 06 1984
1985 45 06 31 31 07 45 35 54 05 06 14 04 42 04 12 06 38 33 54 27 07 06 061985

1986 -46+05-31-32-08 -45-36-55-06405 -14-05-43-04-13 -07-39-34-54-28 -08-07-07 1986
1987 47 04 32 09 46 37 6 07 05 15 06 44 05 14 08 39 35 55 29 09 08 07 1987
1988 48 04 33 33 10 47 33 57 08 05 15 07 45 05 15 09 40 36 56 29 09 0808 19881
1989 49 03 33 34 11 47 39 58 09 04 16 07 46 05 16 10 41 36 57 30 100 09 19891
1990 -50+02-34-34-12 -48-39-59-09+04 -16-08-47-06-16 -11-42-37-58-31 -11-10-09 1990

Correction applied to GHA Aries in accordance with prefixed sign.

-" From PradciW Criemial Aft Navfgo ion Tablu, Volumt II. Copyright 1641, 1943, 1969 & 1970, by Na cigat orn Publishing Co., and by
Oeorge 0. 11ochne, Author. Used by permission.

FIGURE 2113d.-Correction to GHAT due to annual change in right abcension of stars.

A
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altitudes are carried to a minimum value of 5', and azimuth to the horizon. These tables
are similar to those of Hoehne and volume I of Pub. No. 249.

H.O. Pub. No. 230 (Goetz), High Latitude Celestial Navigation Tables, designed
in 1945 by Roy F. Goetz, was published by the U. S. Navy Hydrographic Office in 1946.

The first section, called "Star Tables," is entered with the latitude to the nehest
'I 10 from 70'N to 89°N, the name of the star (for ten selected stars), and LHAT at

intervals of 20 for latitude 700 to 79', 50 for 800 to 84', and 100 for 850 to 890. Altitude
is tabulated to the nearest 1' and azimuth (not azimuth angle) to the nearest 0?1. A
"AH" value is given for use with an auxiliary table to interpolate for precession of the
equinoxes (art. 1419).

In the second section, called "Declination Tables," declination is substituted for
the name of the star. A separate table is given for each 10 declination from 00 to 280.
For e-ch degree a "same name" section is given first, followed by a "contrary name"
section (to declination 190). The minimum altitude is 10. The declination tables
give "d" in place of "AH" for use with an auxiliary table to interpolate for declination.

Only 400 of these tables were published. They were intended only for u~e in
military aircraft operating beyond the latitude range of H.O. Pub. No. 218. After
Pub. No. 249 became available, H.O. Pub. No. 230 was canceled.

Pub. No. 249, Sight Reduction Tables for Air Navigation, in three volumes, are
published by the Defense Mapping Agency Hydrographic Center. A preliminary edition
of volume I for selected st-rs was published in 1947 under the title Star Tables for Air I
Navigation, using the principles and features of tables proposed previously by George G.
Hoehne, Commander C. H. Hutchings, USN, and others. The altitudes of this edition
were adjusted for refraction at a height of 10,000 feet. By the time the "first" edition
was printed in 1951, for epoch 1955.0, more than 20,000 copies of the preliminary edition
had been distributed. The 1951 edition dropped the refraction adjustment feature
from the altitudes, and had an improved selection of stars. It was followed in 1952
with two volumes for declination entry at 1 intervals from 00 to 290. In 1952 and 1953
a British edition was published with identical tables (A. P. 3270) but altered explanation.
The tables have been accepted as standard by the air forces of Great Britain, Canada,
Australia, New Zealand, and the United States.

Pub. No. 249 is described in detail in chapter XX.
Experimental Air Navigation Tables. During the early part of World War If

the Brtish Royal Air Force felt the need for an inspection table that would be faster j
than Air Pub. 1618 (H.O. Pub. No. 218), but free from the limitations of the astro-
graph (art. 2123). Wing Commander R. C. Alabaster suggested the addition of SHA
to the hour angle (measured eastward) of the stars given in Air Pub. 1618, converted
to time at the sidereal rate of 15002'5 per hour. This would give the time interval
until the next meridan transit of the vernal equinox. Before observation, the time of
passage of the vernal equinox across a convenient meridian would be marked on the
chart or plotting sheet. After observation, the tables would be entered with assumed
latitude and the nearest tabulated altitude. The (SHA+HA) corresponding to this -A
altitude would be added to GMT at the time of observation. The result should be close
to the time marked on the chart. The difference would be converted to arc units (or
a time scale would be marked on the chart or plotting sheet) and the corresponding
longitude determined. This point would serve as the assumed position. The difference I

between the observed altitude and the. used for entering the table would be the altitude
difference to be used with the azimuth for plotting thu line of position.

Squadron Leaders A. Potter and A. J. Hagger suggested a method of printing a
time scale on the chart or plotting sheet with an auxiliary table to assist in locating the
assumed position.
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Various modifications and conventions were later added to avoid negative values
and other complications. As the method finally emerged, a quantity known as "scale
time" was adopted. This value, designated T, would be equal to 26 hours plus the GMT
of the next transit of the vernal equinox occurring after 0600 during the night of the
flight. The GMT of observation would be designated t. The quantity T-t would be
the value tabulated.

Further attempts were made to simplify the conversion of mean to sidereal time
so that the single-setting might be used during an entire flight. One of these, called
the "Astro-Scales," was suggested by Wing Commander E. W. Anderson in 1945.
In 1953 he and D. H. Sadler suggested an improved version.

Although a considerable amount of thought was given to this method, and ex-
perimental tables were published for a limited band of latitude, the limitations of a
longitude method and the inconvenience of converting mean time to sidereal time
resulted in the method being discarded in favor of the less restrictive Pub No. 249
method.

Ashton. In 1943 Philip Ashton proposed a set of tables called AstrograpA-time
Star Tables for Air Navigation, based upon the principle of the Experimental Air
Navigation Tables. A permanent table would be entered with the name of the star,
latitude, and "astrograph mean time" (art. 2123), and altitude and azimuth would
be taken from the table. A set of tables issued each year would list the values to be
used with GMT each night to determine the astrograph mean time. Before take-off,.
the chart or plotting sheet would be marked to agree with the astrograph mean time,
and a metal tape would then be used to convert mean time to sidereal time for finding

., the assumed position.

Heard. About 1950 John F. Heard, associate professor of astronomy at the Uni-
- versity of Toronto, , "epafed - modification of the Experimental Air Navigation Tables.

The tabulation would be altered so that altitude would be given in the left-hand column
at intervals of 20'. A delta ("diff.") value would be tabulated and this used with the
difference between entering and observed altitudes to enter an auxiliary table to deter-
mine a correction to be applied to T-t so that the altitude difference need not be
plotted. A correction for 60 minus seconds of T would also be applied. The "bearing"
of the line of position (azimuth plus or minus 900) would also be tabulated. The line of
position would be plotted through the assumed position, in the direction indicated by
the "bearing." For any given time three stars differing in azimuth by approximately
1200 would be given. The part of the table to use would be determined by a rough
computation of T-t.

Kotlari. In 1976 Dr. Stjepo M. Kotlari, (art. 2112 and 2116), then Assistant
Director, Hydrographic Institute of the Yugoslav Navy, conceived and designed a set
of inspection tables generally similar to Pub. No. 214 im format but differing con-
siderably from the latter tables in the ianner of tabulatior..

Projected for publication in 1977, Tables K21, Computed Results of Altitudes
and Azmmuths for all Latitudes and all Celestial Bodies, are in three volumes, each
covering a 30' band of latitude. The table arguments are latitude, meridian angle,
and declination. The respondents are tabular altitude, index for altitude correction
due to the excess of actual declination over the declination argument, and azimuth
angle. Unlike Pub. No. 214 but like Pub. No. 229, the sign of the altitude correction is
tabulated.

The altitude and azimuth angle data for each degree of latitude are arranged
on nine successive openings of the volume. Meridian angle is the vertical argument
and declination is the horizontal argument. As in Pub. No. 214, tabular altitudes and
(orresponding azimuth angles are limited to those of bodies approximately 50 and
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more above the horizon. Data for a body having declination of same name as latitude
are tabulated on the left-hand page and continued on the right-hand page as necessary.
Data for a body having declination of contrary name to the latitude are tabulated
below on the right-hand page beginning with meridian angle 0' and continuing until
the 50 altitude limitation is reached.

At each opening declination is tabulated in eight columns at 10 intervals from
00 to 300; from 31'30' to 890 the declinations and intervals are selected to providc
those declinations required for the reduction of the selected stars. The declination
in the right-hand column of each page is repeated in the first column of the pages
of the next opening. This repetition of data is used as an aid to determining whether
interpolation of. azimuth angle for declination increment is required. There is no need
to turn pages to determine the change in azimuth angle for 10 increase in declination.

The tables are intended for use with an assumed position selected so that inter-
polation for latitude and meridian angle is not required. Entering the tables with
integral values of latitude, declination, and meridian angle, the respondent- are found
in a form which is a unique feature of Tables K21. The degrees and minutes of the tabu-
lated altitude are printed as a two to four digit group without spacing between digits
if four digits are used. For example: Tabular altitude 32045' is printed as 3245. Although
the digital tabulation is only to the minute for tabular altitude and the index for altitude
correction, and to the degree for azimuth angle, the addition of a decimal point follow-
ing these values enables their extraction to a greater precision than that tabulated.
The decimal point following the tabular altitude or the index for altitude correction [
means 0!6; following the tabular azimuth angle, the decimal point means 0?5. The
table designer added this feature to include the maximum amount of data in the i
smallest space practicable and to give the user an option with respect to the precision
of the data extracted. When using the decimal point option, the extracted values of
altitude and index correction do not differ from values computed to the nearest 0! 1
by more thai 0!2; the extracted azimuth angle values do not differ from azimuth angles I
computed t) the nearest 0?1 by more than 002.

The multiplication table is simple to use. It i- entered with the index correction as I
the vertical Lrgument and the declination increment (1' to 59' followed by decimal
parts from 0!1 Lo 0!9) as the horizontal argument.

The tables include a comprehensive English explanation.
Davies. in 1974 Rear Admiral Thomas D. Davieb, USN (Ret.) proposed the

construction of tables listing for each degree of latitude the LHAT and azimuth of
stars when their altitude. are integr..l degrees. The table entering arguments are as-I sumed latitude and arstizied altitude. A list of about 15 to 20 stars under the altitude
heading approximating the observed altitude is examined to find the combination of
LHAT and azimuth approximating the time and azimuth of the ;tar observation.

The altitude intercept is plotted from an adjusted assumed position: the closest 1

integral degree of latitude and the DR longitude offset by the difference between the 4
tabulated LHAT and LHAT at the time of the observation.

The identity of the star observed need not be known.
Due to the high rate of change of LHAT Vith change in latitude and altitude -

when a body is near meridian transit, a simple modification of the normal procedure
is required when stars are observed at or near meridian transit. When the star is near
meridian transit, LHAT for meridian transit and a correction to the assumed altitude I
to give the altitude at transit are tabulated. The simple modification is clearly identified.
A correction for precession of the equinoxes (art. 1419) and nutation (art. 1417) may be
required.

ixf



-~ ------- ----

COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 19

The proposed method is called the Method of Assumed Altitude. The proposed
tables are entitled Star Sight Reduction and Identification Tables.

2114. Azimuth methods.-Nearly all methods proposed for obtaining a line of
position are based upon the use of altitudes. The azimuth might also be used if an
instrument becomes available for measuring it to the required accuracy. The accuracy
needed would depend upon the acceptable error of the line of position. The error would
be proportional to the cosine of the altitude. For a celestial body on the celestial horizon
an error of 1' in the azimuth would introduce an, error of one mile in the line of position,
the same as it does in an altitude observation. For any altitude greater than 00, the
error would be less.

Each method of determining a line of position by altitude has its !ounterpart in
the azimuth problem. Thus, if it can be determined that a celestial body is exactly
on the celestial meridian, the west longitude is the same as the GHA of the body.
If the body is exactly on the prime vertical, the latitude can be computed. As a more
general case, two points on a given azimuth line can be computed and joined by a
straight line, by assuming two latitudes or two longitudes. However, if one such posi-
tion is known, the azimuth line of position can be drawn through it in the direction of
the azimuth. If the celestial body is sufficiently high, or if a small scale is acceptable
and allowance is made for chart distortion, the azimuth line can be plotted directly,
just as the circle of position can be drawn if the altitude is known. The difference be-
tween the observed azimuth and that computed for an assumed position can be used
in a manner similar to the altitude difference. The azimuth diff.!rence in minutes multi-
plied by the cosine of the altitude would be the "intercept" measured off from the
assumed position in a direction perpendicular to the computed azimuth. Through the
point thus determined, a line would be drawn in the direction -f the observed azimuth.
For small differences, the line could be drawn perpendicular to the line from the assumed
position. The relative values of the observed and computed azimuths would indicate
the direction (right or left) to draw the line from the assumed position.

If the altitude end azimuth were both known to sufficient accuracy, a single celestial
body would suffice for determining position by any combination of altitude and azimuth
methods or by direct computation of latitude and longitude. The two lines of position
would always be perpendicular to each other.

Double altitudes. For a stationary observer the longitude can be determined by
observing the altitude shortly before meridian transit (either upper or lower), and noting
the time when the altitude hrs returned to exactly the same value after meridian transit.
If there has been no cha gc. in declination between observations, the mid time represents
the moment of meridiai, transit, at which time the azimuth is 000' or 1800. The GHA
(or 360' - GHA for east longitude) is the longitude of the observer. This method might
be considered as either a longitude or an azimuth method. A variation is to observe
a number of altitudes shortly before and after meridian transit. These are then plotted
against time on cross-section paper and a smooth curve plotted through them. The
time corresponding to the maximum altitude (minimum altitude for lower transit) is I -

4 the moment of meridian transit.
Quilter. In 1950 Commander E. S. Quilter, USN, suggested a method based upon

azimuth difference. He would measure and compute azimuth to the nearest 0?01 (when
the means for doing so became available) and express the azimuth difference to the
same precision. A table would be provided to list values of K. a constant by which the
azimuth difference would be multiplied for any given altitude to determine the "inter- . - 4

cept" to measure off from the assumed position.

I%
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2115. Determination of latitude and longitude.-Most methods provide informa-
tion needed for plotting a line of position. The fix is at the common intersection of two
or more such lines. A line of position might be plotted in one of several ways. In the
latitude and longitude methods, the lines are plotted at the computed coordinate.
When one coordinate has been determined, the other can be computed without plotting.
Thus, the longitude determined by time sight is generally correct only for the latitude
used in its solution, and the plotting of a longitude line is misleading, unless the celestial
body is on the prime vertical. A better procedure is to compute two points, using differ- I
ent latitudes (or longitudes, if latitude is being computed). These two points are on the
line of position. A straight line connecting them is a good approximation of the circle I
of equal altitude. This was the method used by Captain Sumner when he discovered
the line of position (art. 131), and the method of H.O. Pubs. Nos. 203 and 204 (art.1
2106).

Another method is to compute one point and the azimuth (or Zn=900), and plot
the line of position through the point. This is the method used by Soule and Dreison-'
stok (art. 2106).

If only the altitude difference is computed for two points, the line of position is a I
common tangent of circles of radius equal to the altitude difference at these two points.
This is the method of Benest and Timberlake (art. 2110).

The mnoit common modern method of plotting the line of position is by means ofjthe assumed position, altitude interc'ept, and azimuth.
It is possible, too, to plot circles of position by using the geographical position of

each body as tht center of its circle, and the zenith distance as its radius. This is the
method used for iligh-altitude observation, (art. 2024), but is generally not practical
for ordinary altitudes because of the small ,vale that. would be needed, and the error
that would be introduced bv chart di-stortion, unlnhs' plotting were (lone on the surface
of a sphere (art. 2124).

"I The use of a circle of equal altitude is .imilar to the use of a circle of position around
a landmark of known range. The bearing of ,uch a landmark also furnishes a line of
position. Similarly, a line of position can hw obtained by plotting the azimuth line of a
celestial body, and a fix by plotting two su,'h line.;. This is generally not done because
of the scale and chart limitations mentioned above, and also because the needed ac- e
curacy in observation is beyond the capability of equipment generally available to the -
navigator. Errors in both compass and measurement of azimuth are involved.

Various methods of determining position by computation from observations of
two or more celestial bodies or four observations of a single celestial body are discussed

in articles 2116 and 2117.
2116. Computed position from observation of two or more bodies.-Several

methods have been proposed for computing the position directly from the observation
of two or more celestial bodies. These generally consist of some combination of lati-
tude and time sight methods. One form of automatic celestial navigation, proposed I
by Collins Radio Company, uses the principle of the planetarium in reverse, two bodies [
serving to position a horizontal-stabilized sphere (in principle) for latitude and local
sidereal 'ime. If the device is accurately set to Greenwich sidereal time, longitude is
indicated.

Fox. In 1951 Charles Fox, associate professor of mathematics at McGill Uni-
versity, Montreal, proposed formulas for computing latitude and longitude if certain
star pairs are observed, the two stars of each pair having almost the same SHA. Pre- - _
sumably, simultaneous observations would be needed. Five such star pairs are listed.
Four of the stars in three of these pairs. are dimmer than the third magnitude, and are
not listed in the almanacs, either in the main tabulation or among the additional stars..K

* "-,-
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More involved formulas are suggested for use of the method with any three celestial
bodies.
Esde Jonge. In 1945 Joost H. Kiewiet de Jonge, a lieutenant in the Netherlands
East Indies Army Air Force, proposed a method of determining position from the
observation of three stars. The U. S. Navy Hydrographic Office published experimental
tables for several star pairs for latitudes 200 to 300 under the title Three Star Position

Tables for Aerial Navigation. It was anticipated that if the method proved popular,
all possible three-star combinations (of the stars in the main tabulation of the almanacs)
would be given, so that the navigator would not be limited in his selection.

No assumed position is needed with the method. Three stars are observed at
intervals of three minutes, the stars being observed in the order of listing in the main
table. Table I is entered with the three altitudes, h1 , h2, and h3, and for each a value
is taken from the table. These values are labeled H,, H2, and H3 , respectively. They
are combined to form HI+H 2=H]2 , and H2 +H 3=H23. These combined values, H1 2

and H,, are then used to enter the main table, from which local sidereal time (in arc
units) and latitude are obtained. Greenwich sidereal time minus local sideieal time

0- equals longitude (measured westward). Delta values and auxiliary tables provide
corrections for motion of the observer and observation intervals differing from three
minutes. Mean corrections for both atmospheric refraction and Coriolis are included
in the tables, which are limited to altitudes between 20* and 750, and azimuth difference

- between consecutive stars to 1650.
Dozier. In 1949 Charles T. Dozier proposed a method based upon tht simul-

taneous observation of two celestial bodies and the solution of two spherical tfiangles,
with vertices as follows:

triangle 1-the two celestial bodies and the elevated pole,

- triangle 2-the two celestial bodies and the zenith.

The method involves the successive solution of seven formulas: .

cos D=sin di sin d2+cos d , cos d, cos S (1)

s~in S cos d2 (2
!Ni ~Si (X :: )=-- i sin OD d (2)

' sin b2 .tan hi
cos A,= --- h (3)

cos h, sin D tan D~~Xl= (X,=±A,) -A, (4)

sin L=sin di sin h,+cos di cos h cos X, (5)
sin Xcos (=

sint 1= (6)

X= GHA, t, (7)

in which D is the great-ciiele distance (angular) between the two celestial bodies, d, is
the declination of the first body, d2 is the declination of the second body, S is the differ-

= ence of SHA of the two bodies, X, is the parallactic angle of the first body, A, is the angle
at the first body between its vertical circle and the great circle between it and the second
body, hi is the altitude of the first body (Ho is used), h2 is the altitude (Ho) of the

-second body, L is the latitude of the observer, t, is the meridian angle of the first body,
X is the longitude of the observer, and GHA is the Greenwich hour angle of the first
body.

__ -- - - 1 i-- -_
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If the great circle joining the two celestial bodies is on that side of the zenith
opposite the elevated pole (if Z is within the angle formed by the vertical circle and
hour circle of the first body), (X +A) is used in formulas (2) and (4), the sign in formula
(3) is positive (+), and the sign of A, in formula (4) is negative (-). These signs are
all reversed if the line adjoining the celestial bodies is on the opposite side of the zenith
(Z outside the angle). If the great circle joining the two bodies passes almost through
the zenith, an error might be made in the selection of the sign, and it is well to select
another star pair. In formula (7) the sign is positive if the first celestial body is east
of the observez's celestial meridian, and negative if it is west. The answer is in longi-
tude measured westward from the Greenwich meridian. If the value exceeds 1800, it
is subtracted from 3600, and the longitude is east.

It .,e quadrant of angle (XI ±A,) or if ti is in doubt, the following formulas are
suggested to replace (2) or (6):

cot (X 1+A 1)= cos d, tan d2-sin d, cos S (2A)
sin S

cot h -- cos di tan hi-sin d, cos X(6A)
sin X1

In the presentation of the method it was suggested that simultaneous observations
be obtained by a two-star tracker mounted on a stable platform, or by a double sextant.
Several such sextants have been proposed, but none is in common use. Other possi-
bilities would be to have two observers or to adjust the value of one observation for
the change in altitude due to its apparent motion and the motion of the observer between
observations.

It was proposed that values obtained by solution of formula (1) be published in a
permanent table, since these values for various star pairs would be constant except for
the very slight change due to proper motion (art. 1418). Since the values obtained by
formula (2) change slowly with precession of the equinoxes (art. 1419), it was proposed
that the angle (X3 +A,) for a number of star pairs be published annually, perhaps in,
the almanacs. The other formulas would be solved after observation of the celestial _
bodies.

Kotlari. In 1954 Stjepo M. Kotlari6 (arts. 2112 and 2113), of Yugoslavia, proposed
a method based upon the simultaneous observation of two selected stars and the
solution of three spherical triangles with vertices as follows:

triangle 1-the two stars and the elevated pole,
triangle 2-the two stars and the zenith, and
triangle 3-the elevated pole, the zenith, and the second star.

The parallactic angle (X) of the second star is determined by solutions of triangles 1)
and 2, using haversine formulas. The latitude and the local hour angle of the second
star are then computed by solution of triangle 3, using observed altitude, parallactic -
angle, and declination of the second star as the known parts. By subtracting the GHA =
Sof the second star from its LIHA, the longitude is obtained.

From triangle PniM1M2 (fig. 2116), angle A and the interstellar distance (90 0-V.)
are computed by means of the difference of sidereal hour angles (SHA and SHA2)
of the two stars observed and their declinations (d, and d) from the formulas:

sin 90°-Vsin2 d2 -d SHA,-SHAsin 2 -+s2 2 co3 d2 cosd1  (1)

I\I
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sm 2 A=csc (90°-V,) see d2 cos R sin (R-d,) (2)

R=d+ (90 0-V.)+d 2*2

From triangle ZMM 2, angle B is computed, using the two observed altitudes
(Hol and Hoe) and the interstellar distance (90°-V.) as the known parts, from the
formula: . 2 B

s =csc (90'-V,) see Ho02 cos R sin (R-Hol) (3)

R=Ho ±(90'-V.) +He 2
2

Angle B, combined with angle A, gives the parallactic angle (X) from one of the
following relations, depending upon the relative positions of the zenith and the two
stars:

X=AB, X=A-B, X==360 0-(A+B). (4)

From triangle PnZM: the local hour angle of the second star (LHA2) and the lati-
tude of the observer are computed, using d2, Ho2, and X as the known parts, from the
formulas:

. sin 900-L- si Ho2-d2 siSin? "sin- H n2 n 2  cos Ho2 cos d2  (5)

si' siA2LH =cse (90-d) see L cos R sin (R-Ho2) (6)2
Ho2+(90--d2)+L

R=o2 2

The longitude of the observer and its sign (- for west longitude and + for east
longitude) are found by subtracting the Greenwich hour angle of the second star
(GHA2) from the local hour angle of the same star (LHA2). The second star should

- not be observed in the vicinity of the observer's meridian.
Nonsimultaneous observations, preferably not more than 4 minutes apart, may be

used if corrections for the motions of the body and the observer are applied.
A modified version of this direct method of computation of latitude and longi-

tude of the observer's position proposed in 1954 was published in 1971 as Tablet K11,
Two-Star Fix Without Use of Altitude Difference Method. In Tables K11 the developed
formulas were not used for tabulation of latitude and LHA2 as suggested in 1954, but I -

for the tabulation of correction indices and their signs. These indices are used through
the multiplication table in obtaining corrections to the tabulated entering arguments
(assumed latitude and LHAT) for the difference in declinations and sidereal hour
angles between the constant values used in the tabulation and the values at the time
of observation. Correction indices are also provided in the main table for use in ob-
taining corrections to the entering arguments for the difference between actual and
tabulated altitudes in order to obtain accurate latitude and LHAT. The longitude is
obtained by subtracting the GHA from the sum of LHAT and tabulated SHA-

Tables Ki1 are unique among all other tabular methods as they give tabulated
corrections to be applied to the assumed position in order to obtain the observed
position without plotting lines of position. The method is simple; there are no rules
for signs nor mental interpolations. The tabulat. I corrections are given on one page
of the main tables at the opening for assumed latitude and LHAT.

Ii
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FIGURE 2116.-The spherical triangles on the celestial sphere used in Tables Eli. I

The tables are published in five volumes: Volume I N(lat. 00 to 9*30'N), in press;
Volume II N(lat. 100 to 19'30'N), published 1975; Volume III N(lat. 200 to 29 030'N), -i
published 1974; Volume IV N(lat. 300 to 39'30'N), published 1972; and Volume V
Nolat. 400 to 49'30'.N), published 1971.

Data for 37 stars in 155 star combinations are included in the tables. Each of the _
360 pages of the main table of each volume contains tabulations for two star pairs
for arguments of a single latitude (whole degrees or whole degrees and half degree)
and a 200 range of LHA T at half-degree intervals.

In 1974 Dr. Kotlari6 simplified the correction procedure required when the star!
observations are nonsimultaneous, eliminating the need to observe the compass azimuth -

of the first star. Corrections for the elapsed time between observa*ions are ap.1iJ =- _
directly to the tabulated latitude and LHAT.

The modification is designed for the new edition in a wayv to j.iobl- tae numbo3 of
star pairs without increasing the number of pages of each volume. To reach ti . goal -
four different star pairs will be tabulated on each page within the same 200 range of
LHAT but divided separately for each 100 range of LHAT. Eight different star pairs
are given for each assumed position found at each opening of the tables. This is deemed
quite satisfactory for the practice of navigation.

# -
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The tables include a comprehensive English explanation.

Uribe-White. A unique method of using two stars was suggested in 1952 by
Enrique Uribe-White, of Colombia. A bubble sextant would be used to measure the
altitude of one star, while a small, marine-type sextant attached to the bubble sextant
would be used to measure simultaneously the angle at the star between the vertical
circle and the great circle through this star and a second one. Prepared tables would

give the great-circle distance between the two stars and also the angle b.-1ween the
great circle joining them and the hour circle of the first star. This angle, combined with
the inclined angle which would be measured, constitute the parallactic angle (art. 1433).
With this value, the observed altitude, and the declination of the first body, the latitude
of the observer and the meridian angle of the first star could be computed by relatively
simple formulas or by a mechanical computer proposed by the originator of the method.
Meridian angle could be compared with GH.A to determine longitude.

2117. Position from observation of single body.-If azimuth could be determined
and plotted to sufficient accuracy, the altitude and azimuth of a single body could be
used for establishing a fix. Any combination of altitude and azimuth methods (arts.
2108 and 2114) might be used, or the position could be computed without plotting.
The following formulas might be used:

sin t=sin Z cos h sec d
tan Kl=cos t cot d
tan K2=cos Z cot h

L=90*-(K, +K) (Approximate latitude must be known).

A single body can be used for a running fix, of course, and if the body is near the
zenith, a relatively short time might be needed. This is the case for high-altitude
observations (art. 2024) and has been used by a submarine measuring azimuth through
its periscope when the sun is near the zenith.
of Willis. Another method of determining position by a single body is by the use
of altitude and rate of change of altitude. Three methods of doing this were suggested
by Edward J. Willis in 1928.

Prime vertical observation. It can be shown by the use of differential calculus
(art. 144, vol. II) that

dhcos L=Tt esc Z()

when - is the rate of change of altitude with respect to time, specifically the change of
dt

altitude in minutes of arc during a one-minute-of-arc (four-seconds-of-time) change of
hour angle of the body. However, to obtain latitude accurately in this way if is neces- -Am

dh
sary to determine -. to an accuracy of perhaps four decimal places, and Z to an ac-

dh
curacy of perhaps oie minute of arc. Two possible methods of obtaining a- are given

- " b3low, but present instrument limitations do not permit measurement of azimuth to -

the required accuracy. However, the cosecant of 90' is unity, so that if the observation
is made when the celestial body is on the prime vertical, the formula becomes L

Scos L=!- (2)

dtE
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Relatively little error is introduced if the body is within I' of the prime vertical.
The determination of position consists of the following steps:

1. Observe the altitude (h) and rate of change of altitude d- when the celestial

body is within 10 of the prime vertical.
2. Compute latitude (L) by formula (2).
3. Determine longitude by any standard method, such as Pub. No. 214 or other

line of position method, or by time sight (art. 2106).

Perpendicular lines of position. The great circle through the zenith and the celestial-
body (the vertical circle or azimuth line) furnishes an azimuth line of position that can
be established if rate of change of altitude can be accurately determined. This line is
perpendicular to the circle of equal altitude and therefore nearly perpendicular to the
line of position determined in the usual manner. The intersection of the two lines is the
position of the observer. The method involves the following steps:

1. Observe the altitude (h) and rate of change of altitude (.

2. Compute the direction of the great circle through the zenith and the celestial
body (the vertical circle) at the point where the great circle crosses the celestial equator.
This is the complement of the latitude of the vertex and so can be found from a modifica- "
tion of formula (2), which gives the latitude of the vertex:

* dl (3)j
sin &- dt

3. Compute the longitude (x) at which the vertical circle crosses the celestial
equator, using the formula s t

i:-sin (Xo,.,Xb)=--tan Zo tan d. (4)

The value ,Xb is the longitude of the geographical position of the ceistial body,
4. Solve for the latitude (L) at which the azimuth line of poiition crosses theA

meridian of the dead reckoning position, or for longitude (x) at which the line crosses
the parallel of latitude of the dead reckoning position, using one of the following
formulas:

tan L=cot , sin (, 0-'xD) (5)
or sin (NX)=tan Zo tan I- (6)1
in which LDR and )'D are the DR latitude and longitude, respectively. Any assumed
position in the vicinity can be used in place of the DR. In general, it is preferable to -

use (5) if azimuth angle is between 450 and 1350, and (6) if it is outside these limits.
5. Solve for the direction (Z) of the azimuth line of position at the point determined -

in step (4), using the formula
sin Z=sin Zsee L. (7)-

If the DR position or the AP is near the actual position, the azimuth can be considered
the same at both without appreciable error.

6. Plot the azimuth line of position through the point found in step (4), in the
direction found in step (5).L i 7. Compute a and Zn by any method and plot the resulting line of position. The!

j intersection of the two lines of position is the ft.
Latitude and longitude by computation. This method is independent of a dead -

reckoning position, and requires no plotting. It is free from limitations except that.
observations near meridian transit should be avoided. At this time the ratc of change of

a -
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cititude decreases to zero and then reverses, introducing a possible error. The steps
by this method are:

1. Observe the altitude (h) and rate of change of altitude -Lh

2. Compute Z0, using formula (3).
3. Compute the latitude (L) of the observer by the formula

sin L=cos Zo cos [hsin- . (8)

In the solution of this equation, the angle whose sine is is added to or subtracted

from h. The cosine of this angle is then multiplied by cos ZD, and the result is the sine
of the latitude of the observer. The sign is positive (+) unless L is greater than d and
has -the same name, when it is negative (-). However, if d is of the same name and
greater, the angle to be added may be greater than 900.

4. Co mpute the meridian angle of the observer by the formula A
sin t=sin Zo cos h sec d sec L. (9)

5. Determine GHA for the time of observation.
6. Convert t to LHA, and compute longitude (X) by the formula

X= GHA-LHA. (10)

If X is greater than 1800, subtract it from 3600 and label it E (east).
the Formulas (8) and (10) yield a position on the circle of equal altitude regardless of
the value of Zo used. Tht, correct position is given only if the correct value of Z, is used.

Any of the three methods requires determination o. Lh. Two methods are proposed: - -

In tb - first, the time needed for the sun (or moon) to change altitude an amount
'equl to its own diameter h measured. If the body is rising, the upper limb of the
reflectt. mage is brought a short distance belw the horizon. As it makes contact
with the horizon, a stopwatch is started. When the lower limb makes contact with the
horizon (usually between 127.8 seconds, the minimum for a stationary observer, and
.en minutes after the first contact) the watch is stopped, and The time is read to the
nearest tenth of a second, if possible. If the body is setting, the lower limb of the
reflected image is brought a short distance above the horizon and the watch started
when the lower limb makes contact and stopped when the upper limb makes contact
with the horizon. At sunri-' or s,,nset no sextant is needed. Any lag in starting or
stopping the watch will no, ',ect the result if it is the same at both ends of the period.
The diameter of the body, in minutes of arc, divided by one-fourth the Dumber of

seconds is L. Since semidiameter is tabulated, the most convenient procedure for
dt -

dh
determining .- is probably to solve the equation

dh 8 SD

where SD is the semidiamete. of the body in minutes an. T is the time interval in
seconds. The semidiameter is given to the nearest 0 1 in the Nautial Alamanac.
More accurate results will be obtained if the value is taken from the Ephemeris, where
senidiameter is given to the nearest 0!01.

--
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The motion of the observer introduces an error which can be corrected as follows:

multiply half the run of the vessel between upper and lower limb contacts, expressed
in nautical miles, by the cosine of the angle between the course of the vessel and the
azimuth of the celestial body at the mid time of observation. If this angle is less than
900, the correction is added to the tabulated semidiameter if the body is setting, and(
subtracted if it is rising. If the angle is greater than 90, the correction is added if thel
body is rising and subtracted if it is setting.

Some practic- may be needed to obtain an accurate measurement of the time inter-J
val. This practice might be obtained by making a number of observations at a knownl
position and comparing these with values obtained by computation, using the formula!

T=8SDcoshsecdseeLcsct, i
using He for h.

The time of an observation is at the middle of the interval between contacts.
In correcting hs, the reading of the sextant, to obtain Ho, omit the correction forl
semidiameter. This might be done by correcting in the usual manner, with an addi-)
tional correction equal to the semidiameter. The additional correction is negatie i
(-) if the lower limb correction is applied, and positive (+) if the upper limb correction
is applied. Another way is to apply neither the lower nor upper limb correction, but
a value ecual to the algebraic average of both.

dh .The second method of determining T is given as the more accurate of the two.

It consist. of observing three altitudes of the celestial body at exactly equal intervals
of from 15 to 30 mi .. A ,horter interval may result in too great an error in rate,
while a longer one increuses ,he time without advantage. If h,, h,, and h3 are the three
altitudes and t, and t3 are the meridian angles at the times of the first and third ob-repetiel, dhi
servations, respectively, L can be computed by means of the formula

-=sin %(li-h 3) cos Y2(hl+h 3) csc %(t,-ta) see h2 .

If difficulty is experienced in making an accurate observation at a given time,
better results might be obtained by computing the time for the third observation, by
adding the interval between the first two observations to the time of the second ob-
servation, and then making several observations starting'shortly beforie the computed
time. These can then be plotted on cross-section paper with altitude as one coordinate
and time as tme other. The altitude indicated by the intersection of the line represent-
ing the required time and a line faired through the plotted points is used as the third
altitude. A similar procedure might increase the accuracy of the first two observa-tions. A quicker but less accurate way of determining the third altitude is to tate one
observation shortly before the required time and another shortly after it, and interpolat-
ing to find the altitude at the required time. Another variation is to take an altitude J'
at abont the required time and adjust the second altitude to the corresponding value
midway between the first and third observations, using the mean value found by i
interpolating from the first or thi:d observation and extrapolating (art. 207, vol. II)
from the other. The time and alti.ude are those of the second observation.

This method assumes no changi of declination between observations, and no change
in the position of the observer. W ien the observer is not stationary, a correction is
applied to b, and b, to convert tlhem to the equivalent values at the position of the - --

second observation. Assuming constant course and speed, this correction in minutes
of arc is equal to the vessel's run between consecutive observations multiplied by the

\ IJ
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-cosine of the angle between the course of the vessel and the average azimuth of the
:body. If the angle is less than 90', the correction is added to h and eubtracted from h3.-If the angle is greater than 90' , tihe correction is stibtraeted from b, and added to lip

Apossible variation of either method of determining L would be to make a com-

paratively large number of observations (10 to 15) at short intervals and plot the
altitudes veisus time on cross-section paper. A point near each end of the line faired
through the plotted points would then be corrected for the run of the vessel, as in the
second method. Two points might then be selected, one near each end of the altitude-
time line. The change in altitude, in minutes, divided by one-fourth the number of seconds
between the two points is- If preferred, three points might be selected at equal

cit
intervals and the formula of the second method used.

Rate determined by two individual observations a few minutes apart would not
be sufficiently accurate for practical navigation.

None of the methods employing rate of change of altitude have proved popular,
dhT.,. eaz-t

probably because of the difficulty of obtaining an accurate value of Ttr . c o' azi-
muth and rate of change of azimuth, altitude and rate of change of a7in'il . .zimuth
and rate of change of altitude have been even less attractive because of the even
greater difficulty of obtaining accurate measurements of azimrth or rate Gi change
of azimuth. With the further developnent of automatic devices for continuously

rs- ,measuring altitude or azimuth, with allowance for motion of the observe,, such methods
might prove more attractive.

2118. Use of unique situations.--Various unique situations might be used for
determining position or a line of position. As a general rule these have not been attractive
because they could be used only when the conditions were met. As an example, if a
celestial body of known coordinates were known to be in the zenith, the declination of
the body would be the same as the latitude of the observer. His longitude would be
the same as GHA of the body (360°-GHA in east longitude). -

Near the geographical poles, the poles can be used as the assumed position. Here
the declination of the body is the same as the computed altitude, and GHA replaces
azimuth.

Meridian altitudes (art. 2103) and latitude by Polaris (art. 2105) are examples of
methods dep.nding upon unique situations. These have both been used extensively,
but are decreasirg in popularity because of their reliance upon unique conditions,
without adequately compensating advantages.

Shchetkin. In 1899 N. 0. Shchetkin proposed a method of computing latitude
and meridian angle from measurement of the times at which two or more pairs of stars
have the same altitude. Each star pair would provide, in effect, a single great-circle
line of position. Variations of the method were proposed by Zinger, Pewzow, and
W. W. Kawraisky, a Russian. The necessary tables for latitude 60'N to 80'N were
published by the Astronomical Institute of Russia in 1936. A similar method was
prepared by Simon Swahn in 1943.

Collins. In 1946 Oliver C. Collins, an astronomer at the University of Nebraska,
proposed a variation of the method of Shchetkin, and extended it to include observa-
tions when two celestial bodies have the same azimuth.

McKee. In 1951 Lieutenant Merlin A. McKee, USMS, proposed a graphical
solution of the same-altitude method of Collins.

Pierce. About 1951 Rear Admiral M. R. Pierce, USN (Ret.), suggested a method
of establishing a line of position perpendicular to the course line when the altitude of

a --
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a celestial body is observed at the moment it crosses the great circle through the ob-
server and his destination.

119. Graphical and mechanical solutions.-All of the methods described above
require tables, either for a mathematical solution or to extract computed values ofl
altitude and azimuth. The total number of possible tabular solutions must be very!
great. The number of graphical and mechanical solutions is almost endless. The ones
selected for mention below are representative of the types that have been prepared,

or made available.
Graphical solutions are almost as old as tabular ones, having existed at least since

1790, when Margetts' Horary Tables ,ippeared in graphical form. These were intendedl
"for shewing by Inspection the Apparcnt Diurnal Motion of the Sun, Moon, and Stars,,
the Latitude of a Ship and the Azimuth, Time, or Altitude corresponding with any i
Celestial Object.." They were intended primarily for use with the longitude methodi
of laying down a line of position.

in general, graphical and mechr'ical solutions have not proved popular, for 3everal

reasons: First, they generally involve a small scale, yielding results of less accuracy
than desired, even with careful work. Second, some of the methods must be used as

- a whole, and cannot be divided into parts Io increase the scale. Third, such methods
usually eo not provide a record of the solution, and it is often difficult to check the
results. Fourth, solutions requiring instruments are subject to errors due to lack of .
proper adjustment or mechanical damage which may not be apparent. Fifth, the1

required diagrams or instruments may be quite bulky, requiring considerable space I
for stowage and manipulation. Finally, in some cases the necessary instruments arel
expensive.

2120. Altitude and azimuth angle by graph.-One type of graphical solution is
by means of a diagram that solves an equation.

d'Ocagne. Typical of such diagrams is that prepared by Maurice d'Ocagne, a
Frenchman. Both altitude and azimuth angle can be found by means of this diagram,
which is based upon the following formulas:

hay z=hav (L-d)+{hav [180-(L+d)]-hav (L-d)) hay t,
hay (90°±td)--hav (L-h)-+ (hav [180°-(L+h)]-hav (L-h)) hay Z,

in which z=90°-h.

The sides of a square are divided according to the haversines of angles, from 00
to 180', and the corresponding graduations of opposite sides are connected with straight
lines, forming a diagram as shown in figure 2120a. The graduations on the two sides

run in opposite directions. To find the zenith distance, locate the value corresponding
to (L-d) along the left of the diagram, and the value corresponding to (L+d) along
the right of the diagram. Draw a straight line through these poi. s. Locate the inter-
section of this line with the vertical line corresponding to meridian angle. A horizontal
line from this intersection to the left edge indicates the zenith distance.

To find azimuth angle, draw a straight line between (L-h) at the left and (L+h)
at the right. Locate the intersection of this line and the horizontal line corresponding
to (90')-d). A vertical line from this intersection to the top of the diagram indicates
the azimuth angle.

If the altitude, latitude, and declination are known, the first solution can be made
in reverse for meridian angle, for a longitude method solution.

The diagram was first published in 1899 in Trai de Nomogrlphie by d'Ocagne.
Similar diagrams have since been published under the name Spherwal Triagle Nomo-

f h
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FIouRE 2120a.-The d'Ocagne diagram.

gram by Wimperis, and under the title Altitude, Azimuth, and Hour Angle Diagram
- by Littlehales in 1906, and by the U. S. Navy Hydrographic Office in 1917.

Fav6 end Rollet de l'lsle.-If a perpendicular is dropped from the celestial body to
the celestial meridian, a diagram can be prepared to solve the basic formulas given in i -
article 2111, or others derived from these. Such a diagram is shown in figure 2120b.
This diagram was devised by the French engineers Fav6 and Rollet de l'Isle in 1892.
The diagram represents oaly one-eighth of a sphere, additional sections being needed. An
alternative is to show additional labels, as in figure 2120b. This results in three "cases"

~and several rules similar to those used with some logarithmnic solutions. Solutions for

both altitude and azimuth angle are made in two steps, plus one addition or subtraction.
This diagram was reproduced by the Frenchman M. E. Pereire in 1894 and by another
Frenchman, P. Constan, in 1906 as a method of finding azimuth

Jerns.-In 1953 Leiv Jernoes, a Norwegian, invented a device he called a
"Nauticator," which consists of various scales in a semicircle with radial scales on a
plastic arm pivoted at the center of curvature of the semicircle. The device is used
with a pair of dividers to solve various problems of spherical trigonometry to an ac- -
curacy of about 15'.

L- -
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FwCURa 2120b.-The Fav6 diagram.

Bertin. In 1955 Rev. Maurice Bertin, a Frenchman, devised a graphical solution,
for the longitude method, using the formulas:

tan2 % t=tan %4 (90' - a) tan (900 ,6 (1)

tan %(900 - a)and tan2 % Z= 9~-~ (2)1

in which tan %a=tan %1 (h+d) tan (90' -L)

tan %(hi - d)and tan ~tan ~4(90 - L)

The diagram consists of three families of straight lines, one vertical, one horizontal,
and the third at an. angle of 45' to the others. The accuracy depends upon th-1 scale
of the diagram, but a large one is needed for navigational accuracy.

2121. Altitude and azimuth angle by comoputer.-Slide rules, like diagrams, have
4been devised ',o solve formulas. In the case. of the navigational triangle. both suffer
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from the need for a scale that can be read to a subdivision at least as small as 1'. A
number of such slide rules have been devised for use in reducing celestial observations.

Richer. In 1791 Jean Francisco Richer, a Frenchman, constructed a device com-
posed of six arms, some hinged and some sliding, which won a prize offered by the
Paris Academy of Science for a simple method of "clearing" lunar distances (art. 131)
in the solution for longitude. The device solved a formula devised by the French mathe- I

'matician Joseph Louis Lagapge, und was capable also of solving other problems
involving spherical triangles, such as those rela.d to time sight solution (art. 2106),
computation of altitude, and great-circle saifing r-"lems (art. 903).

Poor. A slide rule invented by Professor Char. L. Poor is shown in figure 2121a.
This device, called the "Line of Position Computer," was designed to solve the cosine-
haversine formula (art. 2109). Eight concentri.c circular scales are engraved on a metal
disk about 15 inches in diameter. A plastic arm and circular sheet are pivoted at the
center of the disk. The arm may be clamped to the plastic sheet. The seven outer
scales are used in solving for altitude. The altitude scale is graduated at intervals of
10', and further subdivisions can be estimated. The inner scale is used for determining
azimuth angle. Several rules are needed, and the number of scales adds to the possibility
of error.

-- N

'1

F.ra'z 2121a.-The Poor Line of Position Computer.
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Bygrave. A cylindrical slide rule was designed by the Englishman Bygrave to solve
the navigational triangle divided by dropping a perpendicular from the celestial bodyI
to the celestial meridian (fig. 2111). This device, shown in figure 2121b, consists of
three concentric tubes. The inner one has a spiral scale of logarithmic -tangents, the
middle one a spiral scale of logarithmic cosines, and the outer cne a pointer for cach
scale. Solution is simple and relatively fast, but altered procedures are required if the
azimuth angle is near 90°, or the meridian angle or declination is very small. The
overall dimensions are about 2Y2 inches in diameter by nine inches long. An accuracy
of about 1' or 2' is generally attainable.

Bertin. In 1955 Rev. Maurice Bertin devised an 18-inch slide rule to provide a
solution of the longitude method to an accuracy of about 1', using the formulas upon
which his graphical solution (art. 2120) is based. He also devised a solution of the
same formulas by a circular slide rule consisting essentially of two spirals. The inner
one is on a disk 23 centimeters (9.2 inches) in diameter, and the outer one is on an
annular ring 39 centimeters (15.6 inches) in outside diameter. The graduations are
proportional to the log cotangents of half-angles. A window on a cover is provided
with a radial line to serve as an index. Solution is facilitated if an approximation of
the answer is known in advance. An accuracy of better than 3' is claimed for this
device. Still another solution proposed at the same time is by a computer consisting I
of a strip four centimeters (1.6 inches) wide and 12 meters (nearly 40 feet) long, wound
on two rollers and engraved with three sets of graduations. An accuracy of better
than 1' is claimed, but several arithmetical steps are required.

LeSort. A computing device based upon solution of formulas for a divided navi- j
gational triangle was designed by Commander LeSort of the French Navy. Logarith- I
mic scales are placed on eight films wound on rollers. The films operate in pairs so i
arranged that the two films of any pair can be locked together at any point. Alternate

I
I
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FmWRE 2121b.-The Bygrave slide rule. - - 1-..-
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films carry log cosine and log tangent scales. Although an accuracy of about 0:2 can
be obtained, the method is comparatively long and has no apparent advantage over
modern inspection tables.

Desk computers. Several desk-type computers have been designed to solve the
navigational triangle.

2122. Altitude and azimuth angle by map projection.-If the observer were to
move along his meridian to the nearer pole, and the navigational triangle were to
move with him without its proportions being changed, his zenith would coincide with
the pole, and the vertical circle would coincide with some celestial meridian. Zenith
distance or altitude could be read directly. Since both great circles forming the
azimuth angle would now coincide with celestial meridians, the azimuth angle could
also be determined directly.

Littlehales. To accomplish this with a sphere, to a useful accuracy, would require
a sphere of impractical size for use by the navigator. However, the solution can be
made by means of a map projection. George Littlehales, of the U. S. Navy Hydro-
graphic Office, used the stereographic projection (art. 318) and a 12-foot sphere for
this purpose. The projection is divided into 368 overlapping sheets which, with a key
diagram, are bound together. An accuracy of about 1' or 2' can obtained by a rapid
and simple process, but the volume is bulky and not particularly convenient.

Veater. Commander Veater of the British Royal Navy used the transverse Mer-
cator projection (art. 309), with the observer's meridian as the fictitious equator.

Hyatt. A similar principle is utilized in the diagram on the plane of the celestial
meridian (art. 1432). A mechanical device based upon this diagram can be made by
drawing a hemisphere by equatorial orthographic (art. 319) or stereographic projection
and pivoting at its center an identical hemisphere on transparent material. If the top
hemisphere is rotated until the arc between poles of the two hemispheres is equal
to th.- colatitude of the observer, the lines of one hemisphere represent coordinates of
the celestial equator system (art. 1428), and those of the other, -ordinates of the
horizon system (art. 1430). Thus, if a body is located by meridian angle and declina-
tion on one set of lines, its altitude and azimuth angle can be read from the other set.
If altitude and declination are used to locate the body, meridian angle can be read from
the diagram. In the United States such a device, on both the orthograpaic and stereo-
graphic projections. has been prepared by Commander Delwyn Hyatt, USN, under
the tit!-. "Celestial Coordinator" and "Coordinate Transformer." It has also been
produced in other countries, notably in Germany, France, and Russia, where, in addi-
tion to such a device, precision instruments based upon the same principle have been
constructed. The scale of the German instrument is so small that an accuracy of about
5' is about the best +hat can be expected. The Bastien-Morin (French) and Kavroyskyy
(Russian) instrumerts might yield results of slightly greater accuracy. The plastic
device, if carefully made, might be generally accurate to half a degree. It has been
used primarily for instructional purposes.

Brown-Nassau. The Brown-Nassau "Navigational Computer" utilizes the same
principle, but uses the azimuthal equidistant projection (art. 320) and increases the
scale by limiting the device to an octant of the sphere, with separate solutions for alti-
tude and azimuth, and various rules.

True. In his Celestial Navigator for Aviators, printed about 1943, Clarence H. True,
of the Canal Zone, uses a single diagram on the orthographic projection. This serves as
the basis for a solution by construction, claimed to be of sufficient accuracy for use in
lifeboats. Various rules are needed.

~~i
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Pierce. A series of diagrams on the azimuthal equidistant projection have been
devised by Rear Admiral M. R. Pierce, USN (Ret.). The method is based upon the!
principle that angles are correctly represented at the point of tangency of this projection,
and radial lines from this point represent great circles along which distances are repre-
sented by a uniform scale. A protractor is used for measuring the azimuth angle. At-
tached to the protractor is an arm with a linear scale graduated so that altitude can
be read directly. The whole device is called a "Cadameter." The method is easy to use,

and about as fast as modern inspection tables. With great care an accuracy of 1' can be
obtained. The method suffers from the need for a number of diagrams which are some-
what bulky and more susceptible to damage than a book.I 2123. Latitude and longitude by diagram.-A number of graphical and mechanical
solutions have been devised to yield latitude and longitude directly.

Beij. One proposed in 1924 by K. Hilding Beij, of the U. S. Bureau of Standards,
was based upon the fact that latitude and local sidereal time are completely defined by
the simultaneous altitudes of two celestial bodies whose declination and SHA are
known. A page of his proposed diagrams is shown in figure 2123a, in which latitude is

.the abscissa, and LST is the ordinate. Position on the graph is located by the inter-

section of the curves representing the altitude of the two celestial bodies observed. The
vertical line through the intersection indicates the latitude, and the horizontal line the
LST. The difference between GST and LST is the longitude. If a timepiece keeping t
GST is available, not even an almanac is needed.

The method is accurate, fast, and direct. The individual sheets can be drawn to Z
any scale and cut to any size desired. For a lar-e scale with sheets of a convenient I
size, a great many diagrams would be needed, but these might be bound together in
convenient-size volumes, or placed on a tape wound around rollers, as originally pro- 2
posed. A weakness of the method is the requirement for simultaneous observations. For I

LATITUDE
= 20

°  
30' 40' 50. 60'

~I
Soi4 "

I) x

- - -4 -

-.---

LATITUDE

ALTITUDES OF REGULUS R-60

ALTITUDES OF BETELGEUX -- B-30- - -

Fix-Rlt 2123a.-The Beii two-star ding:ri.

A

\ \ '. I-,.'.

I" -

N.-" - I . ! / 1 I



COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 607

nonsimultaneous observations a table might be provided to indicate the change in
altitude during the interval between observations. Since the positions of the curves
depend upon the declination and SHA of the body, the method is limited to celestial
bodies whose coordinates are nearly constant, unless the curves are intended only for a
particular time. Even for stars, the diagrams become out-of-date in a few years. The
method is limited to the particular bodies for which curves are shown, although the
number of curves need not be limited to two. This is a form of precomputation. since
the computation is performed in locating the curves, rather than by the navigator.
In a sense, it might be considered a graphical form of Pub. No. 249 (art. 2113).

Weems. If the Beij diagram is rotated through 900, the parallels of latitude be-
come horizontal, as customary on a chart. If they are spaced according to the .Mercator
projection, azimuth is indicated by the normal to a curve. This is the arrangement
used by Captain P. V. I. Weems, USN (Ret.), in his Star Altitude Curves, the first
volume of which was published in 1928. Later he added a third star, using a different
color for each star, and included a correction for refraction at sea level. A separate
volume is used for each 10' of latitude, and a correction is provided for precession of
the equinoxes. Covcrage extends from latitude 500S to 70N, with a separate volume
for latitude 700-90°N. The curves for 800-900N are on the polar stereographic pro-
jection. Any orthomorphic projection (art. 302) could be used at any latitude.

Lines representing observations at different times can be advanced or retired as A
on any chart of the same projection. In addition to the adjustment due to motion of
the'craft between observations, the lines are shifted right or left for the elapsed time
between observations. An accuracy of about 1' is attainable by interpolation between I
curves for each 10' of altitude.

The star altitude curves are undoubtedly the most widely used of all the graphical
and mechanical methods. Two-star curves similar to Weems' first edition were pub-
lished in Germany in 1910.

Pritchard and Lamplough. In 1940 H. C. Pritchard and F. E. Lamplough, of the
British Royal Aircraft Establishment, devised a method of reducing the work in- -
volved in the adjustment for elapsed time between observations. They placed the
star altitude curves on film which is used in a projector called an astrograph. The S
curves are projected onto a Iercator plotting sheet and can be moved across it to allow 71
for rotation of the earth. The adjustment is critical, the setting of the projector some-
what involved (a special "astrograph mean time" being needed), and a bulk-y and ex-
pensive projector is needed to prevent distortion. Because of these disadvantages and
the fact that any advantage over short tabular methods is slight, the astrograph
decreased in popularity following World War II.

Longley. In 1943 Flight Lieutenant C. D. N. Longley, RAF, suggested a "Star
Computer" based upon the principle of the astrcgraph. A circular disk serving as a
base plate would have a mean time scale around its circumference. Altitude curves
of a limited number of stars would be printed on a template for each latitude. The -M
circumference of each template would also carry a mean time scale. A radial cursor
would aid in reading the device, which is set by means of the GMIT at which LHAT
is 00 at some convenient longitude, the time of observation, and observed altitude.
Longitude is determined within a 10' band, the ambiguity being resolKed by means of
the dead reckoning position. With a modification of the procedure, the device can be
used with the altitude method.

Baker. As early as 1919 Commander T. Y. Baker, RN, prepared altitude curves
and their orthogonals (normals) on transparent tape which is wound on rollers in the
"Baker Navigating Machine" (fig. 2123b). The transparent tape is moved across a
iMercator plotting sheet, being oriented by means of a time scale set. w~ith respect .

-a
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Ficvs 2123b.-The Baker Navigating Machine.

I to a meridian. The line of posiiion is transferred to the plotting sheet by means of
carbon paper. A single tape has curves for several stars, and a separate tape for each
40 of declination from 24°N to 24°S permits use of the device with the sun and other

bodies of the solar system. A rule attached to the machine (shown at the top of fig.
2123b) provides a correction for declination differing from that of the curves.

Weems. In 1955 Captain P. V. H. Weems, USN (Ret.), prepared a somewhat
similar device called a "Polar Computer," using his star altitude curves.

Leick. In 1911 Dr. A. Leick, a German, prepared a diagram by which latitude
and LST could be obtained by altitudes of Polaris and one other star. The diagram
can be used for finding the correction to apply to the altitude of Polaris to determine

Lthe latitude, and then to find the LST in a second step.
Fav6. In 1901 Fav6 devised a graphical solution based upon the Marcq St.-Hilaire

principle (art. 2108). A chart on the stereographic projection (art.. 318) is used. Tables
of computed altitude and azimuth for the point of tangency are needed. The chart is
on transparent material. An additional sheet has a set of arcs of circles, with a straight
azimuth line drawn normal to them. The chart is placed over the curves with the straight
azimuth line through the point of tangency and oriented in the direction of the celestial
body. A large circle on the chart assists in this orientation. The chart is then moved
along the azimuth line until the curve representing the computed altitude at the point
of tangency is under that point. The curve representing the observed altitude is then
correctly placed and a segment of it. can be traced on the chart. However, due to chart
distortion, error is introduced in this way. It can be removed by means of a nomogram I
which indicates the correct curve to use. A mark is placed on the chart at the inter-
section of the azimuth line and the curve representing the observed altitude. The chart
is then moved along the azimuth line a second time until the correct curve is in place,
and the are is traced. This process is repeated for each celestial body observed. For
stars, a one-page set of curves can be used instead of tables for determining altitude
and azimuth at the point of tangency. Fay6 recommended use of five separate charts
with points of tangency at 00, 300, 450, 750, and 900, respectively. Each chart
could be used as a plotting sheet for any longitude at the same latitude, requiring -

computed altitude and azimuth for only five places. Fav6 later put his method into
instrumental form and used a special protractor and curved ruler.

.... -- ---.. .1r _ _=
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BrilL. In 1909 Dr. Alfred Brill, a German, invented a device based upon the same
principle used by Fav6, as shoun in figure 2123c. In this device the plotting sheet
is on the azimuthal equidistant projection (art. 320) and covers about 100 of latitude.
Two sets of curves on separate sheets of tracing cloth are mounted belo- the plotting
sheet. A handle turns the plotting sheet to the correct azimuth.

jVoigt. The same principle used by Fav6 and Brill was used in the Voigt "Orion"
instrument constructed in Germany in 1911. A plotting sheet on the azimuthal equi-
distant projection is engraved on aluminum. Each of the three plotting sheets, centered
on latitudes 420, 500, and 550, respectively, covers a spread of 100 of latitude. The
line of position is drawn by means of a flexible ruler mounted on a bridge that can
be clamped at any position over the plotting sheet. The curvature is controlled by
means of gears, a scale being provided to indicate the correct value.

Vueetic. In 1921 a device called a "Toposcope" was prepared by Vucetic, a French-
man. The device is identical with the Brill instrument except that a single set of curves
is prepared and these are cut through the material as slots, and placeu over the top of
the plotting sheet.

Littlehales in 1918 suggested a method similar to that of Fav6, but with a poly-
conic projection (art. 315).

Kahn. In 1928 Louis Kahn, a French naval architect, proposed that a set of navi-
gational charts be prepared on the oblique Mercator projection (art. 310), a separate
chart being provided for the great circle between various places on the earth. On each
chart the small circles on the earth directly below the parallels of declination (that is,
the daily paths of the geographical positions) of various navigational stars would be
shown. These circles would be graduated in Greenwich sidereal time, so that the GP
at any GST would be indicated. The distance from any assumed position to the GP
at the instant of observation would be the zenith distance, and the direction of the line
would be the azi-nuth. By comparing the observed :,enith distance with that at the
assumed position, the navigator could obtain the altitude difference, and plot the line
of position. The common intersection of two or more such lines of position, advanced

-B i

~Fuw r 2123c.-Thc Brill device.
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or retired to a common time if necessary, would define the position of the observer. y
The method would be limited to zenith distance within the range of the chart. A laterl
version would produce greater accuracy, but with a little more trouble in making the!
measurements, by substituting the gnomonic projection (art. 317) for the oblique
.Mercator projection.

Dusinberre. In 1944 Lieutenant Commander H. W. Dunsinberre, USN, suggested!
a method using star diagrams. A diagram for each 1 of latitude and 10 of LHA T'
would be provided. Each diagram would consist of a series of radial lines extending
in the directions of the prominent stz-s favorable for observation. The 22 stars of
H.O. Pub. No. 218 (art. 2113) were suggested. Until changed by precession of the
equinoxes (art. 1419) the common origin of these lines would represent a definite
altitude for each star. The altitude at the next higher whole degree or half degree,
adjusted for refraction, would be indicated by a tick on the appropriate azimuth line.
After observation, a transparent plotting board would be properly oriented over ie
appropriate star diagram, using LHA TV and adjusting for the run between observations.
The line of position would then be drawn at the correct point, perpendicular to theii • azimuth line, using the tick as a guide. An LHA T computer was proposed for deter-
mining LHA T at the time of each observation from a single LHA T for a time near,
the start of each set of observations. When all lines of position were plotted, the fix
would be transferred to the chart or plotting sheet.

2124. Solution by sphere.-Solution of a spherical triangle directly on a spherical
surface, or by means of arcs representing great circles on the surface of an imaginary
sphere, must have occurred to man quiIe early. Pictures Vf ancient navigators surrounded
by their instruments and accessories invariably show a sphere. Solution by sphere is
still suggested from time to time. Although this method is relatively simple and easy, .

the problem of scale is even more acute than in the graphical solutions.
Spherical methods can be classified in three grouaps: (1) those which solve the

navigational triangle for a single line of position, (2) those which solve two or more
observations for a fix, and (3) those which combine observation and solution for a fix.

The first group constructs the navigational triaP:.,e with arcis of great circles.
Essentially, such a device consists of three arcs. Tie one reoresenting the celestial
meridian is usually fixed and a part of the frame. The Vase to which it is attached usually
carries the azimuth scale. Movable arcs ar- provided .or the vertical circle and the hour
circle. If the latitude, meridian angle, and decllton :xe properly set, the three arcs
form the navigational triangle, and altitude an.' azimuth angle can be read from their
scales. If altitude is used for constructing th' tIange, meridian angle can e cad from'
the instrument for a longitude solution.

Willis. A large number of teaching aids has been ba-ed upon tnis design or one of
the many possible variations of it. Several precision instruments have been proposed or
actually constructed. In 1932 such an instrument designed by Edward J. Willis, an
American engineer, was constructed in Scotland. The marine version, weighing abolit
27 pounds, is graduated to 1'; and the aeronautical version, weighing between seven
and eight pounds, is graduated to 5'. The longest dimension of either version is 11
inches.

Japanese Navy. During World War II, the Japanese Navy used an "nstrument
virtually in the form described above. Results were accurate to approxima: .y 1'.

McMillen. Of the various methods of determining a fix by sphere. the most ob-
vious is that of providing an actual sphere as a plotting st.rface, wit! provision for
striking arcs equal to the zenith distances, using the gegRaphical positio;,s of the
celestial bodies as centers. In 1943 such a method was proposed by D. A. McMillen, a

.e-
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United States businessman in Sao Paulo, Brazil. His sphere, of a little more than 11
inches in diameter, had a scale of 80 (480 nautical miles) per inch along a great circle.

Hiltner. In 1945 Dr. W. F. Hiltner, a professor at Lehigh University, suggested a
similar method using arcs of spheres and a billiard bali. This in effect, sets up two
navigational triangles, locating the observer at the common zenith of both triangles.
Simultaneous observations are needed.

U. S. Navy Training Device Center. About the same time, the Training Device
Center of the U. S. Navy prepared a device called the "Sphereman Craft Positioner,"
combining the functions of the devices of both McMillen and Hiltner, and providing a
plotting surface for dead reckoning. A line of position from a single observation can
be drawn on the 17-inch aluminum globe, or the triangle of position from the observa-
tion of three stars can be mechanically set up. Provision is made for advancement or
retirement of lines due to motion of the craft. The device was intended for training
purposes.

Zerbee. In 1951 Louis J. Zerbee, of Bellfontaine, Ohio, proposed a device similar
to that of Hiltner, but without the billiard ball. His instrument was called the "Zerbee
Celestial Fix Finder." Like the Hiltner device, that of Zerbee makes no provision
foi nonsimultaneous observations (unless one of them is corrected to the value it would
have if observed simi ltaneously with the other) or for a check by observation of addi-
tional bodies. Observations of bodies near the meridian or taken from high latitudes
cannot be acco , imodated1.

Combined sextant and computer. At least as early is 1895 an attempt was made

to combine in a single instrument the functions of sexta:t and computer. Such instru-
ments are fi,, .amentally the same as those described above, except that they are set
by alignment with one or more celestial bodies. If the instrument is level and ac-
curately aligned with the merit iap at the time of observation, the miniature sphere is
oriented to the celestial sphere and the earth. If both the altitude and azimuth are
used, a fix can be obtained by mean- of a single celestial body. If two bodies are ob-
served simultaneously, accurate directional reference by compass is not needed.

The weakness of such methods is the need for a stable platform and either accurate
directional reference or the need for observing two bodies simultaneously.

Beehler. In 1895 Lieutenant W. H. Reehler, USN, invented an instrument he a

-alled the "Solarometer," which was designed to furnish a position from observation
of the sun. It requires a heavy cast iron base rigidly attached to the ship, with a bowl
set in gimbals and filled with mercury. A float resti-g on the mercury carries the sighting
instrument.

Hagner. In 1936 Fred Hagner, of San Antonio, Tex., invented a similar instru-
ment he called the "Hagner Position F:nder." This is a portable instrument operating
on the same principle as the Solarorneter, but obtaining the vertical by being hung from
a suitable support, and therefore acting as a pendulum. This is reminiscent of the
ancient qstrolabe (art. 124).

Bedell. In 1953 A. L. Bedell, of St. Louis, Mo., proposed an instr. ment based
upon simultaneous observation of two celestial bodies. The horizontal would be defined
by spirit level.

2125. Azimuth.-Most of the methods described above provide for determination
of both altitude and azimuth angle. Several provide only for altitude. The number
of tables, diagrams, and devices providing solution for azimuth only is very great,
approaching the number provicling solution for both altitude and azimuth. The reason
for this is that azimuth is needed for other purposes than sight reduction. One common
use is for checking the compass. Since modern inspection tables have provided parallel
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columns of computed altitude and azimuth or azimuth angle, separate azimuth tables
have decreased in popularity.

Azimuth can be determined by computation or by amplitudes (tab. 27, 28), as!
well as by azimuth table. The method of computation depends somewhat upon the
information available. There are three general approaches:

Time azimuth is the name given an azimuth or azimuth angle computed with
meridian angle (a function of time), latitude, and polar distance (or declination) as theknown quantities.

hllihude azimuth is an azimuth or azimuth angle computed with altitude, latitude,

and polar distance as the known quantities.

Time and altitude azimuth is computed with meridian angle, declination, and
altitude as the known quantities, the most common formula being

sin Z=sin t cos d sec i.

The weakness of this method is that it does not indicate whether the celestial body
is north or south of the prime vertical. Usually there is no question on this point, but
if Z is near 900, the quadrant may be in doubt. If this occurs, either the meridian
angle or altitude when on the prime vertical can be determined from table 25 or by!
computation, using the formula

cos t=-tan d cot L a
or sin h= sin d cse L.

If the altitude is less, or the meridian angle is greater than the value when the body is I
on the prime vertical, the azimuth angle should be labeled N or S to agree with the
latitude. If h is greater or t is less than when on the prime vertical, Z should be given
the contrary name (N or S) to that of the latitude.

Amplitudes. For checking the compass, a low altitude is desirable because it can I
be measured easiest and most accurately. if a celestial body is observed when its
center is on the celestial horizon, the amplitude (art. 2029), which is tiho arc on the
horizon between the prime vertical and the body, can be token directly from table 27.

2126. Azimuth tables are numerous. Originally, they werc designed primarily for
use in determining compass ,rror. Since the sun was the celestial body customarily
used for this p',rpose, most of the ,. A1es were designed with the sun in mind. Meridian
angle is commonly expressed in terms of local apparent time, in intervals varying from
about one to 20 minutes. In many of the tables, meridian angle increases upward from
the bottom of the page.

The following are some of the principal azimuth tables:
Wakeley. The first known azimuth tables for use of the navigator were The Regi- jI

ment of the Pole Star by Andrew Wakeley. These tables were part of the author's The I
Mariner's Compass Rectified, published in London in 1665. These tables show the II
"true hour of the day" at which the sun is at the variou, points of the compass.

Lynn Azimuth Tables, by Thomas Lynn (art. 2106), were published in 1829.
This 364-page table gives azimuth angle computed by the haversine formula of article
2106.

Towson and Atherton. The Tables to Facilitate the Practice of Great Circle Sailing,
by the Englishmen John Thomas Towson and J. W. Atherton, were designed primarily
for great-circle sailing, but since they indicate the coufse, they were easily adapted to
finding azimuth angle. They were published in England in 1847.

Y.. ;.
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Burdwood. The Tables of Sun's True Bearing or Azimuth, by Staff Commander
John Burdwood, RN, were first published in 1852, with additional parts being added
in 1858, 1862, 1864, and 1866. Captain John E. Davis, RN, and Percy L. H. Davis, of
the British I'autical Almanac Office, later added to the tables, making them complete
for all values of altitude and for declination between 64'N and 640S. These tables
were standard in Great Britain for more than a century. They have now been largely
replaced by H.D. 486 (Pub. No. 214) for mariners and A.P. 3270 (Pub. No. 249) for
aviators. Burdwood used modifications of the time azimuth formula.

Labrosse. Azimuth tables by the Frenchman F. Labrosse were published in London
in 1868, and later in Paris. In 275 pages this Table des Azimts du Soleil covers latitudes
from 610 N to 61°S, and declinations from 00 to 30'N or S. The following formula was
used:

cot tan d cos L l L cot t.sin t

Fifteen editions had been published by 1920.
Shortrede. In 1869 Captain Robert Shortrede's Azimuth and Hour Angle for

Latitude and Declination and Tables for Finding Azimuth at Sea were published in
London.

John E. Davis. The first azimuth tables by Captain John E. Davis were published
in 1875. These were published as an extension of the Burdwood tables.

Perrin. In Paris the Nouvelles Tables Destinies 4 Abr~ger les Calculs Nautiques,
by Ensign (to Vaisseau E. Perrin, French Navy, were published first in 1876. These
consist of three tables of nine, seven, and six pages, respectively, providing elements for
determination of azimuth by a short computation. Several editions were published.

Kortazzi, a Russian, produced a volume appropriately called Modification des
Tables d'Azimuth de Thomson (art. 2106). These wore published in Paris in 1880.

H.O. Pub. No. 66 (Schroeder and Wainwright), Arctic A imuth Tables. Lieu-
tenants Seaton Schroeder and Richard Wainwright, USN, prepared azimuth tables for
use of the USS Rodgers in her search for the arctic steamer Jeanette. These were published
in 1881. Azimuths to the nearest 1' are given for each 10m meridian angle between 4b
and 7 h, for latitudes between 700 and 88', declination 00 to 230, same name.

Decante. In 1882 Lieutenant de Vaisseau E. Decante, of the French Navy, pre-
pared Table du Cadran Solaire Azimutal, which was published in 1904, in eight volumes
for latitudes 10 to 66' and declinations 00 to 480.

Pub. No. 260 (Schroeder and Southerland). The Asimuks of the Sun were prepared
in 1882 by Lieutenant Seaton Schroeder, USN, and Master W. H. H. Southerland,
USN. These are popularly called "Red Azimuth Tables," because of the red binding
used for most printings. This designation distinguishes them from the "Blue Azimuth
Tables" (Pub. No. 261). After 15 editions, these tables are still in use. Azimuth angles
are given to the nearest 1', at 10"' intervals of !ocal apparent time from "sunrise" to
"sunset" (middle of the sun on the celestial horizon), with the LAT and the azimuth .
angle of these phenomena given at the bottom of each column. A separate table is given
for each 10 of latitude from Go to 700. The first part of the book is a table for latitude 0' .

The second part is devoted to tables of latitude and declination "same name." The
third part gives "contrary name" tables. Declination entries are given at 10 intervals
from 00 to 23', with the approximate dates on which this is the declination of the sun.
Extracts from these tables are given in volume II. Values are customarily taken by

L . triple interpolation, using the right-hand "P.Mt" LAT column as meridian angle.
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Blackburne. The New Zealand nautical almanac for 1883 carried the 177-page
"A and B" azimuth tables, by , S. Blackburne. By 1911, after several modifications,
these emerged as "A, B, C" ..ables for Azimuth, Great Circle Sailing, and Reduction to
the Meridian. The range of both the latitude and declination is from 90'N to 90°S.1

Lecky. In 1892 Captain S. '. S. Lecky, an Englishman, modified the Blackburne
tables and produced another set of "A, B, C" tabkls which have been widely used. I

Ebsen. The Azimu!-Tabellen of Julius Ebsen, published in Germany in 1890, uses:
the same formula as Labrosse, and is arranged like Pub. No. 260, except that azimuth
angles are given to the nearest 0?1, and the time and azimuth angle of sunrise and
sunset are given at the top of the table, in place of the dates of Pub. No. 260. In two
volumes, coverage is for latitudes 72'N to 720 S, and declinations 00 to 29'. Tables
are for same name only, contrary-name situations being handled by using the supple-
ment of meridiah angle, and using the supplement of the value taken from the table,:
as "n Pub. No. 261.

Johnson. A Combined Time and Altitude Azimuth Table for latitudes and declina-
tions from 0' to 80', by A. C. Johnson of the British Royal Navy, was published in
London in 1900. In the same year, his Short, Accurate, and Comprehensive Altitude-
Azimuth Tables were published. This publication consists of three tables for computa-'
tion of azimuth for each degree of latitude aihd altitude from 0' to 750, and each degree
of declination from 30°N to 300S.

Zhdanko. The Russian Tables of Azimuth of the Sun, by M. Zhdanko, published
in 1900, supplied computed azimuth angles for latitudes between 610 and 75' . These -
were later expanded by Yustchenko. I

Percy L. H. Davis. In 1900 Percy L. H. Davis took over the work previously
clone by Burdwood and John E. Davis, continuing to improve and extend the tables.

Pub. No. 261, Azimuths of Celestial Bodies, published by the U. S. Navy Hydro- I
graphic Office in 1902. extend the Pub. No. 260 tables by providing information in
similar form (but with meridian angle increasing dowiward on the page) for declinations
240 to 700. These are popularly called "Blue Azimuth Tables," from their blue binding.
Tables for "same name" only are given. If latitude and declination are of contrary
name, the tables are entered with the supplement of the meridian angle. The value
taken from the table is then the supplement of the azimuth angle, which is labeled
N or S to agree with the latitude and E or W to agree with the meridian angle. Extracts
from Pub. No. 261 arc given in volume II.

Symonds. The Nautical Astronomy, with New Tables, by W. P. Symonds, British
Survey Commissioner, Bombay, includes azimuth tables. It was published in 1912. I

Goodwin. An Equatorial Azimuth-Table, by H. B. Goodwin, was published in 1921. 1
Purey-Cust. Azimuth by Logs, by Admiral Sir H. E. Purey-Cust, RN, was pub- 1

lished in England in 1929. It consists of a three-page table of the logarithms of the I
six principal trigonometric functions at 1G' intervals (5' below 100) for solution of the!
time azimuth and altitude azimuth formulas.

Yustchenko. In 1935 A. Yustchenko, a Russian, extended the '.danko tables i
to all latitudes, in the work entitled Azimuty Svetil (Azimuths of Celestial Bodies).
For each 100 of latitude (50, 150, 250, etc., to 850) complete azimuth tables (to the

- nearest 011) are given for each 1m of meridian angle and each 30' of declination from 00
to 300. At the bottom of each page are given corrections for 10 of latitude. This value
is multiplied by the number of degrees between the actual latitude and the latitude I
for which the table was computed.

Cugle. Cugle's Two-Minute Azimuths, by Charles II. Cugle, wore printed in 1935 j '°

in two large volumes. Coverage is for latitude 0' to 650 and declination 00 to 23'
The arrangement is almost identical with that of Pub. No. 260, except that meridian

A'
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angle increases downward on the page. The number of entries is multiplied by five,

values being given for each 2" of meridian angle.
Table 902. Azimuts, )ublished in Paris in 1953, with the concurrence of the Xarine

Hydrographic Service, contains azimuth angles to the nearest 011 for each whole
degree of latitude from 70'N to 70'S, each whole degree of declination from 0' to
300, and each 10m of meridian angle. The arrangement is similar to that of Pub. No.
260, except that meridian angle increases downward on the page.

2127. Azimuth diagrams have appeared in various forms, in addition to the general
* graphical and mechanical solutions discussed above. A graphical solution is generally

more acceptable for azimuth than for altitude, because the accuracy requirement for
azimuth is usually less.

Godfrey. A graphical solution has been available at least since 1858 when the
Time Azimuth Diagram of Hugh Godfrey was published in London.IWeir. The Azimuth Diagram devised by Captain Patrick Weir, of the British
Merchant Navy, was published in London in 1890, and by the U. S. Navy Ilydrographi-
Office in 1891, under the title Time Azimuth Diagram.

Molfino. [n 1901 the Nomograina degli Azimut del Sole of Molfino was publilled.
Constan. In 1906 P. Constan's Tables Graphiques d'lzinmut were published in

Paris. Thi' was a reproduction of the graph of Fav6 and Rollet de l'lsle (art. 2120).
Alessio. The Diagraminmi Altazimutaii of A. Alessio was published in 1908 in Italy.
Rust. In 1908 the diagram of Lieutenant Commander Armistead Rust, USN,

(art. 2106) wias published. This diagran was later used by Goodwin (art. 2106) and
Weems (arts. 2106 and 2110), and in the Italian Tavole H (art. 2110).

Cornet. The Graphique d'Azinmut of Cornet was published in 1927.
Romanovsky. About 1933 A. A. Romanovsky, a R-issian, devised a simple nomo-

gram for determining azimuth.
German Oberkommandos der Kriegsmarine. A large volume called Azimut-

diagramme, containing sets of diagrams for each whole degree of latitude (20 beyond
800) for all azimuth angles and for all altitudes to 80', was published by the German
Oberkommandos der Kriegsmarine in 1944.

Hugon. The azimuth diagram of Professor P. Ifugon (art. 2109) was published
UP in 1947.

Hilsenrath. About 1948 Joseph Hilsenrath, of the University of 'Maryland, pro-
duced a mechanical device for solving azimuth angle by the method of Weir's diagram.

2128. Summary.-The methods of sight reduction discussed in this chapter
are undoubtedly only a small fraction of the number of niethods that have been pro-
posed. They are considered representative of the effort tha1 t has been made to reduce
the work of the navigator. Individual preferences have largely dictated the use of
the various methods. Presentation and description of a method have been important
factors in the relative popularity of various methods.

There is no single "best" method for all circumstances and all navigators. The
one which produces the desired results easiest and with least possibility of mistake is
the one tht should be selected. Howevcr. two practical precautions should be observed.
First, one should be thoroughly familiar with the limitations oVA weaknesse of the method
he selects. Second, a prudent navigator will never limit himself to a single method,
partictilarly one requiring a special table that might sone day be unavailable, or a
device that is subject to mechanical damage or loss. The slight bending of an arc
might be too insignificant. to be noticed, vet might introduce intolerably large errors in
the result. A wise practice is to ,nemorize, or write on something always carried,
fundamental formulas that. can be used when no "special" tabies are available.

4!
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CHAPTER XXII

IDENTIFICATION OF CELESTIAL BODIES

2201. Introduction.-A basic requirement of celestial navigation is the ability
to identify the bodies observed. This is not difficult because relatively few celestial
bodies are commonly used for navigation, and various aids are available to assist in
their identification, as explained in this chapter.

Many navigators consider it a matter of professional pride to have a more extensive
acquaintance with the heavens than required by the relatively simple demands of
navigation.

2202. Bodies of the solar system.-No problem is encountered in the identification
of the sun and moon. However, the planets can be mistaken for stars. A person working
continually with the night sky recognizes a planet by its changing position among
the relatively fixed stars. He identifies the planets by noting their positions relative
to each other, the sun, the moon, and the stars. He knows that they remain within .
the narrow limits of the zodiac (art. 1420 )but are in almost constant motion relative
to the stars. The magnitude and color may be helpful. The information he needs is
found in the Nautical Almanac. The "Planit Notes" near the front of that volume
are particularly useful.

Sometimes the light from a planet seems steadier than that from a star. This
is because fluctuation of the unsteady atmosphere causes scintillation or twinkling o
a star, which has no measurable diameter with even the most powerful telescopes.
The navigational planets are less susceptible to twinkling because of the broader
apparent area giving light. Z

Planets can also be identified by planet diagram (art. 2209), star finder (art. 2210),
sky diagram (art. 2212), or by computation (art. 2213).

2203. Stars.--The average navigator regularly uses not more than perhaps 20 i
or 30 stars. The Nautical Almanac gives full navigational information on 19 first
magnitude stars and 38 second magnitude stars, in addition to Polaris. Abbreviated
information is given for 115 more. Additional stars are listed in The American Ephem-
eris and Nautical Almanac and in vafiouz star catalogs. About 6,000 stars of the sixth
magnitude or brighter (on the entire celestial sphere) are visible to the unaided eye on
a clear, (lark night.

Stars are designated by one or more of the following:
Name. Most names of stars, as now used, were given by the ancient Arabs and

some by the Greeks or Romans. One of the stars of the Nautical Almanac, Nunki,
was named by the Babylonians. Only a relatively few stars have names. Several of the .
stars on the daily pages of the almanacs had no name prior to the 1953 edition, and were
given coined names so that all stars listed on the daily pages might have names. The
pronunciation, meaning, and other information of general interest regarding Polaris
and the 57 stars listed on the daily pages of the Nautical Almanac are given in
appendix J.

Bayer's name. Most bright stars, including those with names, have bcen given
a designation consisting of a Greek letter followed by the possessive form of the name

616
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of the constellation, as a Cygni (Deneb, the brightest star in the constellation Cygnus,
the swan). Roman letters are used when there are not enough Greek letters. Usually,
the letters are assigned in order of brightness within the constellation, but in some cases
the letters are assigned in another order, where it seems logical to do so. An example
is the Big Dipper, where the letters are assigned in order from the outer rim of the bowl
to the end of the handle. This system of star designation was suggested by John Bayer
of Augsburg, Germany, in 1603. All of the 173 stars included in the list near the back of
the Nautical Almanac are given by Bayer's name as well as regular name, where there
is one.

Flamsteed's number. A similar system, accommodating more stars, numbers
them in each constellation, from west to east, the order in which they cross the celestial
meridian. An example is 95 Leonis, the 95th star in the constellation Leo, the lion.
This system was suggested by John Flanisteed (1646-1719), who was the first British
Astronomer Royal.

Catalog number. Stars are sometimes designated by the name of a star catalog
and the number of the star as given in that catalog, as A. G. Washington 632. In
these catalogs stars are listed in order from west to east, without regard to constellation,
starting with the hour circle of the vernal equinox. This system is used primarily for
dimmer stars having no other designation. Navigators seldom have occasion to use
this system.

The ability to identify stars by position relative to each other is useful to the
navigator. A tabulation of the relative positions of the 57 stars given on the daily
pages of the Nautical Almanac, and Polaris, is given in appendix i. A star chart (fig.
2204) is helpful in locating these relationships and others which may be useful. This
method is limited to periods of relatively clear, dark skies with little or no overcast.
Stars can also be identified by the Air Almanac sky diagram (art. 2212), star finder
(art. 2210), Pub. No. 249 (art. 221 ), or by computation (art. 2213).

2204. Star charts are based ,ipon the celestial equator system of coordinates,
using declination and sidereal hour angle (or right ascension). The zenith of the ob-
server is at the intersection of the parallel of declination equal to his latitude, and the
hour circle coinciding with his celestial meridian. This hour circle has an SHA equal
to 360-LHA T (or RA=LHA T). The horizon is everywhere 900 from the zenith.
A star globe is similar to a terrestrial sphere, but with stars (and often constellations)
shown instead of geographical positions. Star globes are used by British navigators,
but not customarily by Americans. The Nautical Almanac includes adequate instruc-
tions foi using this device. On a star globe the celestial sphere is shown as it would
appear to an observer outside the sphere. Constellations appear reversed. Star charts
may show a similar view, but more often they are based upon the view from inside
the sphere, as seen from the earth. On these charts, north is at the top, as with maps,
but east is to the left and west to the right. The directions seem correct when the chart
is held overhead, with the top toward the north, so that the relationship is similar
to that in the sky. Any map projection (ch. III) can be used, but some are more suit-
able than others.

The Nautical Almanac has four star charts. The two principal ones are on the
polar azimuthal equidistant projection (art. 320), one centered on each celestial pole.
Each chart extends from its pole to declination 10' (same name as pole). Below each

- . polar chart is an auxiliary chart on the Mercator projection, from 30'N to 30'S. On
any of these charts, the zenith can be located as indicated above, to determine which
stars are overhead. The horizon is 90' from the zenith. The charts can also be used

%,.
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to determine the location of a star relative to surrounding stars. The Air Almanac
has a fold-in chart near the back, on the rectangular projection (art. 311). This projec-
tion is suitable for indicating the coordinates of th stars, but excessive distortion
occurs in regions of high declination. The celestial poles are represented by the top
and bottom horizontal lives the same length as the celestial equator. To locate the
horizon on this chart, first locate the zenith as indicated above, and then locate the
four cardinal points. The north and south points are 90' from the zenith, along the
celestial meridian. The distance to the elevated pole (having the same name as the
latitude) is equal to the colatitude of the observer. The remainder of the 90' (the
latitude) is measuredfrom the same pole, along the lower branch of the celestial meridian,
1800 from the upper branch containing the zenith. The east and west points are on
the celestial equator at the hour circle 90' east and west (or 90° and 2700 in the same
direction) from the celestial meridian. The horizon is a sine curve (fig. 140b, vol.
Ii) through the four cardinal points. Directions on this projection are distorted.

The star charts shown in figures 2205-2208, on the transverse Mercator projection
(art. 309), are designed to assist one in learning the stars listed on the daily pages of the
Nautical Almanac, and Polaris. Each chart extends about 20' beyond each celestial
pole, and about 600 (four hours) each side of the central hour circle (at the celestial
equator). Therefore, they do not coincide exactly with that half of the celestial sphere
above the horizon at any one time or place. The zenith, and hence the horizon, varies
with the position of the observer on the earth, and also with the rotation of the earth
(apparent rotation of the celestial sphere). The charts show all stars of fifth magnitude
and brighter as they appear in the sky, but with some distortion toward the right and
left edges.

The overprinted lines add certain information of use in locating the stars. Only
Polaris and the 57 stars listed on the daily pages of the Nautical Almanac are named on
the charts. The almanac star charts should be used for locating the additional stars
given near the back of the lNautical Almanac and the Air Almanac The broken lines
connect stars of some of the more prominent constellations. The solid lines indicate
the celestial equator and certain useful relationships among stars in different constella-
tions. The celestial poles are marked by crosses, and labeled. By means of the celestialequator and the poles, one can locate his zenith approximately along the mid hour

circle, when this coincides with his celestial nieridian, as shown in the table below. At
any time earlier than those shown in the table the zeniti is to the right of center, and
at a later time it is tc the left, approximately one-quarter of the distance from the
center to the outer edge (at the celestial equator) for each hour that the time differs
from that shown. The stars in the vicinity of the North Pole can be seen in proper per-
spective by inverting the cha t., so that the zenith of an observer in the Northern Hemi-
sphere is vp from the pole.

Fig. 2205 Fig. 2106 Fig. 2207 Fig. 2208

Local sidereal time 0000 0600 1200 1800
LMT 1800 Dec. 21 MvIar. 22 June 22 Sept. 21

-" LMT 2000 Nov. 21 Feb. 20 May 22 Aug. 21
LMT 2200 Oct. 21 Jan. 20 Apr. 22 July 22
LMT 0000 Sept 22 Dec. 22 Mar. 23 June 22
LMT 0200 Aug. 22 Nov. 22 Feb. 21 May 23
LMT 0400 July 23 Oct. 22 Jan. 21 Apr. 22
LMT 0600 June 22 Sept. 21 Dec. 22 Mar. 23
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2205. Stars in the vicinity of Pegasus (fig. 2205).--In autumn the evening sky has
few first magnitude stars. Most of these are near the southern horizon of an observer I
in the latitudes of the United States. A relatively large number of second and third
magnitude stars set a conspicuous, perhaps because of the small number of brighter
stars. High in the southern sky three third magnitude stars and one second magnitude

*star form a square with sides nearly 15' of arc in length. This is Pegasus, the winged
horse, although to many modern men it more nearly resembles a baseball diamond,
complete with catcher, pitcher, batter, umpire, base umpire near second base, infield
and outfield; although there does seem to be a large number of outfielders. One may
even see the next batter, bat boy, and coach.

Only Markab at the southwestern corner (third base) and Alpheratz at the north-
eastern corner (first base) are listed on the daily pages of the Nautical Almanac. Al-
pheratz is part of the constellation Andromeda, the princess, extending in an arc toward
the northeast and terminating at Mirfak in Perseus, legendary rescuer of Andromeda.

A line extending northward through the eastern side (first-second base line) of the
square of Pegasus passes through the leading (western) star of M-shflped (or W-shaped)
Cassiopeia, the legendary mother of the princess Andromeda. The only star of this
constellation listed on the daily pages of the Nauwical Almanac is Schedar, the second
star from the leading one as tlu configuration circles the pole in a counterclockwise
direction. If the lint through the eastern side of he square of Pegasus is continued
on toward the north, it :eads to second magnitude Polaris, the North Star (less than 1 I
from the n,. th celestial pole) and brightest star of Ursa Minor, the Little Bear. Kochab,
a second magnitude star it the other end of the Little Dipper, is also listed in the alma- I
nacs. At this season the Big Dipper is low in the northern sky, below the celestial pole.
A line extending from Kochab through Polaris leads to Mirfak, assisting in its identi- .
fication when Pegasus and Andromeda are near or below the horizon.

Deneb, in Cygnus, the swan, and Vega are bright, first magnitude stars in the j
nortl .vestern sky. They are discussed in article 2208. Capella, a bright star in the I

northeastern sky, is discussed in article 2206.
The line through the eastern side of the square of Pegasus (first-second base line)

approximates the hour circle of the vernal equinox, shown at T on the celestial equa- I
tor to the south. The sun is at T on or about March 21, when it crosses the celestial I
equator from south to north. If the line through the eastern side of Pegasus is extended
southward and curved slightly toward the east, it leads to second magnitude Diphda.
A longer and straighter line southward through the western side (home plate-third base
line) of Pegasus leads to first magnitude Fomalhaut. A line extending northeasteny
from Fomalhaut through Diphda leads to Menkar, a third magnitude star, but the
brightest in its vicinity. Ankaa, Diphda, and Fomalhaut form an isosceles triangle,'with the apex at Diphda. knkaa is near or below the southern horizon of observers
in latitudes of the United States. Four stars farther south than Ankaa may be visible
when on the celestial meridian, just above the horizon of observers in latitudes of
the extreme southern part of the United States. These are Acamar, Achernar, Al Na'ir,
and Peacock. These stars, with each other and with Ankaa, Fomalhaut, and Diphda,
form a series of triangles as shown in figure 2205. Almanac stars near the bottom of
figure 2205 are discussed in succeeding articles.

Two other almanac stars can be located by their positions relative to Pegasus.
These are Hamal in the constellation Aries, the ram, eastof Pegasus, and Enif, west
of the southern part of the square, identified as shown in figure 2205. The line leading
to Hamal, if continued, leads to the Pleiades, not used by navigators for celestial ob-
servations, but a prominent figure in the sky, heralding the approach of the many
conspicuous stars of the winter evening sky, figure 2206.

7, e
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2206. Stars in the vicinity of Orion (fig. 2206).-As Pegasus leaves the. meridian
and moves into the western sky, Orion, the mighty hunter, rises in the east. With the,
possible exception of the Big Dipper, no other configuration of stars in the entire sky is
as well known as Orion and its immediate surroundings. In no other part are there so
many first magnitude stars.

The belt of Orion, being nearly on the celestial equator, is visible by an observer
in virtually any latitude, rising and setting almost on the prime vertical, and dividing
equally its time above and below the horizon. Of the three second magnitude stars
forming the belt, only Alnilam, the middle one, is listed on the daily pages of the Nautical
Almanac.

Four conspicuous stars form a box around the belt. To the south is Rigel, one of
the hottest and bluest of the stars, in contrast with relatively cool, red, variable
Betelgeuse, at approximately an equal distance to the north. Bellatrix, bright for a
second magnitude star but overshadowed by its more brilliant neighbors, is a few
degrees west of Betelgeuse. Neither the second magnitude star forming the south-
eastern corner of the box, nor any star of the dagger, is listed on the daily pages of
the Nautical Almanac.

A line extending eastward from the belt of Orion and curving toward the south
leads to Sirius, the brightest star in the entire heavens, having a magnitude of (-)
1.6. Only Mars and Jupiter at or near their greatest brilliance, and the sun, moon,
and Venus are brighter than Sirius. This is part of the constellation Canis Major,
the large hunting dog of Orion. Starting at Sirius a curved line extends northward
through first magnitude Procyon, in Canis Minor, the small hunting dog; first magnitude
Pollux and second magnitude Castor (not listed on the daily pages of the Nautical
Almanac), the twins of Gemini; brilliant Capella in Auriga, the charioteer; and back!
down to first magnitude Aldebaran, the follower, which trails the Pleiades, n e seven
sisters. Aldebaran, brightest star in the head of Taurus, the bull, may also be found
by a curved line extending northwestward from the belt of Orion. The V-shaped
figure forming the outline of the head and horns of Taurus points toward third magni-
tude Menkar. At the summer solstice the sun is between Pollux and Aldebaran.

If the curved line from Orion's belt southeastward to Sirius is continued, it leads
to a conspicuous, small, nearly equilateral triangle of three bright second magnitude
stars of nearly equal brilliancy. This is part of Canis Major. Only Adhara, the western-,
most of the three stars, is listed on the daily pages of the Nautial Almanac. Continuing
on with somewhat less curvature, the line leads to Canopus, second brightest star in the
heavens and one of the two stars having a negative magnitude (-0.9). With Suhail
and Miaplacidus, Canopus forms a large, equilateral triangle'which partly encloses the
false Southern Cross. The brightest star within this triangle is Avior, near its center.
Canopus is also at one apex of a triangle formed with Adhara to the north and Suhail to
the east, another triangle with Acamar to ihe west and Achernar to the southwest, and
another with Achernar and Miaplacidus. Acamar, Achernar, and Ankaa form still

= -another triangle toward the west. Because of chart distortion, these triangles do not
appear in the sky in exactly the relationship shown on the star chart. Other daily-page
almanac stars near the bottom of figure 2206 are discussed in succeeding articles.

During the winter evening sky the Big Dipper is east of Polaris, the Little Dipper is
nearly below it, aud Cassiopei- is west of it. Mirfak is northwest of Capella, nearly
midway between it and Cassiopeia. Hamal is in the western sky. Regulus and Alphard
are low in the eastern sky, heralding the approach of the configurations associated with .

the evening skies of spring.
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2207. Star in the vicinity of Ursa Major (fig. 2207) .- As if to enhance the splendor Z
of the sk. - the vicinity of Orion, the region toward the east, like that toward the west,
has few bright stars, except in the vicinity of the south celestial pole. However, as,
Orion sets in the west, leaving Capella and Pollux in the northwestern sky, a number of
good navigational stars move into.favorable positions for observation.

The Big Dipper, part of Ursa Major, the great bear, appears prominently above
the north celestial pole, directly opposite Cassiopeia ,ony partly shown in fig. 2207),
which appears as a W just above the northern horizon of most observers in latitudes of
the United States. Of the seven stars forming the Big Dipper, only Dubhe, Alioth, and
Alkaid are listed on the daily pages of the Nautical Almanac.

The two second magnitude stars forming the outer part of the bowl of the Big
Dipper are often called the pointers because a line extending northward (down in spring
evenings) through them points to Polaris. The Little Dipper, with Polaris ai one end and
Kochab at the other, is part of Ursa Minor, the Little Bear. Relative to its bowl, the
handle of the Little Dipper curves in the opposite direction to that of the Big Dipper.
Other almanac stars near Ihe top of figure 2207 are discussed elsewhere.

A line extending souti.ward through the pointers, and curving somewhat toward
the west, leads to first magnitude Regulus, brightest star in Leo, the lion. The head,
shoulders, and front legs of this constellation form a sickle, with Regulus at the end
of the handle. Toward the east is second magnitude Denebola, the tail of the ion.
On toward the southwest from Regulus is second magnitude Alphard, brightest star
in Hydra, the sea serpent. A dark sky and considerable imagination are needed to
tracc the long, winding body of this figure.

A curved line extending the arc of the handle of the Big Dipper leads to first mag-
nitude Arcturus. With Alkaid and Alphecca, brightest star in Corona Borealis, the 1
Northern Crown, Arcturus forms a large, inconspicuous triangle. If the arc through F
Arcturls is continued, it leads next to first magnitude Spica and then to Corvus, the
crow, which appears most like a gaff mainsail of a schooner. The brightest star in this _
constellation is Gienah, but three others ara nearly as bright. At autumnal equinox j
the sun is on the celestial equator, about midway between Regulus and Spica.

A long, slightly curved line from Regulus east-southeasterly ihrough Spica leads to
Zubenelgenubi (z5.bn'6l.j6.nu'bF) at the southwestern corner of an inconspicuous
box-like figure called Libra, the (weighing) scales.

Returning to Corvus, a line from Gienah, extending diagonally across the figure
an-d then c-urving somewhat toward the east, leads to Menkent, just beyond Hydra.

Far to the south, below the horizon of most northern hemisphere observers, a
group of bright stars is a prominent feature of the spring s-ky of theSouthern Hemisphere.
Crux, the Southern Cross, is about. 400 south of Corcus. This is a small figure and a poor
cross, and hence disappointing to many who view it for the first time. The "false cross"
to the west is a better but less conspicuous cross. Acrux at the southern end of the
Southern Cross, and Gacrux at the northern end, are listed on the daily pages of the 4
INautical Almanac.

The triangles formed by Suhail, Miaplacidus, and Canopus, and by Suhail, Adhara.
and Canopus, are west of the Southern Cross, Suhail being in line with th3 horizontal
arm of the Southern Cross at this time. A line from Canopus, through Miaplacidus,
curved slightly toward the north, leads to Acrux. A line through the east-west arm
of Crzux, eastward and then curving toward the south, leads first to Hadar and then to -

Rigil Kentauns. two very bright stars. Continuing on, the curved line leads to small
Triangulum Alistrale, the Southern Triangle, the easternmost star of which is Atria.

Scorpius, the scorpion, Kaus Australis, and Peacock, in the southeastern sk- of
the Southern Hemisphere, are discussed in article 2208.

, ,
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FiouRE 22O7.-Star- in the v'icinity of Ursa Major.
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2208. Stars in the vicinity of Cygnus (fig. 2208).-As the celestial sphere continues i
in its apparent westward rotation, the stars familiar to a spring evening observer sink
low in the western sky. By midsummer the Big Dipper has moved to a position to the
left of the north celestial pole, and the line from the pointers to Polaris is nearly hori-
zontal. The Little Dipper is standing on its handle, with Kochab above and to the left
of the celestial pole. Cassiopeia is at the right of Polaris, opposite the handle of the
Big Dipper.

The only first magnitude star in the western sky is Arcturus, which forms a large,
inconspicuous triangle with Alkaid, the end of the handle of the Big Dipper, and
Alphecca, the brightest star in Corona Borealis, the Northern Crown.

The eastern sky is dominated by three very bright stars. The westernmost of
these is Vega, the brightest star north of the celestial equator, and third brightest
star in the heavens. Its magnitude is 0.1. Having a declination of a little less thal
39'N, this star passes through the zenith along a path across the central part of the
United States, from Washington in the east to San Francisco on the Pacific coast.
Vega forms a large but conspicuous triangle with its two bright neighbors, Deneb to
the northeast and Altair to the southeast. The angle at Vega is nearly a right angle.
Deneb is at the end of the tail of Cygnus, the swan. This configuration is sometimes
Scalled the Northern Cross, with Deneb at the head. To modern youth it more nearly i
resemles ' dive bomber while it is still well toward the east, with Deneb at the noseI of the fuse *,. Altair has two fainter stars close by, on oppoi4-te sides. Tie line formed I
by Altair aliu its two fainter companions, if extended in a northwesterly direction, I
passes through Vega, and on to second magnitude Eltanin. The angular distance from CVega to Eltanin is about half that from Altiair to Vega. Vega ond Altair, with second

magnitude Rasalhague to the west, form a large equilateral triangle. This is less con-
spicuous than the Vega-Deneb-Altair triangle because the brilliance of Rasalhague is
much less than that of the three first magnitude stars, and the triangle is overshadowed I
by the brighter one.

Far to the south of Rasalhagre, and a little toward the west, is a striking con-
figuration called Scorpius, the scorpion. The brightest star, forming the head, is red
Antares. At the tail is Shaula. a

Antares is at the southwestern corner of an approximate parallelogram formed by I

Antares, Sabik, Nunki, and Kaus Australis. With the exception of Antares, these
stars are only slightly brighter than a number of others nearby, and s; this parallelogram
is not a striking figure. At winter solstice the sun is a short distance northwest Af

Northwest of Scorpius is the box-like Libra, the (wZighi'n) cales, in which Zubenel-
genubi marks the southwest corn-r.

WiX .).~,~kent, and Rigil Kentaurus to the southwest, Antares forms a large but
unimpressive triangle. For most observers in the latitudes of the United States, An.ares
is low in the southern sky, and the other two stars of the triangle are below the horizon. 4To an observer in the Southern Hemisphere Crux, the Southern Cross, is to the right of

the south celestial pole, which is not marked by a conspicuous star. A long, curved line
starting with the. now-vertical arm of the Southern Crosq and extending northward
and then eastward passes successively through Hadar, Rigil Kentaurus, Peacock, and
AI Na'ir.

Fomalhaut is low in the southeastern sky of the southern hemisphere observer, and -
Enif is low in the eastern sky at nearly any latitude. With the appearance of these A
stars it is not long before Pegasus will appear o- er the eastern horizon during the eve-
ning, and as the winged horse climbs evening by evening to a position higher in the sky,
a new annual cycle approaches.

i .
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2209. Planet diagram.-The planet diagram in the Nautical Almanac shows, in;
graphical form for any date during the year, the LMT of meridian passage of the sun,'
o the five planets Mercury, Venus, Mars, Jupiter, and Saturn, and of each,30 of SHA.
The diagram provides a general picture of the availability of planets and stars for
observation, and thus the following information:

1. whether a planet or star is too close to the sun for observation;
2. whether a planet is a morning or evening star;
3. some indication of the planet's position during twilight;
4. the proximity of other planets; and
5. whether a planet is visible from evening to morning twilight.
A band 45m wide is shaded on each side of the curve marking the LMT of meridian

passage of the sun. Any planet and most stars lying within the shaded area are too
close to the sur' for observation.

When the meridian passage occurs at midnight, the body is in opposition (art.
1422) to the sun and is visible all night; planets may be observable in both morning
and evening twilights. As the time of meridian ptssage decreases, the body ceases to be
observable .-i the morning, but its altitude above the eastern horizon during evening
twilight r!:- ually increases; this continues until the body is on the meridian at twilight
From the.. onwards the body is observable above the western horiyon and its altitude i
at evening twilight gradually decreases; eventually -he body comes too close to the
sun for observation. When the body again becomes risible, it is seen as a morning star I
low in the east; its altitude at twilight increases until meridian passage occurs at the
time of morning twilight. Then, as the time of meridian passage decreases to 0 b, the
body is observable in the west in the morning twilight with a gradually decreasing i
altitude, until it once again reaches opposition.

Only about one half the region of the sky along the ecliptic as shown on the din aml
is above the horizon at one time. At sunrise (LMT about o') the sun and, hence, the
region near the middle of the diagram are rising in the east; the region at the bottom of a
the diagram is setting in the west. The region half way between is on the merinoan. I
At sunset (LMT about 18h) the sun is setting in the west; ;ie region at the top of the
diagram is rising in the east. Marking the planet diagram of the Nautical Almanac so
that east is at the top of the diagram and west is at the bottom cun :.,e useful to
interprstation.

If the curve for a planet intersects the vertical line connecting the date graduations
below the shaded area, the planet is a mor:.4ng star; if the interseL.ion is above the
shaded area, the l)lanet is an evening star.

A similar planet location diagrom in the Air Almanac represents the region of the
sky along the ecliptic within which the sun, moon, and plarets always move; it shows,
for each date, the sun in the center and lie relative positions of the moon, the five
planets Mercury, Venus, Mars, Jupiter, Saturn and the four first magnitude s~ars
Aldebaran, Antres, Spica. and Regulus, and also the position on the ecliptic whi' h
is north of Sirius (i.e. Sirius is 40' south of this point). The first point of Aries is also
shown for reference. The inagnitu" s of the planets are given at suitable intervals
along the curves. The moon symbol shows the correct phase. A straight line joining
the (late on the left-hand s:de with the same date of the right-hand side represents a
complete circle around the sky, the two ends of the line representing the point 180
from the sun; the intersections with the curves show t9c spacing of the bodies along
the ecliptic on the date. The time scale indicates very approximately the local mean time
at which an object will be on the observer's meridian.
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FwRU 2210a.-The south pole side of the star base of No. 2102-1).

At any time only about half the region on the diagram is above the horikon. At
sunrise the sun (and hence the region near thi middle of the diagram) is rising in the
east and the region at the end marked "West" is setting in the west; the region half-way
between these extremesis on the meridian, as will be indicated by the local time (about 4
6 b). At the time of sunset (local time about 18h) the sun is setting ii, the west, and the
region at the end marked "East" is rising in the east.

The diagram should be used in conjunction with the Sky Diagrams.
2210. 3tar finderv.-Various devices have been invented to help an observer

locate aihd identify individual stars. The most widely used is the Star Finder and
Identifier formerly published by the U. S. Navy Hydrograpl,' Office and now published
commercially. The current mode;, No. 2102-D, as well as ti previous 2102-C model
patented by E. B. Collins, employs the same basic principle as that used in the Rude
Str Finder, which was patented by Captain G. T. Rude. USC&GS, and later sold to
the Hydrographic Office. Successive models reflect, various modifications to meet chang-
ing conditions and requirements.

S ,._
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The star base of No. 2102-D consists of a thin, white, opaque, plastic disk about
,2 inches in diameter, with a small peg in the center. Oi one side the north celestial

pole is showi., at the center, and on the opposite side the south celestial pole is at the.
center. All of the stars listed on the daily pages of the Nautical Almanac are shown
on at polar azimuthal equidistant projection (art. 320) extending to the opposite pole.
The south pole side is shown in figure 2210a. Many copies of an older edition, No
2102-C, showing the stars Hsted in the almanacs prior to 1953, and having other
minor differences, are still in use. These are not rendered obsolete by the newer edition,
but should be corrected by means of the current almanac. The rim of each side is';
graduated to half a degree of LHAT (or 360 0-SIIA).

Ten transparent templates of the same (liameter as the star base are provided.
There i5 one te'nplate for each 10' of latitude, labeled 50 , 150 , 250, etc., plus a tenth i
(printed in red) showing meridian angle and declination. The older edition (No. 2102- 1

- C) (did not have the red meridian angle-declination template. Each template can bei
used on either .ide of the star base, being centered by placing a small center hole in the i
template over tile center peg of the star base. Each latitude template has a family of I
altitude curves at 50 interval, from the horizon (from altitude 10' on the older No. i
2102-C) to S0. A second family of curves, also at 5' interval,,, indicates azinth. The
nortl-south azimuth line is the celestial meridian. The stal base, templates, and a set of .
instructions are housed in at ci.-cular leatherette container.

Since the sunl, moon, and p~laniets continually change apparent position relative a
to the "fixed" stars, they are not shown on the star base. However, their positions at
anytime, as well as the positions of additional stars, can be plotted. To do this, deter-
nine '360-SIIA of the body. For the stars and planets, SIIA is listed in the Nautical
Alnaic. For the siul and moon, 360°-SIIA is found by subtracting GHA of the _
body from GIIA rn at the same time. Locate 36Oo-SI1A on the scale around the rim of
the -tar base. A straight. line from this point to the center represents the hour circle of
the body. From tei celestial equator, shown as a circle nlidway between the center .
and the outer edge, measure the declination (from the almalnac) of the body toward m
the center if tle pole and declination have the same name (both N or both S), and away
frlom the center if they are of coatrary nale. Use the scale alonig the north-south azimuth -

line of any template as a declination scale. The meridian angle-declination template
(the latitude 50 template of No. 2102--C) has an open slot with declination graduations
along one side, to as:i.t in plotting positions, as shown in figure 2210b. In the illustration
the celestial body being located has a 360°-SIIA of 2850, and a declination of 14°5S.
It i- not practical to attempt to plot to greater precision than the nearest 01. Positions A
of Venus, Mars, Jupiter, and Saturn on June 1, 1975, are Ahown plotted on the star
base in figure 2210c. It is sometimes desirable to plot positions of the sun and moon, to a
assist in planning. Plotted positioni of stars need not be changed. Plotted positions of I
bodies of the solar system should be replotted from time to time, the more rapidly a
moving ones oftener than others. The satisfactory interval for each body can be deter- 1
mined by expeiience. It is good practice to record the date of each plotted position of a

.- -- body of the solar system, to serve later as ain indication of the interval since it was
plotted.

To orient the tenmplate properly for any given time, proceed as follows: enter
the ahnanac with GM'IT, and determine GHAT at this time. Apply the longitude to
GHAT, subtracting if west or adding if east, to determine LHAT. If LMT is sub-
stituted for GM'T in entering the alnanac, IMIAT can be taken directly from the
1almanac, to sufficient accuracy for orienting the star finder template. Select the tem-
plate for the latitude nearest that of the observer, and center it over the star base, i
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Fum22101.-Plotfing a cc1eqtai b~ody on the star base of No. 2102-]).

being careful that the correct side~s (north or south to agree with thle latitude) of both
temlplate and star base are u~sed. Rotate the template relative to the star base until
tile arrow onl the celestial meridian (the north-south azimuth line) i, over LHAT onl
the star bas-e graduations. '[he small cross ait the origin of both families of curves now
represents the zenith of the observer. TPhe approximate altitudle and azimutth of the
celestial bodies above the horizon canl be read direztly from the star finder, using eye
interp~olation. Consider Polaris, not shown as, at hle north celestial pole. For more ac AM
Curate results, the template can be lifted clear of the center peg of the star base, ard
shifted along the celes;tiad meridian un1til thle latitlde, on) thle altituide scale, is over tlhe
p~ole. This refinement, is not, needed for normal uze. of the device. It sho)uld not be

-ued for at latitude dliffering more than 5' from that, for which the curves were drawn.
If the altitude and azimuilth of anl identified body- shown onl the starl base tire known the
bodpla. can be oriented by rotating it until it is in correct position relative to that

boy
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of a ship is Wa. 340 12'51N, long. 57'40'OW.
Required.--The approximate altitude (hi) and1 azimuth of each first magnitude*

star, and. iany planets, between altitudes 15' -ind 75'.
Solulion (fig. 221u).-'1) " sot. the position,- of the planets, as shown. The values

used tire those for GMT1 0000 on June 1, as, follows:

Mllet 36 0 -SfIA Dec.
Vns 11607 23 ? 7N

Mars S?0 MISN
Jupiter 15~9 505;N
Saturn 10804 22 03 N
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(2) Determine LHA T by means of tie Nautical Almanac, as follows:
GMT 2324 June 1

2 3h 2340482
24m 6001.0

GHA T 240°49!2
X 57040f0W

LHA T 183009!2

(3) Select the template for latitude 350, place it over the north side of the star
base with "LATITUDE 350 N" appearing correctly, and orient it to 183?2. It is
customary to list the bodies in order of increasing azimuth, as follows:

Body h Zn
Vega 170 0540
Arcturus 590 1110
Spica 420 1570
Regulus 530 2400
Procvon 200 262°

Venus 320 2780 1

Saturn 250 2820
Pollux 330 2840

Capella 150 3160 X

Example 2.-At the time and place of example 1, an unidentified celestial body is
observed through a break in the clouds. Its sextant altitude is 15027f8, and its azimuth
is 085g.

Required.-Identify the celestial body.
Sobtion (fig. 2210c).-Orient the template as in example 1. By means of its

altitude and azimuth, identify the star as Rasalhague.
If no body appears at the measured altitude and azimuth, place the red meridian

angle-declination template over the altitude-azimuth template and read off, by in-
spection, the declination and the 360°--SHA value of the body, and from this, determine
its SHA. Using the SHA and declination, enter the list of stars near the back of the
N'aut;cal Almanac, and identify the body. If it is not found in this list, and no error
Ias been made, one of the star., not listed in the almanac, or po.sibly the planet Mercury,
has been observed. Unless a copy of The Americani Ephemcris and Nautical Almanac

or another book containing the required information is available, the observation can-
not be used. If right ascension (art. 1426) of the body is available, but not its SHA.
the value taken from the star finder (360 0-SHA) is converted to time units (art. 1811)
and used directly, since RA=360-SHA.

Example 8. At the time and place of example 1 an unidentified celestial body is
observed through a break in the clouds. Its altitude is 52058'9, and its azimuth is
1700.

Required.-Identify the celestial body.
Sobdion (fig. 2210c).-Orient the template as in example 1. Since no celestial

body al)pears at the place indicated by its altitude and azimuth, the red meridian angle-
declination template is placed over the altitude-azimuth template. The declination Z
is found to be about I'S. The 360 0-SHA value is about 1900, and SHA is therefore -

about 1700. From the star list near the back of the Nautical Almanac, the star is
identified as ,y 1irqinis.
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Kotlari6's Star Finder and Identifier, designed and patented by Dr. Stjepo M. 1
Kotlari6, Assistant Director of the Hydrographic Institute of the Yugoslav Navy,
i actually a booklet of 18 pairs of star charts with a plastic template enclosed. It.
depicts the 57 selected stars plus 125 other stars, for a total or 182 stars. All of the
173 stars listed in the Nautical Almanac are depicted. This star finder provides greater
reliability in identification than No. 2102-D.

Each pair of star charts shows the Western and Eastern Hemispheres separately.
The We.,tern Hemisphere is shown using the stereographic projection (art. 318) on
a plane tangent to the celestial equator at the west point; the Eastern Hemisphere
is shown using the same projection on a plane tangent to the celestial equator at the
cast point.

The stars are plotted with different symbols, according to their magnitude. Se-.
lected stars are in black, and other stars in green. The stars in constellations are con-i nected by a broken yellow line, while the "star-chasing" alignment are plotted with
solid yellow lines. The names of the selected stars are shoN%.i in black capital letters,
while all other stars are .,,hown in green, using capital letters for popular names.

Since the list of stars near the back of the Nautical Alnanac is not compiled
in alphabetical order, an alphabetical index of stars with their rounded values of

I' SIA and declination i.- included with the star finder to facilitate location of a stal- ill the list.

Two 200 intervals of LHAT. differing by 180', are used for constructing each
pair of star charts. The circle bordering the star chart (fig. 2210d) represents the
observer's celestial meridian. The circle is graduated to permit orientation of the
plastic template to the star chart, according to the observer's latitude, in order to

portray the vi-tble hemisphere in the horizon system of coordinates.
The ]atiulide :Cale on the right-hand half is black. and that on the left half is red.

By ,electing the apl)propmiate pair cf star charts according to the values of LHA T and
the azimuth, printed on tie 't-r charts, and by placing the template over the selected
star chart in such a way that their centers coincide and the zenith of the template is
placed on the proper latitude value on the black border scale when the azimuth figures
are in black type (or on the red border sc.le when the azimuth figures are in red type).
the altitude and .z;nmth of a star can be (letorn ined. Also, with the observed altitude
and azimuth the coordinates of the star in the celestial equator system can be deternined.

Star symbols on all the star chart , are plotted for odd tens of degrees of LHA T.
A part of the star's path is plotted to a distance of 100 to the left and to the right of
the star symbol's position. A 100 increase of LHA T from the star symbol's position
is plotted as a solid line l)ath. and a 10 decrease of LILA T is plotted as a (lotted line
path. These portions of the star paths facilitate the identification of stars and make
for more certainty in identification. The position of a star, determined by means of
altitude and azimuth on the template superimposed on this star chart. may be found
from either the star symbol or the appropriate point on the star path when LHA T at
the time of the observation differs from the value of odd tens of degrees for which the

-, star -vmbol is printed on the star chart.
Example 4.-Three unknown stars with the following data are observed from

lat. 50°N:
Zu h LHA '-

028 0  22048' 700
02905 25000 '  66?5 -Z
1520 26016 '  610

lhurI-dentify the stars.
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the star symbol. For LHAT 66?5, the position of tile star is between the star symbol
and the midpoint of the dotted line star path.

Since the azimuth figures are in black type, the zenith on the template is placed
oil the black latitude scale. The zenith is placed at +50 since the observer's latitudel
is 50°N. The template is also placed so that its center and the center of the ztar chart
coincide.

Thle intersection of the curves for Zn 029?5 and h 25?0 is found to be between,
the dotted line path of Alioth and the solid line path of Mizar. Since it has been found
that the star's position i5 on the (dotted line, the observed star is reliably identified as
Alioth.

For LHAT 610 and Zn 1520, star chart -No. S is used. As indicatt d at the top of
the _,tar chart, the position of the star is at the beginning of the dotted line star path.

Using the procedures given above for placing the template, the star is identified
as Saiph (K Orionis).

In the identification of planets. the coordinates of the intersection of the altitude
and azimuthi curve., corresponding to tie planet ob--ervation are found through approxi-
mating the difference., between the coordinate- of the intersection and the coordinates
of a nearby star.

In practice, however, the proc edure is considerably simpler. For example: If the
inteisection of the altitude and azimuth curve. i., found near Regulus, the daily page
of dhe Nautical Alieinac is sca.ned to find which of the four navigational planets has
coor(linate- closest. to those of Regulus. This -imple procedure is achlieved through
the use of the large number of stars.

2211. Sight Reduction Tables for Air Navigation (Pub. No. 249).-Volume I
of Pub. No. 249 can be used as a star finder for the stars tabulated at any given time.
For these bodies the atitude and azimuth are tabulated for each 1' of latitude and
10 of LHAT (2' beyond latitude 69°). The principal limitation is the small number of
stars listed.

2212. Sky diagram.--Netcr the back of the Air Almanac are a number of sky
diagrams. These are azinuthal equidistant projections (art. .320) of the celestial sphere
on tile )lane of the horizon, at latitudes 75°N, 50°N, 25°N, 00, 250S, and 50'S,
at intervals of two hours of local mean time each month. A number of the brighter
star5 , the viible planets, and several positions of the moon are shoi'n at their correct
altitude and azimuth. These are of limited value because of their small scale; the
large increment, of latitude. time, and date; and the limited number of bodies shown.
However, in the absence of ,hiner methods, particularly a star finder, these diagramns
can be usefui. Allowance can be made for variations from the conditions for which
each diagran is constructed. In-tructions for use of the diagrams are included in thei
Air Almanac. V

2213. Identification by computation.-If the altitude and azimuth of the celestial
body, and the approximate latitude of the observer. are known, the navigational
triangle (art. 1433) can be solhed for meridian angle and declination. The meridian
angle can be converted to LHA, and this to GIIA. With this and GHA of Aries at.
the time of observation. the SHA of the body call be determined. With SHA and
declination, one can identify the body by reference to an alnanac. Any metlod of
solving a splherical triangle. with two sides and the included angle being given, is-
suitable for this purpose. A large-scale, carefuliy-drawn diagram on the plane of the
celestial meridian, using the refinement slown in figure 1432f. should yield satisfactory - -

resulis. A simple method of computation is by Pub: No. 214. Following the tables of
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P- computed altitude and azimuth for each latitude, a two-page star identification table

is given, as shown in appendix N. The examiple given below is based upon this extract.
rThe steps in solution by Pub. No. 214 aire:
1. Convert Zni to Z.
2. With Z and li (usually the approximate value taken from the sextanit, without

correction) enter the Pilb. No. 214 star idlentification pages for the nearest whole
degree of latitude. and extract the dleclination and meridlian angle, t (given ats H.A. in
the table). If the (declination is given in roman type, above the heavy line, it has the
samne namec as the latitude. If the declination is g'iven in italics, below the ic-avv line,
it has the contrary name to that of the latitude. When interpolating between roman
anld italic declination." consider the italic value negaitive, using the arithmetical sumn as
the algebraic atjfereiice needed for interpolation. Extract values, to the nearest whole

3. Convert t to LHA.
4. Apply the longitude to LHA to find( GHA, adding if in wvest longitude. andl

SUbt racting- if in east longitude.
5. Enter the Vautical Almianac with GMT. and dleternmine GHAT.
6. Subtract GHIATY from GHA*I to find SHA (since GHA*=GHAm+SHA).
7. With the approximate SHA and d enter the NVautical Almaniac star list anid

idlentifv rho bod'-. chiecking- first the SHA and, then the declinationl. Do not. overlook
the possibility of having observed at planet or- a star not listed ill the almanacl. For
a pilnet. check first the (declination. If this is approximately correct. check the OHA.
It, i.; not. necessary to find the S-IA of at planet.

Jtarnplc.-On May 31. 1975, the 0425 DR position of a ship is lat. 410 13.6.Ni
long-. 140041'7AW. About thi.s time the naviator observes an unknown star through a
break in the clouds, as follows: GMT 13 1b24 1m4 6 *, ]Is 15001 '5. Zn 232'.

1Required.-Idcntify the unknown celest:-ii body, using Pub. No. 214.

May 31
GMT 1.3'24'~46' May 31 Zn 232o

24m46' 6012.5 h 150
GIIAm- _8936,9 (subtract) d 160S (from Pub. -No. 214)
G1IA* 193- t 520 W (from Pub. No. 214)
SHA,_r 10.30 LHA 52

d 160S X 141OW
Body Snbik GHA 190

Although no formal star identification table.; aire included in Pub. No. 229, a
simple approach to star identification is to scan the pages of the appropriate latitudeq,
andl ohserve the combination of argument, which give the altitude and azimuth angle
of the observation. Thus, the dleclination ani. 1 LlIIA*% are determnined (lirectlv. T1he
star':- SIIA is found from, SIIA*=LIIA- .-- AIAT. From thmese q1uantities thle star
can be idlentified from the N~autical Almnanac.

Anot her:,ol ti oi i-s available throughi anl interchange of argunmient,, usiin., the nearest
integral ;aluies. The procedure consists, of entering Pub. No. 229 with the observer's
latitude (-1111W nam11e as, (leclinatn. t tile observed azimiuth ang-le (conlverted fro
obl-ved true aZimiuth a, required) i-; LIlA and the observedl altitude as declination,
and extracting. from the tables the altitude and azimuith ang-le re~.pondenits. The ex-

VOS
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tracted altitude becomes the body's declimation, the extracted azimuth angle (or its
supplement) is the meridian angle of the body. Note that the tables are always entered
with latitudle of same name as dleclination. In north latitudes the tables can be entered
with true azimuth as LHA.

If the respondents are extracted from above the 0-S Line on a right-hand page,
the name of the latitude is actually contrary to that of the declination. Otherwise,
the declination of the body has the same name as the latitude. If the azimuth angle
respondent is extracted from above the 0-S Line, the supplement of the tabular value
is the meridian angle, t, of the body. If the body is east of the observer's meridian,

LHA=360-t; if the body is west of the mneridhian, LHA=t.

2210a. During morning twilighnt on June 3, 1975, the GMT 1825 (June 2) DR po-
sition of a ship is lat. 260*2 1'4N, long. 157 017 '2F.

Required.-Tlie approximate altitude and aiixuth of each first magnitude star,
and ainy planets, between altitudes 100 and 800, uising No. 2102-D.

Body h Z11
Jupiter 350 1010

Mars 410 1110
Fomalhaut 320 1600
Altair 590 2420
Vega 500 3010
Deneb 670 3340

2210b. At the time and place of problem 2210a all unidentified celestial body is
o bserved through a break in the clouds. Its sextant altitudo is 21 *04' 1 andi its azimuth
is 0440

Ihquired.-Identify the celestial body, using No. 2102-D.
Ansiver.-M irfak.
2210c. The dead rec-koning latitude of a Ahip is 25*06'4S. Two stars are observed

in quick succession, as follows:

Star n.
Antares 570 1001,
Ujnidentifiedl 520 3370

JReouired.-hlexitifv the unknown celestial body, us:iig No. 2102-D.

2213. On June 2, 1975, the 1725 DR position of a shpis lat. 41 0273S, long.
15S0 36W9E. About. this time the navigator ob.serves two unkno~wn celeslial bodies

thou:I beksinth cds asfolos: ki) GNIT 6'24-15",hs 16*34'9, Zn334".

Answers.-(1) Pollux, (2) "Venus.
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CHAPTER XXIII

THE PRACTTCE OF MARINE NAVIGATION

2301. Introduction-]in thle preceding 22 chapters, dtelld reckoning, piloting, and
celestial navigation are dismissed selparat, 1y. it t chapter Mae interrelationship of
the various elements of navigation, including radionavigat ion, aire di- cussed. However,
the most. implortant element of succmessful navigation cannot, be acquired from this
book-nor from any book or instructor. Th'lew sence of nivigation canl be taught, but, thle

- art of navigatoii must. be acquired. Modern navigation is a blending of the two--a
scientific art. The truly successful navigator is (,ne who supplements his knowledgec
With Judgment. uitiliZing~ evcr- ojotmt to impr)Iove hli- ] int through1 eri

etice. Even wvith knowledge and judgment, the navigator cannot expecct. to be fully
reliable unless he is itiert, conistanltly evaluiating" the Situation as., it develops, avoiding
dangerous situations before they arise, or recognizing thein if they (to occur, and always
keeping ''ahead of the vessel.'' The elements of successful navigation, then. aire knouI-
ed!,e, judgment, and alertness. To the p~erso~n possessing these, navigation can be a1 pleas-
tire. A pe~rson whlo tries to navigate withoutt them is ait best at doubtful asset. Hie mayl

*be at menaice to his vessel and shitpmlates.
It is not wise to attemplt to reduice navigation to at series of step~s thmat can be followed

mchlanically. Tlhe methods and techiniques to be used aire those Nhiielitare npj~i( ablc _
to thle tyvpe of vessel. tho equipment available, thle t. .ining and experietice of thle
nalvig'ator anld ally alssktatis, the local situlation, e. The aViglitiOl Of a1 "1m1111 craft
proceeding til (lhe Chioptank River, fror instanice, might ')e (Iluite different from that of anl
ocean liner entering- New York harbor. Both might, differ from the navigation of a
naval vess-el approaching tin assigned anchorage. it is implortant that a navigator
make anl "e'~timnato of the situation"' and use thle methods and( techniques that aire best
adlapted to thle conditions ait hiand.

The discil.sionl that. follows, is generally applicable to any vessel under average
Conitins, Imit is NN cit tenl primarily for anl average ship which mIA~h be planning andl
execiitin? til 'ca oage.

2302. Advance prep aration.-TheI initial planning for an orean~ pasg includcs
careful stlady of thie Sailing D~irections~ (Planning~ Guide) and insp~ection of charts of
applropriate vcale "\itlh the objective of determinimng the route, the condtitionls expected
to be calcouterod, an,' thle speed of advance reqiried if tile passage ;,; to be completed
by a mredeterminiled timle. This6 planning may it ilize thle 'ervices of ship .u enther roultinig
(ch. XX1V).

As thle planning priogresses, the mavigator obtains anl overview of the passage.P
Whenl tile p'linig Is c'ompletedl. thle navigator has dlevelopedl the intended track
based 11p)OU prudell consideration of: (1)i thle capabiht >'., and hlmitations, of na1vi-
grationial methouds and( systems to be employed: (2) imavlgmtionial hazam ts: and (3) thle
l)ossilility of ('quiplillent filuhre ai human error. The dletailed planing for the approach
and1( em~t cv at. thle testinaft ionl is usually decferredl ,ntil some time dluring the traii-it
bt befor-e making landfall.

Before getting unilderwaN- the( navigator should familiarize himself wvithl his equip-5
ment Any defect ive or- questionale inst cumnients should be repaired oi- rep~laced. The

neesar lact an.d publications ,Ilou!(l be oil hand. If thle voyage is to extenld beyond
x 641
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the time range of any publication, such as an almanac or tide tables, the volume for the I
next period should be included, cr provision should be made to acquire it before theI

expiration date of the current volume. Charts and light lists should be checked to see 1i the

that they have been corrected through tle lastest Notice to Mariners.
When all equipment is on hand and in suitable condition, the lavigator should IIstudy his charts and publications. Ile should determine wh;eh soundings are ia feet,

which in fathoms, and whether other units are used. It is good practice to underline
or circle with a colored pencil the statement of units as given on each chart. The
various notes on the chart should be read, and applicable ones marked. The latitude
and longitude scales should be observed and the units noted. The channels, currents,
shoals, aids to navigation, and natural landmarks should be studied so that the general
arrangement is familiar. Useful natural range, should be located and marked. Where
needed, turning bearings, danger angles, and danger bearings should be determined.

'he tides and currents to be encountered should be (etermined from the tables and
charts. The advice and warnings given in coast pilots or sailing directions should be
read al(] pertinent )arts marked or copied out. The light list should be studied, and

U- " the arc of visual range for the usual height of eye drawn in. Characteristics, including
shape and color of the structure, liould be written on the chart, if not printed there, or i J
in a notebook, to assist in identification. Useful radar targets, radiobeacons, Loran
rates, etc., should be noted if equipment to utilize them is available. If a danger sound- IF ing is useful, it should be drawn in. The bottom configuration should be studied for I
distinctive features that will l)rove helpful in locating the position of the vessel, or j
keeping it in safe water. If foreign charts are to be used, the symbols should be
understood.

The extent. of the preliminimry studv depends somewhat upon the navigator's
F previous knowledge of the area. But however familiar lie may be with local conditions,

the navigator should not overlook the need for checking hit, equipment to be sure it is
complete and up-to-date, nor to refresh his memory regarding critical items of informa-
tion. Tile prudent navigator leaves nothing to chance and iassumes nothing that can be
rerified.

In pilot waters with limited maneuvering space, the desired track might w211 be
plotted in advance, and the predicted tiue between buoys, turns, etc., determined.
Where relpeated runls tire mde over tile same routes, the entire tack may be plotted
in ink. Cour.es, distances between lights, visual range arcs,, and other useful informa-
tioll nigh-lt Ile prominently indicated. When thik l)racti( e is followed, a positive routine

should be set. upl to apply correction, and to bring these to tie attention of all concerned.
2303. Getting underway.-Shortly before tho ship gets underway the necessary 1

chart. . )ublications, and )lotting eqaipment should be placed on tlhe chrxt table. A ,
check hould be made to be sure that all marks (except those 1)ermaneltl plotted in
ink or colored )encil) reiating to a previous voyage have been erased from the charts.
The navigator's binoculars should be checked to .ee that they are l)rol)erly secured in itheir accustomed l)lace on the bridge. The gyroconil)as.es hmld be started sufficiently
in advance to insure l)ropor operation, and should then be compared u ith the repeaters
and thc magnetic coml)as., on the bridge. Gyro error should be determined before getting
unierway. The deviations of the magnetic compass may be unusually high because of
cranes, cables, etc. A che':k should be made to see that the lates, deviation tables are

[available, and that magnetic gear has not been left, up:., the compass. Azimuth circles
i, an i)clort1se, should he in place aml ,heeked. The taatland and emnergency steering
goar should be checked, a N\ ell as com:unication am'l ,igia.lii g equi)ment. If practical,
the mechanic.al iog and elect rolic equip-ne..-much it- radar, Luran, radio direction finder, i
and echo sounder should he started and checked. Radar and echo ,oundor errors should
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be determined prior to getting underway. The hand lead should be placed at a convenient
-- location ready for immediate use. The anchor windlass should be tested. The sextant,

chronometers, alnanac, and tables should be checked to see that they are in their
proper places. It is good p~ractioe for the navigator to prepare a cleck-off list to insure
that nothing is overlooked. The checksshothd be made carefully by a responsible person
who reports the results to the navigator.

Before getting underway the navigator should see that, all navigational persomnei
are at their assigned stations aind that each understands his duties. Aboard naval ves-
sels a lpiloting teamr (normally colmpos ed of the navigator, p)lotter, recorder, bearing :
observers, echio sounder Operator. and others) is usually employed when transiting

restricted waters. Aboard merchant vessels in the same circumstances, the navigation
may be performed by no more than the mate on watch and the helmsman. In any event,
it is good practice to acquaint each person with the general plan of operation, for an
informed person i, less likely to make mistakes, and more likely to detect mistakes
made by others.

2304. Leaving port.--In a harbor, the largest, scale ch:-rt t 'ld be used for greatest
accuracy and detail. The dead reckoning should be tated as soon as the vessel
steadies on its first course. If the desired track has not been plotted in advance, the
dead reckoning is run ahead a short distance. In either vent-, the predicted time of
arrival at the next trning bearing, or of passing the ne-" aid to navigation is recorded
on the chart. Predicted times of arrival at, various points are of great importance in
interpreting the information received and in avoidinig dangerous situations. It is good
practice to use all available information, and not rely solely upon a single aid. A good
position should be maintained at all limes. Fog may set in rapidly rnd without warning, a
obscuring landmarks before a round of bearings ca'i be observed. Lights should be
timed and identified by their characteristics. At. a distance, the color and shape of
buoys may not be apparent Sometimes a sailboat can be mistaken for a buoy. Buoys
may be out of position. Bearings and ranges on fixed objects are better than on floating
aids which do not remain at fixed points. Sounding., should be taken continuously in
the vicinity of shoal water. It. is gocd practice to check the coml)ass and radar at con-I venient opportunities, as when on a range or passing between two headlands. Ranges
are of great value for checking position or keeping on the desired track, and should be
used whenver available.

B? skillful navigation, one may be able to save many miles of steaming. However,
it is possible to allow insufficient margin of safety Th navigator should always keep
in mind the possibility of failure of some iten, of equipment, unexpected fog, or the
need for maneuvering room if another vessel approaches too close. Ile should remember,
too, that in pilot waters currents may be strong and variable.

A de.,!:ed record should be kept in a notebook. Entries should be made showing
bearings and ranges, important soundings, all changes of course and speed, the times
of passing important aids to navigation, and other pertinent information. The record
should leave nothing in doubt,, indicating whether bearings ire true or by magnetic
compass, whether soundings are in feet, fathoms, or imeters. This record is useful in
preparing the ship's log, providing guidance for future runs over the same area, 2--tablisb.
ing position if fog sets in, and in providing an acceptable record if the vessel experiences
a mishap resulting in a later investigation.

The chart, also, should present. a neat and intel!igible record of the passage. Course
lines and lines of position should be drawn boldly and neatly, an(! should be no longer
thail needed. Standard labels should be used wherever they eontrib :-:- an understand-
ing of the plot. They should be so placed and worded that, no doubt is left as to their ap-

I
"



644 THE PRACTICE OF MARINE NAVIGATION

plicability and meaning. If possible, lines and labels should not be drawn through
chart symbols.

Outside the harbor, if the course is parallel to the coast, there may be advantages in
remaining close enough to utilize major aids to navigation and other landmarks. How-
ever, a set toward the beach, particularly off the entrance to an estuary, can endanger
the safety of a vessel. Many ships have grounded because a course was set too close i
to off-lying dangers.

2305. Taking departure.-When a vessel reaches the open sea and is about to leave
the land astern, a last accurate position is obtained by means of landmarks available.
This process is called taking departure. It marks the end of piloting and the beginning
of the next phase of the navigation. The work of the navigator becomes less hurried,
and fixes are obtained less frequently. Sound!ings become of less interest. The hand
lead -q secured. The position may be transferred from the chart to a plotting sheet.
Courses and speeds will be maintained over relatively long periods. The sea routine
begins. Even if the vessel is to follow the coast, it genp:raily does so at such a distance
that danger is some distance away, and fixing is an intermittent process rather than a
continuous one.

2306. Navigation at sea, like piloting, varies somewhat from vessel to vessel
depending upon the equipment available and t, -, lividual preferences of the navigator.
A daily routine, called the day's work, is establ; ,ed by the navigator and carried out
with such variations as dictated by circumstances. While details vary with the navi-
gator, a typical minimum day's work is.

1. Plot of dead reckoning throughout the day.
2. Observation and reduction of celestial observations for a fix during morning

twilight.
3. Winding of chronometers and determination of chronometer error.
4. Observation of the sun for a morning -- nline (on or near the prime vertical if

made at about the same time as 5).
5. Azimuth of the sun for a compass check, commonly made at about the same

time as a morning sunline observation. This may be i.n amplitud.e observation at
sunrise.

6. Observation of the sun at or near noon. This is crossed with a morning sun- I
line, advanced, or with an observation of the moon or Venus to obtain a noon (ZT 1200)
position.

7. Computation of the day's run (noon to noon, or midnight to midnight).
8. Observation of the sun during the afternoon (on or near the prime vertical if

made at about the same time as 9). This is primarily for use with the advanced noon
sunline, or with a moon or Venus line, if the skies are overcast during evening twilight.

9. Azimuth of the sun for a compass check. This is commonly made at about the I
same time as an rfternoon sun observation, but may be an amplitude observation at
sunset. -

10. Computation of the time of sunset, sunrise, and twilight, and preparation of
a list of stars and any planets in favorable positions for observation during each twi-
light period, with the approximate altitude and azimuth of each body.

11. Observation and reduction of t olestial observations for a fix during evening
twilight.

12. Computation of the time of moonrise nd mo~nset (iK required).
13. Use of Loran and any other availablie radionavigation aid on a regular schedule, I

as every hour.
The list of celestial bodies available for observation is customarily prepared with

the zid of a star finder such as No. 2102-D (art. 2210) or volume I of Pub. No. 249. .
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This list is particularly helpful during evening twilight, when one desires to know where
to look for the brightest stars or planets before the general pattern of stars becomes
visible. Some navigators list or make a simple plot of the relative azimuths of the bodies,
to assist in locating them. rhe brightest bodies may be visible at about the time of
sunset, or even a little before.

In general, it is good practice to observe the brightest bodies as they appear in
the evening, while the horizon is clear and sharp, and the dimmest first in the morning,
before they fade from view. Cloud cover permitting, the normal practice of navigators
is to observe stars in the eastern sky first. During morning twilight the eastern horizon
becomes clearly defined first due to the rising sun; the dim stars above this horizon
fade from view first because of the brighter eastern sky. During evening twilight the
eastern horizon becomes indistinct first due to the setting sun, dictating observation of
stars above this horizon first. Also, during evening twilight the bright stars in the
darker eastern sky will be visible first.

Several observations should be made of each body, each sight being taken quickly
to avoid eye fatigue. In general, it is better to use one good observation than to average
several of questionable accuracy. At least five or six bodies should be observed. If the
four most favorably situated ones provide a good fix, additional sights need not be
reduceq, but if doubt remains, information for obtaining additional lines is available.
It is better to observe bodies all around the horizon than in the same semicircle. Thus,
three bodies separated by 120' are better than three separated by 600, for in the former
case any constant error in altitude will be neutralized.

If a comparing watch is used, it should be compared with the chronometer or a
time tick every time celestial observations are made. The index correction should be
determined each time the sextant is used. If the horizon is used for this purpose, the
measurement should be made before evening twilight observations and ajter morning
twilight observations, while the horizon is sharp. If the horizon is not equally sharp
in all directions, the best part should be used.

When skies clear after a prolonged period of overcast, or when clouds threaten to
obscure the heavens, additional observations should be made, if available. During
the day a series of sunlines might be obtained and advanced to a common time, or the
moon or Venus might be available at a favorable azimuth. Sometimes observations
can be made during the night, either by use of moonlight to illuminate the horizon, or
by dark-adapting the eyes. At this time the moon, and bodies having an azimuth nearly
the same as the moon, should be avoided because of the probability of false horizons
on the illuminated water.

Sights may be reduced by any reliable method. The one most widely used by
mariners is Pub. No. 229, used in conjunction with the Nautical Almanac. If a check
is needed, a good practice is to use a different method and a different almanac, so that
mistakes 1. not be repeated.

Before the development of modern sight reduction methods, celestial navigation
was largely a matter of determining latitude by observation of bodies on or near the
celestial meridian (including Polaris) and longitude by observation of bodies on or near
the prime vertical. Longitude was computed by time sight. Frequently, this method
of navigation was inconvenient. Often it produced misleading results, as when a north-
south "longitude" line was used instead of the true line of position which might differ
in direction by as much as 30' or more. Errors were introduced when an incorrect
longitude was used for solving a reduction to the meridian, or an incorrect latitude for
solving a time sight of a body some distance from the prime vertical. The use of azimuth
with a time sight was an improvement, but was not well adapted to observations of
celestial bodies near the celestial meridian. The modern navigator is freed from these
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restrictions. He is able to obtain a line of position extending in the correct, direction
almost any time a celestial body can be observed. He places no special significance

upon latitude and longitude lines, and solves all sights by a common method of sight
reduction.

It is good practice to use a workbook for the various solutions made at sea. This1
provides a valuable record which may be of inestimable value in the future. Entries
should be neat, orderly, and intelligible to another navigator. All original data and
computations should be included. The use of standard work forms is recommended.
They are considered adequate but, for sight reduction of celestial observations, there
is merit in using a form which uses a single column, so that several sights can be re-
duced in parallel columns. The best form for anyone to use is one he thoroughly under-
stands and finds logical ind least confusing. If an alteration in a work form reduces:
the number of errors made. it is a desirable change. Because of the difference of opinion
among marine navigators, and the tendency to follow mcchanically an established',
form without fully understanding the principles involved, a work form standardized
for all navigators is probably undesirable, although such is widely used by air navi-
gators, who use celestia! navigation somewlhat intermittently. When one has estab-I
lished the work forms lie desires to re, he can hajve a rubber stamp made, or have i
the forms reproduced by printing. The former is probably preferable because it per-
mits use of a bound workbook. However, printed forms can be punched for retention 1
in a looseleaf binder. C

At sea it is good practice to run the dead reckoning from fix to fly, deterniming I
set and drift of the current at each fix. 'he use of single lines of position and current i* to establish estimated positions is a matter of judgment. The ability to predict the .

difference between (lead reckoning positiors and fixes, which ability may be developed 3
when the need is not apparent, can serve as a valuable asset when fixes are not available. II

In the U. S. Navy, the best position available is recorded in the log at 0800, 1200, and
2000. A typical plot of part of a day's run at sea (omitting possible radionavigation i

fixes) is shown in figure 2306.
It is good practice to compare the gyro repeaters with the steering magnetic

compass each half hour and after each change of course at sea, to detect any discrepancy I
which may arise through malfunction. In making the comparison, one should not S
overlook changes in variation and deviation. The master gyrocompass should bei
compared with its repeaters from time to time.

One of the duties of the navigator is to inform the captain of the expected time
of crossing time zone boundaries. The change of time is usually maae at a convenient
whole hour near the time of crossing a boundary, or during the night. Aboard some
merchant ships the change is distributed equally through several watches, as 20 minutes
during three consecutive watches.

It is common practice for the captain to maintain a night order book. Standing
orders such as the conditions under which the cap'ain is to be called, and the admonition
to keep a sharp lookout, are usually given on the inside front cover. The orders for'
each night, if any, are recorded in order, over the captain's signature. They include
items such as courses to be steered, speeds to be used, times and bearings of lights
expected to be sighted, and any other pertinent navigational information. The navigator'
provides the captain with such information as he may require.

2307. Landfall.-After a vc' age at sea, the first contact with land is of considerable
importance. The accuracy with which -ne pre-licts the time and place of sighting land

- depends upon the accuracy of navigation. If coi.-istent radionavigation fixes have been
obtained at frequent intervals, and these positions are confirmed by a recent fix from
celestial observations or other information, the prediction should be highly accurate. -
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But if no fix has been available for several days, considerable doubt may surround the'
landfall.

Often the approximate distance offshore, if not the position, can be determined
by means of soundings. Along most of their coasts the continents have a continental
shelf (art. 3022) of relatively shoal water extending outward for a varying distance. A'
similar island shelf extends outward from many island groups. At the outer edge,
called the continental slope (or island slope), a sharp increase in depth occurs. This is
often at about the 100-fathom curve. Therefore, the crossing of this curve is often quite
abrupt, and gives information on the distance offshore. The position of this and other
depth curves may be indicated on the chart.

The place of making landfall has a definite relationship to the safety of the vessel,
particularly in an area where shoaling is not uniform along the beach. For some time
before making a landfall in such an area, it ni,.v be advisable to maintain both a dead
reckoning and estimated position plot. The best obtainable position should be deter-
mined. Methods which are acceptable a thousand miles from land may not provide

- sufficiently exact data when a landfall is expected.
Only judgment, based upon existing circumstances, can determine the existence

of a dangerous situation. If the water has shoaled to a dangerous degree, for instance,
and the position of the vessel is seriously in doubt, one may have no recourse but to
stand off or anchor and await daylight, improved visibility, or better information.

When contact is made with land, the first step should be to identify the point of "
contact. The anticipated point of making contact should be of assistance, but one
should be alert to the possibility of similarly appearing land at other points within a I
reasonable distance on each side. The position of the vessel relative to land might be |

established even before land is sighted. Soundings, radio bearings, and radar may be
used for this purpose.

2308. Entering port.-Before entering port., the navigator should have reliable
information regarding the draft of his vessel. He should also have a reliable position I
relative to the land. Preparations for entering are similar to those for getting under- i
way. The tide and tidal current tables, light list, coast pilot or sailing directions, and -
charts should all be broken out and studied so that one is familiar with conditions to
be encountered. The time of entering might be selected to take advantage of favorable f
currents, an(d to arrive at the assigned berth at slack water. One should have a mental I
picture of what to expect when approaching from seaward inder the anticipated con-
ditions of lighting and visibility. The characteristics of all aids to navigation by day
or night, as appropriate, and fog signals should be known or immediately available.
In -ntering a strange port the navigator should carefully select the most suitable aids
to use, with substitutes if these prove inadequate, or if there is any doubt as to their
identity. Useful ranges, natural or artificial, should be noted. Danger bearings and
danger circles should be drawn in and labeled, if this has not alreudy been done. A
danger sounding should be selected and drawn on the chart, if needed. Any shoal
areas, wrecks, areas of unusually swift current, etc., should be noted.

The courses to be steered and the distance on each should be determined and
recorded, or drawn and labeled on the chart. The identification of each turning point
should be indicated. Definite courses should be steered, and changes made only
when established positions indicate a departure from the planned track, or when
necessitated by traffic. Course changes should occur at preselected points having
definite identification. The position should not be permitted to be in doubt at any
time, even in ports which are familiar to the navigator and considered easy to enter.
Most ivoidable groundings are caused by erroneous assumptions which should have
been verified. The position should be checked frequently, :nsing the most reliable
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information available. This may seem to be an unnecessary refinement, but in an
emergency a position might be needed at a time when it cannot be obtained. When
changes of course are ordered, it is good practice to indicate the amount and direction of
change, or the new course, to avoid the possibility of having one's attention diverted at
the moment the order should be given to check the swing or steady on the new course.
In general, course changes are best made wher, a given aid to navigation or other
landmark is abeam, or when the ship is on a range.

If it becomes necessary to pass between visible dangers without suitable marks for
obtaining fixes, a track midway between dangers can be followed by eye more accurately
than one closer to either side. If a vessel is to pass near reefs or shoals, it is sometimes
possible to observe these from a position aloft, particularly if the sun is astern.

The actual navigation while entering port is similar to that when leaving port.
A typical plot in pilot waters is shown in figure 2308. The entering of pilot waters
should be accompanied by a mental reorientation and an increased alertness. The use
of a local pilot, unless this is a mandatory requirement, is a matter which sl,.)uld be
decided in each case. Whether or not a pilot is used, local harbor regulations should
be followed, for the presence of a pilot does not relieve the master of his responsibility.
One should not forget to note the time of entering the area where local or inland rules
of the road apply.

Speed in the vicinity of wharves, construction work, dredges, small boats, etc.,
should be carefiliy controlled to avoid damage to them.

If the vc '1 anchors, the anchorage should be selected carefully, considering local
regulations as well as suitability and safety, including the holding qualities of the bot-
tom. If there is any doubt as to the depth of water, a boat might be sent in ahead to
take soundings. If space is limited, the approach to the anchorage should be planned
and executed carefully. As soon as the anchor is let go, the position should be deter-
mined accurately. Bearings of a number of prominent landmarks and lights should be
measured and recorded, as a guide in determining whether or not the vessel drags
anchor. A drag circle is helpful. Using the nosition of the anchor as its center, the
drag circle is constructed with a radius equcI to the scope plus the distance from the
hawsep'pc to the point of obs, rvation. A swing circle, with radius equal to the scope
pluo vessel's length, may also be helpful.

230S. Fog.--During periods of reduced visibility, the navigater's work is more
difficult. At sea he is prevented from making celestial observations. Even when the
fog is so shallow that celestial bodies are visible, the horizon is not available as a refer-
ence. An artificia!-horizon sextant may prove of some value at such a time, but unless
the sea is almost a fiat calm, the -esults are likely to be less reliable than the dead
reckoning. Radio aids to navigat; n are affected little by fog. Unless the vessel is
approaching land, there is generally no cause for concern regarding the navigat-mn, the
principal danger being one of colli.on with other vessels. Usually the navigator merely
waits for the fog to lift.

When a coast is approached, however, a wait may be impractical. The safety of
the vessel requires reiiable positional information. Along a coast where the shoaling
is gradual, the echo sounder can be of great assistance in indicating the distance off.
But along a coast having abrupt bhoaling, the first indication of shallow water may be
obtained so close to the beach that action to avoid grounding is not possible. If radio
aids such as Loran, radio direction finder, and radar are available, they can provide
useful information. If the vessel is near enough to a -hore with steep cliffs, the echo of
the vessel's whistle may provide indication of the distance off.

The deci-ion of whether to enter a fogbound harbor should be made carefully.
Once committed to the channel, the vessel may have no alternative but to continue on
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to the anchorage or wharf, for in some areas there is not room to turn back, and anchor-
ing is unsafe. It is sometimes wiser to stand off or anchor for a few hours than to risk
danger of grounding or collision.

If the decision is made to enter, one should be prepared for any reasonable eventu-
ality. The proximity of danger and the presence of currents make necessary the main-
tenance of a good position at all times. Fog limits the number of objects that can be
used for fixing position, and destroys the overall view of the area. The radio direction
finder and radar, both shipborne and shore-based, have done much to reduce the hazard
due to fog, but ihey have not eliminated it. The need for special precautions and
increased vigilance is still present.

During periods of reduced visibility the practice of steering exact courses, with
precise changes at definite points, is of great assistance in pilot waters. If the vessel
is following a channel, each buoy should be located successively. If the fog is dense,
this requires careful steering and attention to all details, such as indications of current,
changes of wind, etc. If a single buoy is missed, consideration should be given to an-
choring and waiting for improved visibility.

With the possible exception of radar, the most important navigational aid during
fog in pilot waters is the echo sounder or hand lead. Continuous soundings, compared

. with the chart, can provide valuable information on the position and safety of the
vessel. The decision as to whether to plot a line of soundings on transparent mateial,

I or along the edge of a piece of paper, and compare this with the chart, is a matter of
judgment. In general, the procedure is valuable when approaching a harbor or pro-
ceeding in an open part of a large bay, but in a channel or other restricted waters the

method is not needed and might prove distracting.
During fog one shoul keep a sharp lookout for any objects that might appear

momentarily through thin places in the fog. It is well to have a lookout stationed
aloft, and another in the bow, for the -:ibility may vary with height.

The lookouts and all persons on the bridge should listen intently for fog signals.
As soon as such a signal is heard, an effort should be made to identify its source and
determine its bearing. However, experience in the use of sound signals indicates that
they are not wholly reliable. In , -ticular, relative intensity of a sound is not a reliable
indication of its distance, or whether the distance is increasing or decreasing. A signal
may be totally inaudible in certain areas close to its source. Neither is its apparent
direction always a correct indication of its actual direction. A fog signal may not be
in operation when fog is present a short distance from a station but is unobserved from
it. Transmission of sound through water is subject to uncertainties due principally to
differences in density in different parts of the sea, causing the sound to be deflected.

It is well to remember that at reduced speed the relative effect of current is cor-
respondingh" greater, since the effect of current is proportional to time, not to the
speed of the vessel.

2310. Navigation of smali craft.-In principle, the navigation of small craft is
the same as that of a large ship, but because of the shallower draft, greater maneuver-
ability, and possible limitations of equipment of small craft, diere are important dif-
ferences. Small craft spend most of their time within sight of land, where navigation is
largely a matter of piloting. They generally skirt the beach close enough to be able
to reach safety in case of storm or fog, and since most of them are used primarily for
pleasure, there is a natural tendency for the navigation to be a less continuous process
than in larger craft.

The equipment carrie(d and the type of navigation employed depend primarily npon
the use of the craft and the preference of the user. If a rowboat, canoe, rr small sailboat
is'to be used only close to the shore in good weather, "seaman's eye" might be sufficient
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for all navigational purposes. But if there is any possibility of the craft being out in a
fog, or proceeding to greater distances from shore, fog-signalling apparatus, a compass,
and some means of taking soundings should be carried.

A wide variety of equipment is available for yachts, and from thi;, siitable items
can be selected A minimum list should include a compass, pelorus, uharts, plotting
equipmenr (many types are available), means for determining speed or ('tance, logiy book, tide and tidal current tables, light list, coast pilot or sailing directions, hand lead,
binoculars, flashlight, and fog-signal apparatus. A barometer and thermometer are
useful.

Several items of electronic equipment, some of which are relatively inexpensive,
are available for use in small craft, to aid in navi:,ation and increase safety. The principal
item of radio equipment, from the standpoint of safety, is a marine radiotelephone,
which in addition to providing normal communication to other boats and the shore,
permits "he boat carrying it to call for help in distress, and assists in the location of theI distressed vessel. The radio direction finder is a simple device requiring little power, an
important factor on small craft. A multiband direction finder may be used as a second
receiver in the broadcast and radiotelephone bands. Portable broadcast receivers permit
reception of weather information on even the smallest boats. For larger craft, where
ample power is available, radar and Loran may be good investments. In addition, every
small craft should carry a corner reflector (art. 4201), so as more readily to reflect radar
signals. In an emergency a metal bucket might be of sonie value as a reflector.

If the craft is to proceed out of sight of land for more than short intervals, celestial
navigation equipment should be carried. This includes a sextant, an accurate timepiece,
an almanac, sight reduction tables, and perhaps a star finder. If there is doubt as to
advisability of includii-g some item of equipment, the safer decision is to include it. It
is better to have unused equipment than to risk darger of becoming lost because of I -

lack of needed equipment.
The practice of navigation in small craft varies even more widely than the equip- 2

ment carried. The variation extends from complete navigation similar to that of a large I
ocean steamer to no navigation other than by eye. The completeness of the na- ;gation |
should fit the circumstances. There is an understandable tendency among small craft
navigators of limited experience to underestimate the need for thorough and complete
navigation. In general, it is good practice for the navigator of a small cr ft to establish i
the routine of always following definite courses from buoy to buoy or from landmark to
landmark, so that the sudden onset of low visibility will not find him unable to proceed
to safety without delay. He should change course at established points, maintain knowl-
edge of his poition at all times, and have reliable information on the deviation of his
compass. There is a place in small craft navigation for a complete, accurate, neat plot.
Where this is impractical because of heavy weather or limited plotting space, a careful
log and dead reckoning by table 3 should be substituted. 4

The accounts given in yachtir - magpzines, and the large number of cails for
assistanr. received by the Coast Guard, indicate an inadequacy of the navigtion w
many small craft. Part of this is due to a lack of appreciation of the need for careful
navigation. Much of it is due to lack of knowledge on the part of the small craft owner.
The decision to omit some part of navigation should stem from knowledge, not igno-

rance. To the adequately informed, navigation can be part of the pleasure of yachting.

I.
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CHAPTER XXIV

SHIP WEATHER ROUTING

2401. Introduction.-Ship weather routing is a procedure whereby an optimum
route is developed based on tile forecasts of weather and seas and the ship's characteris-
ties for a particular transit. Within specified limits of weather and sea conditions, the
term optimum is used to mean maximum safety and crew comfort, minimum fuel
consumption, minimum time underway, or any desired combination of these factors.

The ship routing agency, acting as an advisory service, attempts to avoid or reduco
the effects of adverse weather and sea conditions on a ship by issuing initial route
recommendations prior to sailing, recoinmendations for track changes while underway
(diversions), and weather advisories to alert the comrman(ling officer or master with
respect to approaching unfavorable weather and sea conditions which cannot be
effectively avoided by a diversion. Adverse weather and sea conditions are defined as
those conditions which will cause a significant speed reduction or time loss, for example,
speed reduced by one third or a lesser speed reduction causing a loss of at least 6 hours
transit time.

The initial route recommendation is based on a survey of weather and sea fore-
casts between the point of departure and the destination and takes into account the
hull type, speed capability, cargo, and loading conditions. The ship's progress is con-
tinually monitored and, if adverse weather and sea conditions are forecast along the
ship's current track, a recommendation for a diversion is normally transmitted to the
ship. By this process of initial route selection and continued monitoring of the ship's
progress for possible change in relation to the forecast weather and sea conditions
along a route, it is possible to maximize ship's speed and safety.

In providing optimum sailing conditions, the advisory service also attempts to
reduce transit time by avoiding the adverse conditions which may be encountered on
a shorter route; or if the forecasts permit, diverting to a shorter track to take advantage
of favorable weather and sea conditions. The greatest potential advantage for this
ship weather routing exists when: (1) the passage is relatively long, generally about
1500 miles or more; (2) the waters are navigationally unrestricted so that there is a
choice of routes (alternatively, navigational restrictions are liniting but at the same
time offer possible protection from adverse weather); and (3) weather is a factor in
determining the route to be followed.

The use of this advisory service in no way should relieve the commanding officer
or master of responsibility for prudent seamanship and safe narigation. There is no
intent by the routing agency to inhibit the exercise of professional judgement., capa-
bilities, and the prerogatives of commanding officers and masters.

The purpose of this chapter is to acquaint the mariner with the basic philosophy
and procedures of ship weather routing as an aid to his understanding of the ship
routing agency's recommendations. This information should enhance his ability to
determine the correct course of action when encountering a hostile environment.

2402. Development.-Today, ship weather routing uses modern weather fore- 71
casting techniques and computer procedures to provide optimum routes. It has only -

been with the recent advent of extended range forecasting and the development of ___
selective climatology that a ship routing system has been possible. The ability to effec-
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tively advise ships to take advantage of favorable wind, seas, and ocean currents bad
been hampered previously by forecast limitations and the lack of an effective com-
municatiois system with which to advise the commanding officer or master.

Prior to World War II all development work was in the area of aata accumulation
and climatology. Benjamin Franklin, as deputy postmaster general of the Britisi
Colonies in North America produced a chart of the Gulf Stream from information
supplied by masters of New England whaling ships. This first mapping of the Gulf
Stream helped improve the mail packet service between the British Colonies and
England. In some passages the sailing time was reduced by as much-as 14 days over
routes previously railed. In the mid-19th century, Lieutenant Matthew Fontaine
Maury, USN, com- .led large amounts of atmospheric and oceanographic data from
ships' log books (art. 117). For the first time a climatology of ocean weather and
currents of the world was available to the mariner. This information was used by
Maury to develop seasonally recommended routes for sailing ships and early steam
powered vessels in the latter half of the century. In many cases, Maury's charts were
proved correct by the savings in transit time. On one trade route alone, the average
transit time from New York to California around Cape Horn was reduced from 183
days to 139 days with the use of his recommended seasonal routes.

In the 1950's the concept of ship weather routing was put into operation by several
private meteorological groups and by the U. S. Navy. By applying the available surface
and upper air forecasts to transoceanic shipping, it was possible to effectively avoid I
much of the heavy weather while generally sailing shorter routes than previously.

Optimum Track Ship Routing (OTSR), the ship routing service of the U. S. Navy,
utilizes short range and extended range forecasting techniques in the route selection _
and surveillance procedures. The short range dynamic forecasts of 3 to 5 days are
derived from the meteorological primitive equations. These forecasts are computed _

twice daily from a data base of northern hemisphere surface and upper air observations,
and include surface pressure, upper air constant pressure heights, and the spectral wave I
values. A significant increase in data input, particularly from derived satellite informa- u
tion over ocean areas, can be expected to extend the time period for which these forecasts
are useful.

For extended range forecasting, generally 3 to 14 days, a computer searches a
library of historical northern hemisphere surface pressure and 500 millibar analyses
for an analogous weather pattern. This is an attempt at selective climatology by match-
ing the current weather pattern with past weather patterns and providing a logical
sequence-of-events forecast for the 10- to 14-day period following the dynamic forecast.
It is performed for both the Atlantic and Pacific Oceans using climatological data for
the entire period of data stored on tape (30 years in use in 1977). For longer ocean
transits, monthly climatological values of wind, seas, fog, and ocean currents are used
to further extend the time range.

Aviation was first in applying the principle of minimum time tracks (MTT) to a
changing wind field. But the problem of finding an MTT for a specific flight is much
simpler than for a transoceanic ship passage. This is because aircraft flight time is only
hours, while the ship transit time is usually 7 to 14 days or more. Thus, marine minimum
time tracks require significantly longer range forecasts to effectively develop a best
weather-least cost route.

Automation has enabled ship routing agencies to develop realistic minimum time
tracks. Computation of minimum time tracks for proposed transits or ships already Iz
underway makes use of:

1. a navigation system to compute route distance, time enroute, estimated times

_ -
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of arrival (ETA's), and to provide 6 hourly DR synoptic positions for the range of the
dynamic forecasts for the ship's current track;

2. a surveillance system which surveys the environmental factors of wind, seas,
fog, and ocean currents obtained from the dynamic and climatological fields;

3. an environmental constraint system imposed us part of the route selection and
surveillance process. Constraints are the upper limits of wind and seas desired for the
transit and are determined by the ship's loading, speed capability, and vulnerability.
(The constraint system is an important part of the route selection process and acts as a
warning system when the weather and sea forecast along the present track is such that
the ship is expected to transit an area which exceeds those predetermined limits;

4. ship performance curves, or speed curves, used to approximate ship's speed of
advance (SQA) while transiting the forecast sea states.

Ship weather routing services are being offered as an aid to :hipping by the govern-
ments of many nations. These include Japan, United Kingdom, Union of Soviet Socialist
Republics, Netherlands, Federal Republic of Germany, and the United Sta.tes. Also,
several private firms provide the service to shipping industry clients.

2403. Ship and cargo considerations.-Ship and cargo characteristics have a sig-
nificant influence on the application of ship weather routing. Ship size, speed capability,
and type of cargo are important considerations in the route selection process prior to
sailing and the surveillance procedure while underway. These ship characteristic factors

= help to identify the degree of vulnerability to potential adverse conditions and the
ship's ability to effectively avoid the adverse weather and sea- by diversion.

Generally, ships with higher speed capability and less cargo encumbrances will
have shorter routes and be better able to maintain near normal SeA's than ships with
lower speed capability or cargos which may generate unfavorable ship motions resulting
from wind and sea conditions. Some routes are unique because of the type of ship or
cargo. Avoiding one element of weather such as heavy head or beam seas to reduce
pounding or rolling may be of prime importance. For example, a 20-knot ship with a
deck cargo may be severely hampered in its ability to maintain a 20-knot SeA in any
seas exceeding moderate head or beam seas because of the greater ship motions or other -
effects resulting from the deck load's characteristics. A similar ship without the deck -

load is not as vulnerable to these same or higher sea conditions and is able to nearly
maintain the 20-knot SOA. In towing operations, a tug is more vulnerable to adverse
weather and sea conditions, not only in consideration for the tow, but also because of
its already limited speed capability and the difficulty in effectively avoiding adverse -
weather and sea conditions by a diversion.

Ship performance curves (speed curves) are used to estimate the ship's SOA
while transiting the forecast sea states. The curves indicate the effect of head, beam,
and following seas of various significant wave heights on the ship's speed. Figure 2403
is a performance curve prepared for an 18-knot vessel.

With the aid of the speed curves it is possible to determine just how costly a
diversion will be in terms of the required distance and time. A diversion may not be
necessary where the duration of the adverse conditions is limited. In this case, it may
be better to ride out the weather and seas knowing that a diversion, even if able to
maintain the normal SeA, will not overcome the increased distance and time required
by the diversion.

At other times, the diversion track is less costly because it avoids an area of adverse A
weather and sea conditions while being able to maintain normal SeA even though the
distance to destination is increased. Based on input data for environmental conditions
and ship's behavior, route selection and surveillance techniques seek to achieve the
optimum balance between time and distance and acceptable environmental and sea-

$I
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.FIUR 2403.-Performance curves for head, beam, and following seas (18-knot vessel). i

keeping conditions. Althoiwh speed lperformance curves are sn aid to the ship routing j -'
agency, the response by *' to deteriorating weather and sea conditions is not :
uniform. Some reduce sp mntarily or change heading sooner than others when -_
unfavorable conditions are .,untered. Certain waves with characteristics such that
the ship's bow and stern are in successive crests and troughs present special problems -=
for the mariner. Being nearly equal to the ship's length, such wavelengths may induce :
very dangerous stresses. The degree of hogging and sagging may be more apparent to I -
the mariner than to the ship routing agency. Therefore, adjustment in course and speed
for a more favorable ride may be initiated by the commanding officer or master when this I-
situation is encountered. -

2404. Environmental factors of importance to ship weather routing are those
elements of the atmosphere and ocean that may produce a change in the status of a f -

ship transit. In ship routing, considleration is given to wind, seas, fog, ice, and ocean '
currents. While all of the environmental factors are important for route selection and
surveillance, optimum routing is normally considered attained if the effects of wind and
seas can be optimized.

The effect of wind speed on ship performance is in some respects difficult to deter- ' :--
mine. In light winds (less than 20-knots), ships lose speed in headwinds and gain speed °

slightly in following winds. For higher wind speeds, ship speed is reduced in both head - ---
= . andl following winds. This is due to the increased wave action and indicates the impor-

tance of sea conditions in dleterluining ship performance. In dealing with wind, it is -_
also necessary to know the ship's sail area. For example, high winds will have a greater
adverse effect on a large, fully' loaded container ship than a large, fully loaded tanker of
:smilar length.

| Wave height is the major factor affecting ship performance. Wave action is .... -

responsible for ship motions that reduce propeller thrust. The relationship of ship
"speel to wave (direction and height is siniilar to that of wind. Head seas reduce ship

~~~speed, while following seas inctease ship speed only slightly. In heavy seas, exact per- " -'.
[- . " '"formance may be difficult to predict because of the adjustments to course and speed for -

'N'8-
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shiphandling and comfort. Although the effect of sea and swell is nuch greater than
wind, it is difficult to separate tho two in ship routing.

in an effort. to provide a more detailed description of the actual and forecast. sea
state, Fleet Numerical Weather Central, Monterey, California, uses the Spectral
Ocean Wave Model (SOWM) for the U. S. Navy's Optimum Track Ship Routing
service. The spectral wave model provides energy values from 12 different, directions
(300 sectors) and 15 frequency bands for wave periods from 6 to 20 seconds with the
total wave energy being propagated throughout the grid system as a function of direc-
tion and frequency. It is based on the analyzed and forecast planetary boundary layer
model wind fields and is produced for the Northern Hemisphere. For OTSR purposes,
primary and secondary waves are derived from the spectral wave program, where
the primary wave train has the principal energy (direction and frequency), and the
secondary has to be 20 l)ercent. of the primary.

Fog, while not directly affecting ship performance, should be avoided as much as
feasible in order to maintain normal speed in safe conditions. Extensive areas of fog
during sununertime can be avoided by selecting a lower latitude route chan one based
solely upon wind and seas. Although the route may be longer, transit time may be less
due to not having to reduce speed in areas of very low visibility for safety considerations.

Ocean currents do not. pre-sent a significant routing problem, but they can be a
deternmining factor in route selection and diversion. This is especially true when the
loints of departure and destination are at relatively low latitude. The important
i 0onsiderations to be evaluated are the difference in distance between a great-circle
route and i route seected for optimum current, with the expected increase in SQA from
the following current. and the decreased probability of at diversion for weather and seas.

it the lower latitude. For example, it, has proven beneficial to remain equatorward of
approximately 22*N for westbound passages between the Canal Zone and southwest
Pacific ports. For easthound passages, if the maximum latitude on a great-circle track
from the southwest Pacific to the Canal Zone i tbelow 24*N, a route passing near the
axis of the Equatorial Countercurrent is practical because the increased distance is
offset, by favorable current. Direction and speed of ocean currents are more predictable
than wind and seias, but some variablene-ks is to be expected. Major ocean currents can
be disrupted for several days by very intense weather systems such as hurricanes and
typhoons.

The problem of ire is twofold: floating ice (icebergs) and deck ice (art.. 3826). If
possible, areas of iceberg. or pack ice should be avoided because of fhe difficulty of
detection and the potential for disaster. Deck ice may be more diflicult to contend with
from a ship routing point of view because it is caused by freezing weather associated
With a large weather system. While mostlyt a nuisance factor on large ships, it may

-f cause significant, problems withli the stability of small ships.
Generally, the higher the latitude of a route, even in the summer, the greater are

the problems with the environment. Certain operations should benefit from seasonal
planning as well as optimum routing. For example, towing operations polewerd of
about 400 latitude should be avoided in non-summer months as much as possible.

2405. Synoptic weather considerations.-A ship routing agency should direct its
forecasting skills to avoiding or limiting the effect of weather and seas associated with
extratropiceal low pressure systemns in the mid or higher latitudes and( the tropical
systems in lo" latitudes by route selection and diversion. Seasonal or monsoon weather
is also a definite factor in route selection and diversion in certain areas of the world's
oceans.

1)espite the amount of altention and puablicity gven to tropical cyclone-, mid-
latitude low lpressure systems generally present more difficult problems to a ship routing
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agency. This is primarily due to the fact that major ship traffic is sailing in the latitudes
of the migrating low pressure systems and the amount of potential exposure to intense
weather systems, especially in winter, is much greater.

Low pressure systems weaker than gale intensity (winds less than 34 knots) are I
not a severe problem for most ships. However, a relatively weak system may generate
prolonged periods of rough seas which are uncomfortable and may hamper normal work 1
aboard ship. Ship weather routing can frequently limit rough conditions to short periods i
of time and provide more favorable conditions for most of the transit. Relatively small
ships, tugs with tows, low powered ships, and ships with sensitive cargoes can be
significantly affected by weather systems weaker than gale intensity. Use of a routing
agency, or at least giving careful attention to the latest weather information, is con-
sidered very prudent and can be beneficial.

Gales (wind-, 34 to 47 knots) and storms (winds greater thain i8 knots) are of such
intensity that they generate very rough or high seas which force a reduction in speed
in order to gain a more comfortable and safe ride. Because of the extensive geographic
area covered by a well developed, intense, low pressure system, once ship's speed is
reduced, the ability to improve the ships situation is severely hampered. Thus, ex-
posure to potential damage and danger is greatly increased. A recommendation for a
diversion by a routing agency, well in advance of the intense weather and associated
seas, will limit the duration of exposure of the ship to potential problems. If effective,
ship speed will not be reduced and satisfactory progress will be maintained, even though
the remaining distance to destination is increased. Overall transit time is usually shorter
than if no track change had been made and the ship had remained in heavy weather.

* In some cases diversions are made to avoid adverse weather conditions and shorten
the track at the same time. Significant savings can be the result.

In very intense low pressure systems with high winds and long duration over a
long fetch, seas will be generated and propagated as swell over considerable distances. 3
Even on a diversion, it is difficult to effectively avoid all unfavorable conditions. Gen- -
erally, original routes for transoceanic passages issued by the U. S. Navy's ship routing fl
service are equatorward of the 10% frequency isoline for gale force winds for the month
of transit as interpreted from the U. S. Navy Marine Climatic Atlas of the World. These !
are shown in figures 2405a and 2405b for the Pacific. To avoid the area of significant f
z gale activity in the Atlantic from October to April, the latitude of transit is generally

in the lower tl'irties.
The areas and seasons and, to some degree, the probability of development of

tropical eyclones are fairly well defined in climatological publications. In long range
planning considerable benefit can be gained by limiting the exposure to the potential
hazards of tropical systems.

For routing in the North Pacific it has proven very helpful to provide .Uutes;
which avoid the areas with the greatest probability of tropical cyclone formation.
Avoiding existing tropical cyclones with a history of 24 hours or more of 6-hourly
warnings is in most cases relatively straightforward. The concern is largely the priceI
to pay in added time and distance to maintain satisfactoryN conditions. However, when
transiting the tropical cyclone generating area the ship under routing may provide tho
first report of environmental conditions indicating that a new disturbance is developing.
In the eastern North Pacific the generating area for a high percentage of tropical
cyclones is relativoly compact (fig. 2405c). It has proven beneficial on certain ocean I
transits (Canal Zone to or from mid or western North Pacific ports) to remain equator-ward of a line from !at. 9-N, long. 901W to let. 14N. long. 115 W. In the western J- '-I

North Pacific, again depending on the point of departure or destination, it is advisable
to hold north of 220 N when no tropical systems are known to exist (fig. 2405d).

Al.
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In the Atlantic, it is considered prudent to sail near the axis of the Bermuda high I
or northward to avoid the area of formation of tropical cyclones. By remaining clear j
of these generating areas initially, it alleviates the problem of attempting to provide aj
diversion to a ship that may be in close proximity to a developing tropical system. A
Also, the distance and time lost will be much greater on a diversion than if the route
had originally avoided the generating area. Avoiding any existing tropical cyclone takes !

precedence over avoiding the general area of potential development.
It has proven equally beneficial to employ similar considerations for routing in

the monsoon areas of the Indian Ocean and the South China Sea. This is accomplished
by providing routes and diversions that generally avoid the areas of high frequency
of gale force winds and associated heavy seas as much as feasible. Ships are then able
to remain in satisfactory conditions with only limited increases in route distance.

Depending upon the points of departure and destination, there are many com-
•. binations of routes that can be recommended when transiting the northern Indian

Ocean (Arabian Sea. Bay of Bengal) and the South China Sea. For example, in the
Arabian Sea during the summer monsoon, routes to and from the Red Sea, the western
Pacific, and the eastern Indian Ocean should hold equatorward. Ships proceeding to
the Persian Gulf during this period are held farther south and west, attempting to put
the heaviest seas on the quarter or stern when tr:nsiting the Arabian Sea. Eastbound
ships departing the Persian Gulf may proceed generally east southeast toward the
Indian sub-continent then -outi. to pass north and east of the highest southwesterly L
seas in the Arabian Sea. Westbound ships out of the Persian Gulf for the Cape of

*° Good Hope appear to have little choice in routes unless considerable distance is added 5
to the transit by paxssng east of the highest seas. In the winter monsoon, routes to or
from the Red Sea for the western Pacific and the Indian Ocean are held farther north
in the Arabian '4-- to avoid the highest seas. Ships proceeding to the Persian Gulf I
from the west "fic and eastern Indian Ocean may hold more eastward when
proceeding nortu, .ne Arabian Sea. Ships departing the Persian Gulf area will have
considerably less fficulty than during th- summer monson. Similar considerations
can be given when routing ships proceeding to and from the Bay of Bengal. Refer tosqiling directions for recommended routes in the Indian Ocean.

In the South China Sea. transits via the Palawan Passage are given consideration
when strong, opposing wind and seas are forecast. This is especially true during the j
winter monsoon.

During periods when the major monsoon flow is slack, ships can be diverted to
the shortest track as conditions permit.

2406. Special weather and environmental considerations.-In addition to the
synoptic weather considerations in ship weather routing. there are special environ- _

mental problems that can be avoided by following recommendations and advisories of 4
ship routing agencies. These problems generally cover a smaller geographic area and
are seasonal in nature but are still quite important to ship routing.

In the North Atlantic, because of heavy shipping traffic, frequent poor visibility
in rain or fog. and restricted navigation, particularly east of Dover Strait, some mariners
prefer transit. to or from the North Sea via Pent land Firth passing north of the British
Isles rather than via the English Channel. -

Weather routed ships generally avoid the area of dense fog with low visibility
in the vicinity of the Grand Banks off Newfoundland and the area east. of Japan north
of 35.N. Fishing vessel- in these two areas provide an added hazard to safe naviga-
tion. This condition exits primarily from June through August and sometimes into
September. Arctic supply ships en route from the U. S. east coast to the Davis Strait-
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Baffin Bay area in the summer frequently transit. via Cabot Strait and the Strait of
Belle Isle where navigation aids are available and icebergs are generaly grounded. i

Icebergs are a definite hazard in the North Atlantic from late February through I
June and occasionally later. Although there is considerable variation between years!
in time and geographic area, the hazard of floating ice is frequently combined with I
restricted visibility in fog. International Ice Patrol reports and warnings are i

incorporated into the planning of routes to safely avoid dangerous iceberg areas. -

It is usually necessary to hold south of at least 45*N until well southeast of New-
foundland. The U. S. Navy Atlantic ship routing office at Fleet Weather Central
Norfolk maintains a safety margin of at least 100 miles from icebergs reported by the
International Ice Patrol. In a severe winter, the Denmark Strait may be closed by
fixed ice.

In the northern hemisphere winter, a strong high pressure system moving south-
east out of the Pocky Mounitains brings cold air down across Central America and the
western Gulf of Mexico producing gale force winds in the Gulf of Tehuantepec. This
fa,' wind is similar to the pampero, mistral, and bora of other areas of the world. A
di:ersion or adjustment to ship's track can successfully avoid the highest seas associ-
ated with the Tehuantepecer. For transits between the Canal Zone and northwest
Pacific ports, little additional distance is required to avoid this area (in winter) by ie-
maining south of at least 120N when crossing 97*W. While avoiding the highest seas !
some unfavorable swell conditions may be encountered south of this line. Transits be-
tween the Panama Canal and North American west cons. ports can pass north near the
coast of the Gulf of Tehuantepec to avoid the heavy seas during periods of gale condi- a
tions, but, will still encounter high relative winds. I

In the summer, the semi-permanent high pressure systems over the world's oceans
produce strong equatorward flow along the west coasts of continents. This feature is A

most pronounced off the coast of California (U. S. west coast) and Prtugal in the i -

Northern Henisphere; Chile. western Australia, and southwest Africa in the Southern _
Hemisphere. Very rough sews are generated and are considered a definite factor in route i

selection or diversion when transiting these areas.
During the ronsummier months. a strong, cold outbreak off the land to relatively [ - -

warmer water may occur which produces low pressure areas in the western Atlantic-
and Pacific. Occasionally, these are small but intense systems which develop rapidly
and move much faster than normal, creating adverse weather and sea conditions for 1
ships departing and arriving in these areas. Attention to coastal or area forecasts and
the ship's own weather observations may be the first. indication of this type of situation.

2407. Recommendations and advisories.-The recommendations anI1 advisories
issued by a ship routing agency are intended to provide the ship with timely route
recommendations, (liversions. and weather forecasts. It is by this method of direct
involvement that the ship routing agency contributes to efficient shipping operations
by avoiding or limiting the effect of adverse weather and sea conditions. . ,

An initial route recomintrdation is issued to a ship or routing authority normally --
48 to 72 hours prior to sailing and begins the process of surveillance. The surveillne

procedure is a continual process and is maintained until the ship arrives at its desti-
: -' nation- Initial route recommendations are a composite representation of experience,

~~~climatology, weather and seas forecast,, oper"ational concern:,, and the ship's charac- -_

teristics. A planning route is a route recommendation that is intended to provide a best
estimate of a realistic route for a specific transit period. Such routes are provided when -:

estimated dates of departure (EDD's) are iven to the routing agency well in advance
of departure. usually a week to -everal months. Lo:Isg range planning routes are based
more cn seasonal and climatological expectations than the current weather situation- -

M
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While planning routes are an attempt at making extended range (more than a week)
or long range (more than a month) forecasts, these recommendations are likely to have
some revision near the time of departure to reflect tile current synoptic weather pattern.
An initial route recommendation is more closely related to the current synoptic weatherpatterns by using tihe latest dynamic forecasts than are the planning route recom- i
mendations. These, too, are subject to revision prior to sailing if weather and sea

cun1ditions warrant.

Adjustment qf departure time is a recommendation for delay in departure, or early
departure if feasible, and is intended to avoid or significantly reduce the adverse weather
and seas forecast on the first portion of the route if sailing on the original EDD. The
initial route is not revised, only the timing of the ship's transit through an area with X
currently unfavorable weather conditions. Adjusting the departure time is an effective
method of avoiding a potentially hazardous situation where there is no optimum route
for sailing at the originally scheduled time.

A diversioa is an underway adjustment in track and is intended to avoid or limit
the effect of adverse weather conditions forecast to be encountered along the ship's
current track. Ship's speed is expeced to be reduced by the encounter with the heavy
weather. In most cases the distance to destination is increased in attempting to avoid
the adverse weather, but this is partially overcome by being able to maintain near
normal SeA. Diversions should also be recommended where sa;factory weather and
sea conditions are forecast on a shorter track.

Adjustment of SOA is a recommendation for slowing or increasing the ship's speed
as much as practicable in an attempt to avoid ax adverse weather situation by adjusting
the ti,_ ing of the encounter. This is also ar. Jective means of maintaining maximum
ship operating efficiency and not diverting from the present ship's track. By adjusting
the SOA, a major weather system can sometimes be avoided with no increase in dista.--.
The development of fast ships (SOA greater than 30 knots) gives the ship routing agency
the potential to "make the ship's weather" by adjusting the ship's speed and track for
encounter with favorable weather conditions or ship response factors.

Evasion is a recommendation to the commanding officer or master to take independ-
ent action to avoid, as much as possible, a potentially dangerous weather system. The
ship routing meteorologist may recommend a general direction for safe evasion but does
not specify an exact track. The recommendation for evasion is an indication that the
weather and sea conditions have deteriorated to a point where shiphandling and safety
are the primary considerations and progress toward destination has been temporarily -

suspended or is at least of secondary consideration.
A weather advisory is a transmission sent to the ship advising the commanding ..

officer or master of expected adverse conditions, their duration, and geographic extent.
It is initiated by the ship routing agency as a service and an aid to the ship. The best
example of a situation for which a forecast will be helpful is when the ship is currently
in good weather but adverse weather is expected within 24 hours for which a diversion
is not being recommended or, a diversion where adverse weather conditions are still
expected. This type of advisor, may include a synoptic weather discussion and a
wind, seas, or fog forecast.

The ability of the routing agency to achieve optimum conditions for the ship is
aided by the commanding officer or master adjusting course and speed where necessary
for an efficient and safe ride. .t times, the local sea conditions may dictate that the
commanding officer or master take independent action.

24038. Southern Hemisphere.-Available data on which to base analyses and "
forecasts is generalhy very limited in the Southern Hemisphere. Weather information
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obtained from satellites offers the possibility of improvement in southern hemisphere
forecast products.

Passages south of the Cape of Good Hope and Cape Horn should be timed to avoid
heavy weather as much as possible since intense and frequent low pressure systemsi

are common in these areas. In particular, near the southeast coasts of Africa and South
America, intense low pressure systems form in the lee of relatively high terrain near
the coasts of both continents. Winter transits south of Cape Horn are difficult since
the time required at relatively higher latitudes is longer than the typical time interval
between storms. Remaining equatorward of about 35CS as much as practicable will limit I
exposure to adverse conditions. If the frequency of lows passing these areas is one
every three or four days, the prohability of encountering heavy weather is high.

Tropical cyclones in the Southern Hemisphere present a significant problem be-
cause of the sparse surface and upper air observations from which forecasts can be
made. Satellites provide the most reliable means by which to obtain accur-te positions
of tropical systems and also give the first indication of tropical cyclo formation.

In the Southern Hemisphere, OTSR and other ship weather routing services are
available but are limited in their full application because of sparse data reports from
which reliable short range and extended range forecasts can be produced. Strong clima-
tological consideration is usually given to any proposed southern hemisphere transit.
OTSR procedures (art. 2402) for the Northern Hemisphee can be instituted in the
Southern Hemisphere whenever justified by basic data input and available forecast~models. m 2409. Communications.-A vital part of a ship routing service is communications

between the ship underway and the routing agency. Reports from the ship give the
progress and ability to proceed in existing conditions. Weather reports enrich the basic "
data collection on which analyses are based and forecasts derived in turn.

Despite all efforts to achieve the best forecasts possible, the quality of forecasts
does not always warrant maintaining the route selected prior to departure until reaching
destination. In the U. S. Navy's ship routing program, experience shows that one-third
of the ships routed receive some operational or weather dependent change while
underway.

The routing agency needs reports of the ship's p,)sition and the ability to transmitIrecommendations for track change or weather advisories to the ship. The ship needs send
and receive capability for the required information. Information on seakeeping changes
initiated by the ship is desirable in a coordinated effort to provide optimum transitI- conditions.

2410. Benefits.-The benefits of ship weather routing services are basically cost
reduction and safety. The savings in operating costs arc derived from reductions in
transit time, heavy weather encounters, fuel consumption, cargo and hull damage, and
more efficient scheduling of dockside activities. The savings are further increased by - t
fewer emergency repairs, more efficient use of personnel, improved topside working
conditions, lower insurance rates as preferred risks under weather routing, and ul-
tim tely extended ship operating life.

An effective routing service maximizes safety by greatly reducing the probability
of severe or catastrophic damage to the ship and injury to crew members.

2411. Conclusion.-The success of ship weather routing is dependent upon the
validity of the forecasts and the routing agency's ability to make appropriate route,
recommendations and diversions. Anticipated improvements in a routing agency's
recommendations will come from advancements in meteorology, technology, and the
application of ocean wave forecast models.

SM..... .
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Advancements in mathematical meteorology coupled with the continued applica-
tion of computers will extend the time range and skill of the dynamic and statistical
, forecasts.

Technological advancements in the areas of satellite and automated communica-
tions, and onboard ship response systems will increase the amount and type of informa-
tion to and from the ship with fewer delays. An onboard ship response system will
enable the commanding officer or master to effectively select the course and speed
required to conserve fuel and provide the best ride while making satisfactory progress
on the track recommended by the routing agency. Ship response and performance
data included with the ship's weather report will provide the routing agency with real
time information with which to ascertain the actual state of the ship. Being able to
predict a ship's response in most weather and sea conditions will result in improved
routing procedures.

Shipboard and anchored wave measuring devices contribute to the development of
ocean wave analysis and forecast models. Shipboard seakeeping instrumentation with
input of measured wave conditions and predetermined ship response data for the
particular hull enables a master or commanding officer to adjust course and speed for
actual conditions.

Modern ship designs, exotic (nonstandard) cargoes, and sophisticated transport
methods require individual attention to each ship's areas of vulnerability. Any im-

* provement in the description of sea conditions by ocean wave models will improve the
output from ship routing and seakeeping systems.

Advanced planning of a proposed transit combined with the study of expected
weather conditions both before and during the voyage, as is done by ship routing
agencies, and careful on board attention to seakeeping (with instrumentation if available)
provide the greatest opportunity to achieve lie goal of optimum environmental con-

-ditions for ocean transit. j
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CHAPTER XXV

POLAR NAVIGATION
Polar Regions

2501, Introduction.-No single definition of the limits of the polar regions satisfies
the needs of all who are interested in these areas. Astronomically, the parallels of lati-
tude at which the sun becomes circumpolar (the Arctic and Antarctic Circles at about

PF latitude 67?5) are considered the lower limits. Meteorologically, the limits are irregular
* lines which, in the Arctic, coincides approximately with tbe tree line. For general

purposes, the navigator may consider polar regions as extending from the geographical
poles of the earth to latitude 700 (in the Arctic coinciding approximately with the
northern coast of Alaska), with transitional subpolar regions extending for an addi-
tional 100 (in the Northern Hemisphere extending to the southern tip of Greenland).

This chaptr deals primarily with marine navigation in high latitudes.
2502. Polar geography.-The north polar region, the Arctic, consists of an elongated

central water area a little smaller than the United States, almost completely sur-
rounded by land (fig. 2502a). Some of this land is high and rugged with permanent

I ice caps, but part of it is low and marshy when thawed. Underlying permafrost,
permanently frozen ground, prevents adequate drainage, resulting in large numbers
of lakes and ponds and extensive areas of muskeg, soft spongy ground with character-
istic growths of certain types of moss and tufts of grass or sedge. There are also large
areas of tundra, low treeless plains with vegetation consisting of mosses, lichens, shrubs,
willows, etc., and usually having an underlying layer of permafrost. The northernmost I

-point of land is Kap Morris Jessup, Greenland, about 380 nautical miles from the pole.
The central part of the Arctic Ocean, as the body of water i; called, is a basin of

about 12,000 feet average depth. However, the bottom is not level, having a number of
.seamounts and deeps. The greatest depth is probably a little more than 16,000 feet.
At the North Pole the depth is 14,150 feet. Surrounding the polar basin is an extensive
continental s helf, broken only in the area between Greenland and Svalbard (Spits-
bergen). The many islands of the Canadian archipelago are on this shelf. The Greenland
Sea, east of Greenland; Baffin Bay, west of Greenland; and the Bering Sea, north
of the Aleutians, each has its independent basin. In a sense, the Arctic Ocean is an arm
o. the Atlantic, as shown in figure 2502a.

The south polar region, the Antarctic, is in marked contrast to the Arctic in physio- A
graphical features. Here a high, mountainous land mass about twice the area of the
United States is surrounded by water (fig. 2502b). An extensive polar plateau covered
with snow and ice is about 10,000 feet high. There are several mountain ranges with

- peaks rising to heights of more than 13,000 feet. The average height of Antarctica
is about 6,000 feet, which is higher than any other continent. The height at the South
Pole is about 9,500 feet. The barrier presented by land and tremendous ice !elves
500 to 1,000 feet thick prevent ships from reaching very high latitudes. Much of the
coast of Antarctica is high and rugged, with few good harbors or anchorages.

2503. NavigaPon in polar regions.-Special techniques have been developed to
adapt navigation to the unique conditions of polar regions. These conditions are largely
the result of (1) high latitude, and (2) meteorological factors.

669



670 POLAR NVGTO

170 180 170- 160- 150 140- 130- 120. 110- 1oo0 go

g. a. 70- 00 w 40- 30. 20. 10- 0' 20'

r!0u17E 25O2a.-The north polar region, or Arc"k

140- 130 220 1.0 100- 90- so. 70. 60' 50 40'

a

ITAU



1'i

POLAR NAVIGATION" 671

2504. High-latitude effects.-Much of -the thinking of the Larine navigator i"
in terms of the "rectangular" world of the Mercator projection, on u'ich the meridians
are equally spaced, vertical lines perpendicular to the horizontal parailris of latitude.
Directions are measured relative to the meridians, and are maintained by means of a
magnetic or gyrocompass. A straight Line on the chart is a rhumb line, the line used for
ordinary purposes of navigation. Celestial bodies rise above the eastern horizon, climb
to a maximum altitude often high in the sky as they cross the celestial meridian, and
set below the western horizon. By this motion the sun divides the day naturally into
two roughly equal periods of daylight and darkness, separated by relatively short
transitional periods of twilight. The hour of the day is associated with this daily motion
of the sun.

In polar regions conditions are different. Meridians all converge at the poles,
which are centers of series of concentric circles constituting the parallels of latitude.
The rapid convergence of the meridians renders the usual convertion of direction in-
adequate for some purposes. A rhumb line is a curve which differs noticeably from a
great circle, even for short distances. Even visual bearings cannot adequately be
represented as rhumb lines. At the pole all directions arc south or north, depending
upon the pole. Direction in the usual sense is replaced by longitude.

At the pole the zenith and celestial pole coincide. Hence, the celestial horizon
and celestial equator also coincide, and declination and computed altitude are the same.
Therefore, celestial bodies change computed altitude only by changing declination.
Stars circle the sky without noticeable change in altitude. Planets rise and set once j
each sidereal period (12 years for Jupiter, 30 years for Saturn). At the North Pole
the sun rises about March 21, slowly spirals to a maximum altitude of about 23027' j
near June 21, slowly spirals downward to the horizon about September 23, and then
disappears for another six months. At the South Pole a similar cycle takes place but. w
during the opposite time of year. It requires about 32 hours for the sun to cross the
horizon, (luring which time it circles the sky 1% times. The twilight periods following
sunset and preceding sunrise last for several weeks. The moon rises and sets about
once each month. Only celestial bodies of north declination are visible at the North j
Pole; only bodies of south declination are visible at the South Pole. j

The long polar night is not wholly dark. The full moon at, this time- rises relatively
high in the sky. Light from the aurora borealis in the Arctic and the aurora australis
in the Antarctic is often quite bright, occasionally exceeding that of the full moon.
Even the planets and stars contribute an appreciable amount of light in this arca where
a snow cover provides an excellent reflecting surface. I -

All time zones, like all meridians, meet at the poles. Local time (loes not have its A
usual significance, since the hour of the day betrs no relation to periods of light and
darkness or to altitude of celestial bodies. _4

2505. Meteorological effects.-Polar regions are cold, but the temperature at sea
is not as extreme as inland. The average winter temperature over the Arctic Ocean
is (-)30'F to (-)40)F, with an extreme low value near (-)60'F. Colder tempera-
tures have been recorded in Yellowstone National Park. During the summer the
temperature remains above freezing over the ocean. Inland, extreme values are some-
times reached. At least one point on the Arctic Circle has experienced a temperature . -

of 100*F. Few points on the Antarctic Continent have recorded temperatures above
freezing, and the interior is probably the coldest part of the world.

Fog and clouds are common in poiar regions, yet there is less precipitation than
in some desert regions, since the cold air has small capacity for holding moisture.
Very cold air over open water sometimes produces steaming of the surface, occasionally

k ;to a height of several hundred feet. This is called frost smoke or sea smoke (fig. 2505).
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When there is no fog or frost smoke, the visibility is often excellent. Sounds can sonme-II

times be hea~d at great (dist ances.
Sharp discontinuities or inversions in the temperature lapse rate sometimes p~rodu~ce!

a variety of mirages and extreme values of refraction. The sun has been known to rise'
several days before it. was expected in the spring. False horizons arc not uncommon.

Strong winds arc common in the subarctic and in both tie Antarctic and sub-
antarctic. Ti'h belt of water surrounding Antarctica has been characterized as the
stormiest in the worhl, being an area of hfigh winds and high seas. Strong winds are
not. encountered over the Arctic Ocean. €_

In the polar andl subpolar regions the principal hazard to ships is ice, both that.
formed~ at sea andl land ice whfich has flowed into the sea in the form of glaciers.Many °

_ _._:.low land areas are ice-free in summer. Ice is consileredl in more (detail in chapter X XXV I.-
When snow obliterates surface features, andl the sky is covered with a uniform-:

layer of cirrostratus or altostratus clouds, so that there are no shadows, the horizon
disal,; ears and earth and sky b)lend together, forming an unbroken exp~anse of white,
without features. Landmarks cannot be (distinguished, and with complete lack of--!- ~contrast, distanIce is virtually impossible to estimate. Tis is called arctic (or antarctic) -. - ;

whiteout. It is particularly prevalent in northern Alaska during late winter and earlyspring.M

LS
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2506. Miscellaneous.-The cold surface water of the Arctic Ocean flows outward
between Greenland and Svalbard and is replaced by warmer subsurface water from
the Atlantic. The surface currents depend largely upon the winds, and are generally
quite weak in the Arctic Ocean. However, there are a number of well-established cur-
rents flowing with considerable consistency throughout the year. The general circulation
m the Arctic is clockwise on the American side and around islands, and counterclockwise
3n the Asian side. Tidal ranges in this area are generally small. In the restricted waters
:)f the upper Canadian-Greenland area both tides and currents vary considerably from
place to place. In the Baffin Bay-Davis Strait area the currents are strong and the tides
ire high, with a great difference between springs and neaps. In the Antarctic, currents
ire strong, and the general circulation offshore is eastward or dockwise around the
-ontinent. Close to the shore, a weaker westerly or counterclockwise current may be
mcountered, but there are many local variations.

Since both magnetic poles are situated within the polar regions, the horizontal
ntensity of the earth's magnetic field is so low that the magnetic compass is of reduced
v-alue, and even useless in some areas. The magnetic storms centered in the auroral
,ones (art. 4301) disrupt radio communications and alter magnetic compass errors.

11'he frozen ground in polar regions is a poor conductor of electricity, another factor
Idversely affecting radio wave propagation.

2507. Summary of conditions in polar regions.-The more prominent character-
,stic features associated with large portions of the polar regions may be summarized

uls follows:
1. High latitude.
2. Rapid convergence of meridians. A-
3. Nearly horizontal diurnal motion of celestial bodies.
4. Long periods of daylight, twilight, and semidarkness.
5. Low mean temperatures.
6. Short, cool summers and long, cold winters.
7. High wind-chill factor.
8. Low evaporation rate.
9. Scant precipitation.

10. Dry air (low absolute humidity).
11. Excellent sound-transmitting conditions.
12. Periods of excellent visibility.
13. Extensive fog and clouds.
14. Large number and variety of mirages.
15. Extreme refraction and false horizons.
16. Winter freezing of rivers, lakes, and part of the sea.
17. Areas of permanent land and sea ice.
18. Areas of permanently frozen ground.
19. Large areas of tundra (Arctic).
20. Large areas of poor drainage, with many lakes and ponds (Arctic).
21. Large areas of muskeg (a grassy marsh when thawed) (Arctic). -

22. Extensive auroral activity. I-

23. Large areas of low horizontal intensity of earth's magnetic field.
24. Intense magnetic storms.
25. Uncertain radio wave propagation.
26. Strong winds (Antarctic).
27. Frequent blizzards (Antarctic).
28. Large quantities of blowing snow.
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Charts 2

IC
2508. Projections.&-In polar regions, as elsewhere, the chart is an important iteof nav~igational equipment. The projections used for polar charts are considered i

articles 321 and 322.

For ordinary navigation the Mercator projection has long been the overwhelmi
favorite of marine navigators, piimarily because a rhumb line appears as a straight lini
on this projection. Even in high latitudes the mariner has exhibited an understandabl
partiality for Mercator charts, and these have been used virtually everywhere that ship
have gone.

However, as the latitude increases, the superiority of the Mercator projectio1

decreases, primarily because the value of the rhumb line becomes progressively less!
At latitudes greater than 600 the decrease in utility begins to be noticeable, and beyonc
latitude 700 it becomes troublesome. In the clear polar atmosphere, visual bearings ar(
observed at great distances, sometimes 50 miles or more. The use of a rhumb line t
represent a bearing line introduces an error at any latitude, but at high latitudes thil

-, error becomes excessive.
Another objection to Mercator charts at high latitudes is the increasing rate o

change of scale over a single chart. This results in distortion in the shape of land massed
and errors in measuring distances.

At some latitude the disadvantages of the Mercator projection outweigh its ad-
vantages. The latitude at which this occurs depends upon the physical features of-

- the area, the configuration and orientation of land and water areas, the nature of thl
operation, and, mostly, upon the previous experience and personal preference of th4
mariner. Because of differences of opinion in this matter, a transitional zone exist-1
in which several projections may be encountered. The wise high-latitude navigator .
is prepared to use any of them, since coverage of his operating area may not be adequatr
on his favorite projection.

2509. Adequacy.-Charts of most polar areas are generally inferior to those ofj
other regions in at. least three respects:

1. Lack of detail. Polar regions have not been surveyed with the thoroughnes _
needed to provide charts of the accustomed detail. Relatively few soundings are avail-
able and many of the coastal features are shown by their general outlines only. Largc
areas are perennially covered by ice, which presents a changing appearance as the
amount, position, and the character of the ice change. Heavy covers of ice and snow-:-
prevent accurate deternination of surface features of the earth beneath. Added to this
is the similarity between adjacent land features where the hundreds of points and-
fiords in a rugged area or the extensive areas of treeless, flat coastal land in another. I
look strikingly alike. The thousands of shallow lakes and ponds along a flat coastal -
plain lack distinctive features.

2. Inaccuracy. Polar charts are based upon incomplete surveys and reports ot-
those who have been in the areas. These reports are less reliable than in other areas
because icebergs are sometimes mistaken for islands, ice-covered islands are mistaken -A
for grounded icebergs, 4horelines are not easy to detect when snow covers both land -

and attached sea ice, inlets and sounds may be completely obscured by ice and snow;
and meteorological conditions may introduce inaccuracy in determination of position'
Consequently, many features are inaccurately shown in location, shape, and size, andj _X_ -Z
there are numerous omissions. Isogonic lines, too, are based upon incomplete informa,
tion, resulting in less than desired accuracy. -

3. Coverage. Relatively few nautical charts of polar regions are available, and _ .
the limits of some of these are not convenient for some operations. As in other areas,,

F -- -2-. - , _ .- o-
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icharts have been made as the need has arisen. Hence, large-scale charts of some areas
are completely lacking. Aeronautical charts are sometimes quite helpful, as they often
show more detail of land areas than do the nautical charts. However, aeronautical
charts do not show soundings.

2510. Polar grid.-Because of the rapid convergence of the meridians in pbilar
regions, the true direction of an oblique line near the pole may vary considerably over a
relatively few miles. The meridians are radial lines meeting at the poles, instead-of be-
ing parallel, as they appear on the familiar Mercator chart.

Near the pole the convenience of parallel meridians is attained by means of a
polar grid. On the chart a number of lines are printed parallel to a selected reference
meridian, usually that of Greenwich. On transverse Mercator charts the fictitious
meridians may serve this purpose. Any straight line on the chartmakes the same angle
with all grid lines. On the transverse Mercator projection it is therefore a fictitious
rhumb line. On any polar projection it is a close approximation to a great circle. If
north along the reference meridian is selected as the reference direction, all parallel
grid lines can be considered extending in the same direction. The constant direction
relative to the grid lines is called grid direction. North along the Greenwich meridian

-is usually taken as grid north in both the Northern and Southern Hemispheres.
The value of grid directions is indicated in figure 2510. In this figure A and B are

400 miles apart. The true bearing of B from A is 0230, yet at B this bearing line, if
continued, extends in true direction 1630, a change of 1400 in 400 miles. The grid direc-
tion at any point along the bearing line is 1030.

S When north along the Greenwich meridian is used as grid north, interconversion
between grid and true directions is quite simple. Let G represent a grid direction and
T the corresponding true direction. Then for the Arctic,

G=T+XW.

That is, in the Western Hemisphere, in the Arctic, grid direction is found by adding the
longitude to the true direction. From this it follows that

T=G-,W,
and in the Eastern Hemisphere

G=T-xE,
T=G+XE.

In the Southern Hemisphere the signs (+ or -) of the longitude are reversed in all

formulas.
If a magnetic compass is used to follow a grid direction, variation and convergency

can be combined into a single correction called grid variation or grivation. It is cus-
tomary to show lines of equal grivation on polar charts rather than lines of equal varia-
tion. Defense Mapping Agency Hydrographic Center chart 43 shows the isogrivs (lines

I of equal grivation) for the north and south polar areas.
With one modification the grid system of direction can be used in any latitude.

Meridians 1V apart make an angle of 10 with each other where they meet at the pole.
The convergency is one, and the 3600 of longitude cover all 3600 around the pole. At
the equator the meridians are parallel and the convergency is zero. Between these two
limits the convergency has some value between zero and one. On a sphere it is equal to
the sine of the latitude. For practical navigation this relationship can be used on the
spheroidal earth. On a simple conic or Lambert conformal chart a constant convergency
is used over the entire chart, and is known as the constant of the cone. On a simple

- . .



676 POLAR NAVIGATION

Fiouktr 2510.-Polar grid navigation.

conic projection it is equal to the sine of the standird parallel. On a Lambert conformal
projection it is equal (approximately) to the sine of the latitude midway between the,
two standard parallels. 'When convergency is printedI on the chart, it isi generally ad-
justed for ellipticity of the earth. If K is the constant of the cone,

K~sin 12k1L)

where L, and 1.2 are the latitudes of the two standlard parallels. On such a chart, grid
navigation is conductedl as explained above, except that in each of the formulas the

- longitude is multiplied by K-
G = T+ KXV,
T =G - KAW,
G=T-KFE,

T=+.\E

p - ,1 -
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Thus, a straight line on such a chart changes its true direction, not by 10 for each degreeof longitude, but by K ° . As in lhigher latitudes, convergency an~d variation can be

combined.

In using grid navigation one should keep clearly in mind the fact that the grid lines
are parallel on the chart. Since distortion varies on charts of different projections,
and on charts of conic projections having different standard parallels, the grid direction
between any two given points is not the same on all charts. For operations which are to be
coordinated by means of grid directions, it is important that all charts showing the grid

be on a single graticule (art. 303).
2511. Plotting on polar charts, as on other charts, involves the measurement of dis-

tance and direction. On a chart with converging meridians, as one on the Lambert con-
formal projection, distance is measured by means of the latitude scale, as on a Mercator
chart, but this scale is so nearly constant that any part of it can be used without in-
troducing a significant error. A mile scale is sometimes shown in or near the margin of
such a chart, and can be used anywhere on that chart.IL " Since the meridians converge, a straight line makes a different angle with each
meridian, as shown in figure 2510. For this reason, compass roses are not customarily

.shown on such a chart. If they do appear, each one applies only to the meridian on
which it is located. The navigator accustomed to using a Mercator chart can easily
forget this point, and hence will do well to ignore compass roses. If a drafting machine

'is used, it should be aligned with the correct meridian each time a measurement is made.
. Since this precaution can easily be overlooked, especially by a navigator accustomed to

resetting his drafting machine only when the chart is moved, and since the resulting
-error may be too small to be apparent but too large to ignore, it is good practice to
discard this instrument when the 'Mercator chart is replaced by one with converging
meridians, unless positive steps are taken to prevent error.

The most nearly fool-proof and generally the most satisfactory method of measur-
,ing directions on a chart with converging meridians is to use a protractor, or some kind 1 -
of plotter combining the features of a protractor and straightedge (fig. 2511 a).

If a course is to be measured, the mid meridian of each leg should be used, as -

shown in figure 2511a. If a bearing is to be measured, the meridian nearest the point
at which the bearing was determined should be used, as shown in figure 2511b. Thus,
in the usual case of determining the bearing of a landmark from a ship, the meridian
nearest the ship should be used. In using either of the plotters shown in figures 2511a
or 2511b, note that the center hole is placed over the meridian used, the straightedge --

part is placed along the line to be drawn or measured, and the angle is read on the
protractor at the same meridian which passes under the center hole. It is sometimes
more convenient to invert the plotter, so that the protractor part extends on the
opposite side of the straightedge.

For plotting grid directions, angles are measured from grid north, using any grid _ 1
meridian. Any convenient method can be used. If a protractor or plotter is being used
for plotting grid directions, it is usually desirable to use the same instrument for plotting
true directions. The distance is the same whether grid or true directions are used.

Dead Reckoning

2512. Polar dead reckoning.--In polar regions, as elsewhere, dead ,eckoning < = 1
involves measurement of direction and distance traveled, and the use of this information
for determination of position.

Direction is normally determined by a compass, but in polar regions both magnetic 11
and gyrocompasses are subject to certain limitations not encountered elsewhere.

=- :.. ... . .. . ..



I'--i
678 POLAR iAMAT10N -f

A

READ COURSE 050- ON INNER
SCALE AT MID) MERIIA

FzorRE 2511a.-Measring a course on a Lambert conformal chart k: B-2 aircraft plotter. Note
that meslrement is made at the mid meridian.

However, the navigator who thoroughly understands the use of these instruments inI
high latitudes can get much useful information from them. The polar navigator should !
not overlook the value of radar tracking or visual tracking for determining direction of
motion. This is discussed in article 2515.

Speed or distance is normally measured by log or engine revolution counter, but
these methods are not entirely suitable when the ship is operating in ice. The problem
of determining speed or distance in ice is discussed in article 2515.

2513. The magnetic compass depends for its directive force upon the horizontal
intensity of the magnetic field of the earth. -is the magnetic poles are approached,
this force becomes progressively weaker until at some point the magnetic compass
becomes useless as a direction-measuring device. In a marginal area it is good practice
to keep the magnetic compass under almost constant scrutiny, as it is somewhat erratic
in dependability and its errors may change rapidly. Frequent compass checks by celestial
observation or any other method available are wise precautions. A log of compass _

comparisons and observations is useful in predicting future reliability.
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B~WRING 315" ON INNER
- ",SCALE AT MERIDIAN NEAREST A :

~PIVOT HOLE OVER
MERIDIAN NEAREST A %

FIGURF 251lb.-Measuring a bearing on a Lambert conformal chart by AN plotter. Note that
measurement is made at the meridian nearest the ship.

The magnetic poles themselves are somewhat elusive, since they participate in

the normal diurnal, annual, and secular changes in the earth's field, as well as the more
erratic changes caused by magnetic storms. Measurements indicate that the north I
magnetic pole moves within an elongated area of perhaps 100 miles in a generally

north-south direction and somewhat less in an east-west direction. Normally, it is at
the southern end of its area of movement at local noon and at the northern extremity I
twelve hours later, but during a severe magnetic storm this motion is upset and becomes

highly erratic. Because of the motions of the poles, they are sometimes regarded as
areas rather than points. There is some evidence to support the belief that several
secondary poles exist, although such alleged poles may be anomalies (local attractions), A
possibly of inter-nittent or temporary existence. Various severe anomalies have been
located in polar areas and others may exist.

The continual motion of the poles may account, at least in part, for the large
diurnal changes in variation encountered in high latitudes. Changes as large as 10' I-
have been reported.

Measurements of the earth's magnetic field in polar regions are neither numerous
nor frequent. The isogonic lines in these areas are close together, resulting in rapid
change in short distances in some directions, and their locations are imperfectly known. "
As a result, charted variation in polar regions is not of the same order of accuracy as
elsewhere.

The decrease in horizontal intensity encountered near the magnetic poles, as
: , well as magnetic storms, affects the deviation. Any deviating magnetic influence re-

=0
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maining after adjust .ent, which is seldom perfect, exerts a greater influence as the I

directive force decreases. It is not uncommon for residual deviation determined ini
moderate latitudes to increase 10- or 20-fold in marginal areas. Interactions between
correctors and compass magnets exert a deviating influence that may increase to a
troublesome degree in high latitudes. The heeling magnet, correcting for both per-i
manent and induced magnetism, is accurately located only for one magnetic latitude.'
Near the magnetic pole its position might be changed, but this may induce sufficient
magnetism in the Flinders bar to more than offset the change in deviation due to the
change in the position of the heeling magnet. The relatively strong vertical intensity
may render the Flinders bar a stronger influence than the horizontal field of the earth.
When this occurs, the compass reading remains nearly the same on any heading.

Another effect of the decrease in the directive force of the compass is a greater i

influence of frictional errors. This, combined with an increase in the period of the com- I
pass, results in greatly increased sluggishness in its return to the correct reading after A
being disturbed. For this reason the compass performs better in a smooth sea free from !
ice than in an ice-infested area where its equilibiium is frequently upset by impact of
the vessel against ice.

- Magnetic storms affect the magnetism of a ship as well as that of the earth. Changes 1
in deviation of as much as 45' have been reported during severe magnetic storms,
although it is possible that such large changes may be a combination of deviation |
and variation changes.

The area in which the magnetic compass is of reduced value cannot be stated in t
specific terms. A magnetic compass in an exposed position performs better than one in
a steel pilot house. The performance of the compass varies considerably with the type
of compass, sensitiveness and period, thoroughness of adjustment, location on the
vessel, and magnetic properties of the vessel. It also varies with local conditions. .-

In a very general sense the magnetic compass can be considered of reduced relia-
bility when the horizontal intensity is less than 0.09 oersted, erratic when the field "
is less than 0.06 oersted, and useless when it is less than 0.03 oersted. The extent of !
these areas in the Northern Hemisphere is indicated in figure 2513. Similar areas extend I
around the south magnetic pole, which is located at latitude 68°S, longitude 139*E, not
far from the eastern shore of the Ross Sea. Defense Mapping Agency Hydrographic
Center chart 33 shows lines of equal horizontal intensity in the north and south pola-,
regions, respectively. However, the effectiveness of the magnetic compass is influenced s
also by local conditions. A compass on a vessel making a voyage through the islands of 4
the Canadian archipelago has been reported to give fair indication of direction in certain 1,
small areas where the horizontal intensity is less than 0.02 oersted, yet to be useless 1
at some places where the horizontal intensity is greater than 0.04 oersted.

Despite its various limications, the magnetic compass is a valuable instrument in
much of the polar regions, where the gyrocompass is also of reduced reliability. With
careful adjustment, frequent checks, and a record of previous behavior, the polar --
navigator can get much useful service from his instrument.

When a compass is subjected to extrenioly low temperatures, there is danger of
the liquid freezing. Sufficient heat to prevent this can normaily be obtained from the
compass light, which should not be turned off during severe weather.

2514. The gyrocompass depends for its operation upon the rotation of the earth
about its axis. Its maximum directive force is at the equator, where the axis of the
compass is parallel to the axis of the earth. As the latitude increases, the angle between

.
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FrouRF. 2513.-Arctic P-reas in which the magnetic compass is of reduced value. Inside the curves
representing the 0.09, 0.06, and 0.03 oersted values of horizontal intensity the compass can
bq considered of reduced reliability, erratic, .nd useless, respectively.

these two axes increases. At the geographical poles the gyrocompass has no directive
force.

The gyrocompass is generally reliable to latitude 700. At higher latitudes the
disturbing effect of imperfections in compass or adjustment is magnified. Latitude
adjustment becomes critical. Speed error increases as the speed of the vessel approaches .

the rotational speed of the earth. Ballistic deflection error becomes large and the com-
pass is slow to respond to correcting forces. Frequent changes of course and speed, often
necessary when proceeding through ice, introduce errors which are slow to settle out.
The impact of the vessel against ice deflects the gyrocompass, which does not return --

quickly to the correct reading.
The error increases and becomes more erratic as the vessel proceeds to higher

latit, les. Extreme errors as large as 270 have been reported at latitudes greater than
820. The gyrocompass probably becomes useless at about latitude 850 . At latitude 700
the gyro error should be determined frequently, perhaps every four hours, by means
of celestial bodies when these are available. As the error increases and becomes more ilk-
erratic, with higher latitude, it should be determined more frequently. In heavy ice at

.K
II



082 POLAR NAVIGATIONj

extreme latitudes an almost constant check is desirable. The gyro and magnetic comn-
passes should be compared frequently and a log kept of the results of these comparisons
and the gyro error determinations.

Most gyrocompasses are not provided with a latitude correction setting above 700. 1
Beyond this, correction can be made by either of two methods: (1) set the latitude
and speed correctors to zero and apply a correction from a table or diagram obtainable
from the manufacturer of the compass, or constructed as explained in article 639; or
(2) use an equivalent latitude and speed setting. Both of these methods have proved
generally satisfactory, although the second is considered superior to the first because:
it at least partly corrects for errors introduced by a change in course. In certain types of
gyrocompasses, facilities for their opeiation in a high latitude mode up to about 860-
and as directional gyros even to the poles is provided.

2515. Distance and direction in ice.--In ice-free waters, distance or speed is
determined by some form of log or by engine revolution counter. In the presence of
ice, however, most logs are inoperative or inaccurate due to clogging by the ice. Engine i
revolution counters are not accurate speed indicating devices when a ship is forcing
its way through ice. With experience, one can estimate the speed in relation to ice
or a correction can be applied to speed by engine revolution counter. At best, however,
these methods are seldom of the desired accuracy.

If ranges and bearings of a land feature can be determined either visually or by
radar, course and speed of the vessel or distance traveled over the ground can be I
determined by tracking the landmark and plotting the results. The feature used need
not be identified. Ice can be used if it is grounded or attached to the shore. Course
and speed or distance through the water can be determined by tracking a floating ice-
berg or other prominent floating ice feature. However, an error may be introduced • .

by this method if the effect of wind and current upon the floating feature is different _
than upon the ship.

2516. Tide, current, and wind.-Relatively little is known of tides and currents
in the polar regions. The tables do not extend to thee-. areas, but some information
is given in the sailing directions. In general, tidal ranges are small, and the water
in most anchorages is relatively deep.

Currents in many coastal areas are strong and somewhat variable. When a vessel -

is operating in ice, the current is often difficult to determine because of frequent changes
in course and speed of the vessel and inaccuracies in the measurement of direction and
distance traveled.

In the vicinity of land, and in the whole antarctic area, winds are variable in
direction, gusty, and often strong. Offshore, in the Arctic Ocean, the winds are not
strong and are steadier, but ships rarely operate in this area. The wind in polar regions,
as elsewhere, has two primary navigational effects upon vessels. First, its direct effect
is to produce leeway. When a vessel is operating in ice, the leeway may be different from W
that in open water. It is well to determine this effect for one's own vessel. The second
effect is to produce wind currents in the sea.

2517. Keeping the dead reckoning.-Because of the lack of facilities for fixing the
position of a vessel in polar regions, accurate dead reckoning is even more important
than elsewhere. The problem is complicated by the fact that the element of dead
reckoning, direction and dis-,ance, are usual1y known with less certainty than in lower
latitudes. This only heightens the need for keeping the dead reckoning with all the - -

accuracy obtainable. This may usually be accomplished by careful hand plotting on
the available charts or plotting sheets.
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Piloting

2518. Piloting in high latitudes is basically no different from that elsewhere. How-
ever, in polar regions piloting is the primary method ot marine navigation. As pre-
viously indicated, dead reckoning is difficult and generally less accurate than in lower
latitudes.

Piloting is associated with proximity to land and shoal water. A ship in polar
regions is seldom far from land, and the areas are not so accurately surveyed that the
navigator can be sure that uncharted shoals are not nearby.

Piloting is characterized by an alertness not required when a vessel is far from
danger of grounding. Nowhere is this alertness more necessary than in polar regions.
Added to the usual reasons for constant vigilance are the uncertainties of charted in-
formation and the lack of detail, as discussed in article 2509.

2519. Natural landmarks are plentiful in some areas, but their usefulness is re-
stricted by the difficulty in identifying them, or locating them on the chart. Along

X Imany of the coasts the various points and inlets bear a marked resemblance to each
other. The appearance of a coast is often very different when many of its features are
obliterated by a heavy covering of snow or ice than when it is ice-free.

2520. Bearings are useful, but have limitations. When bearings on more than two
objects are taken, they may fail to intersect at a point because the objects may not be
charted in their correct relation to each other. Even a point fix may be considerably
in error geographically if all of the objects used are shown in correct relation to each
other, but in the wrong position on the earth. However, in restricted waters it is usually
more important to know the posLdon of the vessel relative to nearby land and shoals

- than its latitude and longitude. The bearing and distance of even an unidentified or
uncharted point are valuable.

When a position is established relative to nearby landmarks, it is good practice to
use this to help establish the identity and location of some prominent feature a con-
siderable distance ahead, so that this feature, in turn, can be used to establish future
positions.

In high latitudes it is not unusual to make use of bearings on objects a considerable
distance from the vessel. Because of the rapid convergence of the meridians in these
areas, such bearings are not correctly represented by straight lines on a Mercator chart.
If this projection is used, the bearings should be corrected in the same manner that
radio bearings are corrected (using table 1), since both can be considered great circles.
Neither visual nor radio bearings are corrected when olotted on a Lambert conformal
or polar steorographic chart.

2521. Soundings are so important in polar regions that echo sounders are custom-
arily operated continuously while the vessel is underway. it is good practice to have
at least two such instruments, preferably those of the recording type and having a
wide flexibility in the range of the recorder. In few parts of the polar regions have 4
enough soundings been obtained and made available to charting agencies to permit
adequate portrayal of the bottom configuration. However, since depth of water is a
primary consideration in avoiding an unwanted grounding, a constant watch should
be maintained to avoid unobserved shoaling.

Polar regions have relatively few shoals, but in some areas, notably along the
Labrador coast, a number of pinnacles and ledges rise abruptly from the bottom. These
constitute a real danger to vessels, since they are generally not surrounded by any ap-
parent shoaling. In such an area, or when entering an unknown harbor or any area of
questionable safety, it is good practice to send one or more small craft ahead with
portable sounding gear.

I .A-
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In very deep water, of the order of 1,000 fathoms or more, the echo returned from|
the bottom is sometimes masked by the sound of ice coming in contact with the hull,
but this is generally not a problem when the bottom is close enough to be menacing.

The hand lead is of little value to a ship underway in ice, because the ice generally,
prevents its effective use unless the vessel is stopped. t

If a ship becomes beset by ice, so that steerage way is lost and the vessel drifts.
with the ice, it may be in danger of grounding as the ice moves over a shoal. Hence,.
it is important that soundings be continued even when beset. If necessary, a hole should:
be made in the ice and a hand lead used. A vessel with limited means for freeing itself
may prudently save such means for use only when there is danger of grounding.

Useful informatioD on the depth of water in the vicinity of a ship can sometimes
be obtained by watching the ice. A stream of ice moving faster than surrounding ice,
or a stretch of open water in loose pack ice often marks the main channel through shoal
water. A patch of stationary ice in the midst of moving ice often marks a shoal.

Knowledge of earth formations may also prove helpful. The slope of land is often
an indication of the underwater gradient. Shoal water is often found off low islands,
spits, etc., but seldom near a steep shore. Where glaciation has occurred, C . moraine
deposits are likely to have formed a bar some distance offshore. Submerged rocks and!
pinnacles are more likely to be encountered off a rugged shore than near a low, sandy
beach.

2522. Anchorages.-Because good anchorages are not plentiful in high latitudes,
there is an understandable temptation to be .ess demanding in their selection. This
is dangerous practice, for in polar regions some of the requirements are accentuated.
The factors to be considered are:

1. Holding quality of the bottcm. In polar regions a rocky bottom or one with only
fair to poor holding qualities is not uncommon. Sometimes the bottom is steep or
irregular. Since the nature of the bottom is seldom adequately shown on charts, a
wise precaution is to sample the bottom, and sound in the vicinity before anchoring.

2. Adequacy of room for swing. Because high winds are frequent along polar
shc res, sometimes with little or no warning, long scopes of anchor chain are customarily
usod. Some harbors are otherwise suitable, but allow inadequate room for swing of the
ves'el at anchor, or even for its yaw in a high wind. If a vessel is to ahchor in an un-
survoved area, the area should first be adequately covered by small boats with portable
sounding gear to detect any obstructions.

3. Protection from wind and sea. In polar regions protection from wind is probably
the most difficult requirement to meet. Gen(raily, high land is accompanied by strong
wind blowing directly down the side of the mountains. Polar winds are extremely
variable, both in direction and speed. Shifts of 1800 accompanied by an increase in I
speed of more than 50 knots in a few minutes have been reported. It is important
that ground tackle be in good condition and that maximum-weight, anchors be used.
All available weather reports should be obtained and a continuous watch kept on the
local weather. Whenever a heavy blow might reasonably be anticipated, the main
engines should be kept in an operating condition and on a standby status. Heavy
seas are seldom a problem.

4. Availability of suitable exit in event of extreme weather. In ice areas it is important
that a continuous watch be kept to prevent blocking of the entrance by ice, or actual
damage to the vessel by floating ice. However, in an unsurveyed area it may be
dangerous to shift anchorage without first sounding tlfe area. It is a wise precaution
to do this in advance. Unless the vessel is immediately endangered by ice, it is gener- , -

ally safer to remain at anchor with optimum ground tackle and use of engines to assist
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in preventing dragging, than to proceed to sea in a high wind, especially in the presence
of icebergs and growlers, and particularly during darkness.

5. Availability of objects for position determination. The familiar polar problem
of establishing a position by inaccurately charted or inadequately surveyed landmarks
is accentuated when an accurate position is desired to establish the position of an anchor.
Sometimes a trial and error method is needed, and it may be necessary to add land-
marks located by radar or visual observation. Because of chart inadequacy, the suita-
bility of an anchorage, from the standpoint of availability of suitable landmarks,
cannot always be adequately predicted before arrival.

An unsurveyed harbor should be entered with caution at slow speed, with both
the pilot house and engine room force alerted to possible radical changes l speed or
course with little or no warning. The anchor should be kept ready for letting go on
short notice and should be adequately attended. An engine combination providing
full backing power should be maintained.

2523. Sailing directions for high latitudes contain a wealth of valuable informa-
tion acquired by those who have previously visited the areas. However, since high

latitudes have not been visited with the frequency of other areas, and since they are
inadequately surveyed, the sailing directions for polar areas are neither as complete
nor as accurate as for other areas, and information on unvisited areas is completely
lacking. Until traffic in high latitudes increases and the sailing directions for these
areas incorporate the additional information obtained, unusual caution should accom-
pany their use. Each vessel that enters polar regions can help c.rrect this condition
by recording accurate information and sending it to the Defense Mapping Agency
Hydrographic Center or its counterpart in other countries.

Electronics and Navigation

2524. Propagation.-In general, radio wave propagation in high latitudes follows
the same principles that apply elsewhere, as described in chapter XL. However, certain
anomalous conditions occur, and although these are but imperfectly understood, and
experience to date has not always seemed consistent, there is much that has been
established. An understanding of these conditions is important if maximum effective
use is to be made of electronics in high latitudes. Such anomaloas conditions are dis-
cussed in chapters XL and XLIII.

2525. Radar.-In polar regions, where fog and long periods of continuous daylight
or darkness reduce the effe(tiveness of both cel6stial navigation and visual piloting, and
where other electronic aid:. are generally not availuble, radar is particularly valuable.
Its value is further enhanced by the fact that polar seas are generally smooth, resulting
in relatively little oscillation of the shipborne antenna. When ice is not present, relatively
little sea return is encountered from the calm sea.

However, certain limitations attend the use of radar in polar r6gions. Similarity f I
of detail along t 3 polar shore is even more apparent by radar than by visual observation.

= Lack of accurate detail on charts adds to the difficulty of identification. Identification
is even more of a problem when the shoreline is beyond the radar horizon and accurate
contours are not shown on the chart. When an. extensive ice pack extends out from shore,
accurate location of the shoreline is extremely difficult.

, Good training and extensive experience are needed to interpret accurately the
returns in polar regions where ice may cover both land and sea. A number of icebergs
close to a shore may be too close together to be resolved, giving an altered appearance
to a shoreline, or they may be mistaken for off-lying islands. The shadow of an iceberg

!__2
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or pressure ridge and the lack of return from an open lead in the ice may easily bel
confused. Smooth ice may look like open water. In making rendezvous, one might I
inadvertently close on an iceberg instead of a ship. I

As with visual bearings, radar bearings need correction for convergency unless the
objects observed are quite close to the ship. I

2526. Long-range and worldwide radionavigation aids, such as Loran-C, Omega, I
and the Navy N avigation Satellite System, are particularly useful in the Arctic be-;
cause of the scarcity of aids of shorter range. Such short. range aids as may be in existence
are subject to damage or failure by ice or storms, or other causes. Ice and storm damage!
may be widespread and require considerable time to repair. Isolated damage may exist:
for a long time without being discovered and reported.

2527. Other electronic aids are virtually nonexistent in polar regions i
The radio direction finder is useful when the few transmitting stations are within I

range. One of the principal uses of RDF in polar regions is to assist in locating other?
vessels, for rendezvous or other purposes. This is particularly true in an area of manyI. icebergs, where radar may not distinguish between ships and icebergs.

Consol is available in the Norwegian Sea between Norway and Greenland.

The echo sounder is highly useful, as indicated in article 2521, and is operated .
Ftcontinuously in high latitudes. =

Sonar is useful primarily for detecting ice, particularly growlers. Since about )4 to

38' of the ice is under water, its presence can sometimes be detected by sonar when it is
overlooked by radar or visual observation.

Celestial Navigation

2528. Celestial navigation in high latitudes.-Of the various types of navigation, I
celestial is perhaps least changed in polar regions. However, certain special considera-
tions are applicable.

Because of the limitations of other forms of navigation, as discussed earlier in this -
chapter, celestial navigation provides the principal means of determining geographical
position. However, as indicated in article 2520, position relative to nearby dangers is -
usually of more interest to the polar navigator than geographical position. Since ships
in high latitudes tre seldom far front land, and since celestial navigation is attended by -

several limitations, discussed in article 2529, its use in marine navigation is generally
confined to tie following applications:

1. navigation while proceeding to and from polar regions;
2. checking the accuracy of dead reckoning;
3. checking the accuracy of charted positions of landmarks, shoals, etc; and M
4. providing a directional reference, either by means of a celestial compass or i--

by providing a means of checking the magnetic or gyrocompass.
Although its applications are limited, celestial navigation is important in high

latitudes. Application 3 above, and application 4, even more so, can be of great value
to the polar navigator.

2529 Celestial observations.-The best celestial fixes are usually obtained by
star observations during twilight. As the latitude increases, these periods become J
longer, providing additional time for observation. But with this increase comes longer
periods when the sun is just below the horizon and the stars have not yet appeared. - ---
During this period, which in the extreme condition at the pole lasts for several (lays,
no celestial observations may be available. The moon is sometimes above the horizon o -
during this period and brighit planets, notably Venus and Jupiter. may be visible. With
practice, the brighter stars can be observed when the sun is 20 to 3' below the horizon.
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Beyond the polar circles the sun remains above the horizon without setting during
-part of the summer. The length of this period increases with latitude* At Thule, Green-
'land, about 100 inside the Arctic Circle, the sun remains above the horizon for four
imonths. During this period of continuous daylight the sun circles the sky, changing
azinuth about 150 each hour. A careful observation, or the average of several observa-
tions, each two hours provides a series of running fixes. An even better check on posi-

'tion is provided by making hourly observations and establishing the most probable
position at each observation. Sometimes the moon is above the horizon, but within
several days of the new or full phase it provides lines of position nearly parallel to the
sunlines and hence of limited value in establishing fixes.

During the long polar night the sun is not available and the horizon is often in-
distinct. However, the long twilight, a bright aurora, and other sources of polar light
(art. 2504) shorten this period. By adapting their eyes to darkness, some navigators
can make reasonably accurate observations throughout the polar night. The full
moon in winter remains above the horizon more than half the time and attains higher
altitudes than at other seasons.

tIn addition to the long periods of darkness in high latitudes, other conditions are
sometimes present to complicate the problem of locating the horizon. During daylight
the horizon is frequently obscured by low fog, frost smoke, or blowing snow, yet the sun
may be clearly visible. Hummocked sea ice is sometimes a problem, particularly at

-low heights of eye. Nearby land or an extensive ice foot can also be troublesome.
Extreme conditions of abnormal refraction are not uncommon in high latitudes, some- I

.- times producing false horizons and always affecting the refraction and dip corrections.
Because of these conditions, it is advisable to be provided with an artificial-horizon

-sextant (art. 1513). This instrument is generally not used aboard ship because of the I
excessive acceleration error encountered as the ship rolls and pitches. However, in
polar regions there is generally little such motion and in the ice there may be virtually
none. Some practice is needed to obtain good results with an artificial-horizon sextant,

-but these results are sometinies superior to those obtainable with a marine sextant, and
when some of the conditions mentioned above prevail, the artificial-horizon sextant may
provide the only means of making an observation. Better results with this instrument I
can generally be obtained if the instrument is hung from some support, as it generally
is when used in aircraft.

An artificial horizon (art. 1512) can sometimes be used effectively, even an im-provised one, as by placing heavy lubricating oil in a bucket.

It is sometimes possible to make better observations by artificial-horizon sextant
or artificial horizon from a nearby cake of ice than from the ship.

Clouds and high fog are frequent in high latitudes, but it is not uncommon, par-
ticularly in the Antarctic, for the fog to lift for brief periods, permitting an alert -- '
navigator to obtain observations. -- .

As the latitude increases, an error of time has less effect upon altitude. At the
equator an error of 4 seconds in time may result in an error in the location of the position
line of as much as 1 mile. At latitude 600 a position error of this magnitude cannot occur
unless the timing error is 8 seconds. At 700 nearly 12 seconds are needed, and at 80-
about 23 seconds are needed for such a position error. - -.

Polaris is of diminished value in high northern latitudes because of its high altitude.
- , At high latitudes the second correction to observed altitude (a,) becomes greater. The

almanac makes no provision for applying this beyond latitude 68'. Bodies at high
altitudes are not desirable for azimuth determination, but if Polaris is used, the use of
the actual azimuth given at the bottom of the Polaris tables of the Nautical Almanac

i--
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is of increased importance because of its larger variation from 000°in high latitudes.]
No azimuth is provided beyond latitude 650.

In applying a sextant altitude correction for dip of the horizon, one should use,
height of eye above the ice at the horizon, instead of height above water. The differencel
between ice and water levels at the horizon can often be estimated by observing ice!
near the vessel.

2530. Low-altitude observations.-Because of large and variable refraction at
low aititudas, navigators customarily avoid observations below some minimum, usually
50 to 15° , if higher bodies can be observed. In polar regions low-altitude observations.
P-e often the only ones available. The sun, moon, and planets remain low in the sky
for .jlatively long periods, their diurnal motion being nearly horizontal. The only
lower limit is that imposed by the horizon itself. In fact, good observations can some-
times be made without a sextant by noting the time at which either the upper or lower,
limb is tangent to the horizon. To such an observation sextant altitude corrections are
applied as for a marine sextant without an index correction.

Correction of low-altitude observations made by marine sextant is discussed in,article 1625. If a bubble or other artificial-horizon sextant is used, corrections are made
as for higher altitudes, being careful to use the refraction value corrected for tempera-,
ture, or to make a separate correction for air temperature. In addition, a correction fort
atmospheric pressure (tab. 24) is applied if of sufficient size to be of importance.

Solution of low-altitude observations is discussed in article 2023. i
2531. Abnormal refraction and dip.-Tables of refraction correction are based upon

a standard atmosphere. Variations in this atmosphere result in changes in the refrac- I
tion, and since the atmosphere is seldom exactly standard, the mean refraction is seldom S
the same as shown in the tables. Variations from standard conditions are usually not 3
great enough to be troublesome.

In polar regions, however, it is normal for the atmosphere to differ considerably 1
from the standard, particularly near the surface. This affects both refraction and dip, I
as indicated in article 1605. Outside polar regions, variations in refraction seldom I
exceed 2' or 3', although extreme values of more than 30' have been encountered. !
In polar regions refraction variations of several minutes are not uncommon and ani
extreme value of about 50 has been reported. This would produce an error of 300'
miles in a line of position. The sun has been known to rise as much as ten days before
it was expected.

Most celestial observations in polar regions produce satisfactory results, but theI
high-latitude navigator should be on the alert for abnormal conditions, since they occur I
more often than elsewhere, and have greater extreme values. A wise precaution is to
apply corrections for air temperature (tab. 23) and atmospheric pressure (tab. 24),
particularly for altitudes of less than 5 . "

Abnormal dip affects the accuracy of celestial observations equally at any altitude,
if the visible horizon is used. Such errors may be avoided in any one of four ways:

1. The artificial-horizon sextant may be used, as indicated in article 2529.
2. When stars are available, three stars may be observed at azimuth intervals of

approximately 1200, (or four at 900 intervals, five at 720, etc.). Any error in dip or
refraction will alter the size of the enclosed figure, but will not change the location of its
center unless the dip or refraction error varies in different directions. The stars should
preferably be at the same altitude.

3. The altitude of a single body may be observed twice, facing in opposite directions. i -

The sum of the two readings differs from 180' by twice the sum of the index and dip
corrections (also personal and instrument corrections, if present). This method assumes
that dip is the same in both directions, an assumption that is usually approximately cor-
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rect. Also, the method requires that the arc of the sextant be sufficiently long and the
altitude of the body sufficiently great to permit observation of the back sight in the
opposite direction. In making such observations, it is necessary that allowance be
made for the change of altitude between readings. This may be done by taking a
direct sight, a back sight, and then anoth" direct sight at equal intervals of time,
and using the average of the two direct sight,.

4. A correction for the difference between air and sea temperatures (art. 814,
vol. II) may be applied to the sextant altitude. This will often provide reasonably good
results. However, there is considerable disagreement in the manner in which temper-
attire is to be measured, and in the factor to use for any given difference. Therefore,
the validity of this correction is not fully established.

There is still much to be learned regarding refraction and even with all known
precautions, results may occasionally be unsatisfactory.

2532. Sight reduction in polar regions is virtually the same as elsewhere. Compu-
tation can be made by nearly any method. In Pub. No. 214, tabulations are not
extended below an altitude of 50, but this method can be used for lower altitudes, which
are not uncommon in polar regions, by selecting an assumed position some distance
away, in the general direction of the body. Thus, if the altitude is 2', an assumed
position 30 (180 miles) nearer the body (4' is a better choice to allow for possible error
in the dead reckoning and for adjustment for a convenient assumed position) should
result in a computed altitude of 50 or more. This method will result in an unusually
long altitude intercept, but the error introduced will be negligible if the assumed posi-
tion is in the direction of the body, and the chart used is one on which a straight line
is a close approximation to a great circle. A Lambert conformal chart is satisfactory
for this purpose. An example of such a solution is given in article 2023.

Ona special method of considerable interest is conveniently applicable only within _:
about 5' of the pole, a higher latitude than is usually attainable by ships. This is the
method of using the pole as the assumed position. At this point the zenith and pole j -
coincide and hence the celestial equator and celestial horizon also coincide, and
the systems of coordinates based upon these two great circles of the celestial sphere
become identical. The declination is computed altitude, and GHA replaces aziuth. J
A "toward" altitude intercept is plotted along the upper branch of the meridian over
which the body is located, and an "away" intercept is plotted in the opposite direction,
along the lower branch. Such a line or its AP is advanced or retired in the usual manner.
This method is a special application of the meridian altitude sometimes used in lower
latitudes. Beyond the limits of this method the meridian altitude can be used in the
usual manner (art. 2025) without complications and with time of transit being less
critical. However, table 29, for reduction to the meridian, extends only to latitude 600.

2533. Plotting lines of position from celestial observations.--Lines of position
from celestial observations in polar regions are plotted as elsewhere, using an assumed
position, altitude intercept, and azimuth. If a Mercator chart is used, the error in-
troduced by using rhumb lines for the azimuth line (a great circle) and line of position
(a small circle) is accentuated. This can be overcome by using a chart on a more favor-
able projection.

If a chart with nonparallel meridians, such as the Lambert conformal, is used, the
true azimuth should be plotted by protractor or plotter and measured at the meridian
of the assumed position. On a chart having a grid overprint the true azimuth can be
converted to grid azimuth, using the longitude of the assumed position, and the direction
mIasured from any grid line. This method involves an additional step. with no real
advantage.
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Lines of position from high-altitude observations, to be plotted as circles with the
geographical position as the center (art. 2024), should not be plotted on a Mercator -
chart because of the rapid change of scale, resulting in distortion of the circle as plotted
on the chart.

Lines of position are advanced or retired as in any latitude. However, the move-
ment of the line is no more accurate than the estimate of the direction and distance'
traveled, and in polar regions this estimate may be of less than usual accuracy. In I
addition to his problem of estimated direction of travel, the polar navigator may en- 1
counter difficulty in accurately plotting the direction determined. If an accurate
gyrocompass is used, the ship follows a rhumb line, which is accurately shown only on
a Mercator chart. If a magnetic compass is used, the rapid change in variation may i
be a disturbing factor. If the ship is in ice, the course line may be far from straight.

Because of the various possible sources of error involved, it is good practice to avoid
advancing or retiring lines for a period longer than about two hours. When the sun
is the only body available, best results can sometimes be obtained by making an ob-i
servation every hour, retiring the most recent line one hour and advancing for one hour I,
the line obtained two hours previously. The present position is then obtained by dead
reckoning from the running fix of an hour before. Another technique is to advance
the one or two previous lines to the present time for a running fix. A third method is i.
to drop a perpendicular from the dead reckoning or estimated position to the line of I
position to obtain a new estimated position, from which a new dead reckoning plot
is carried forward to the time of the next observation. A variation of this method is
to evaluate the relative accuracy of the new line of position and the dead reckoning or 
estimated position run up from the previous position and take some point between j
them, halfway if no information is available on which to evaluate the relative ac- I 
curacies. None of these techniques is suitable for determining set and drift of the current. I

2534. Rising, setting, and t,%ilight data are tabulated in the almanacs to latitude
72°N and 60°S. Within these limits the times of these phenomena are determined .

as explained in chapter XIX.
Beyond the northern limits of these tables the values can be obtained from a j

series of graphs given near the back of the Air Almanac. These graphs are shown in j
appendix G. For high latitudes, graphs are used instead of tables because graphs give

a clearer picture of conditions, which may change radically with relatively little change~in position or date. Under these conditions interpolation to practical precision is

simpler by graph than by table. In those parts of the graph which are difficult to read,
the times of the phenomena's occurrence are themselves uncertain, being altered con-
siderably by a relatively small change in refraction or height of eye. The use of the I
graphs is explained in chapter XIX.

General

2535. Ice.-Several references have been made to ice. The almost constant pres-
ence of large quantities of ice is one of the distinctive features of polar regions, and is
one of the primary considerations in any operations in these areas. The subject of I-
ice in the sea is covered in chapter XXXVI. I

2536. Knowledge of polar regions.--Operations in polar regions are attended by -

hazards and problems not encountered elsewhere. Lack of knowledge, sometimes j
accompanied by fear of the unknown, has prevented navigation in these areas from
being conducted with the same confidence with which it is pursued in more familiar -
areas. As experience in high latitudes has increased, much of the mystery surrounding fI

these areas has been dispelled, and operations there have become more predictable. ,
Before entering polar regions, the navigator will do well to acquaint himself with

Ao
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the experience of those who have preceded him into the areas and under the conditions
he antieipates. This information can be found in a growing literature composed of
the accounts of explorers, reports of previous operations in high latitudes, articles in
professional journals, and several books on operations in polar regions. Some of it is
given in various volumes of sailing directions.

The search for knowledge should not be confined to navigation. The wise polar
navigator will seek information on living conditions, survival, geography. ice, climate
and weather, and operational experience of others who have been tc tha same area.
As elsewhere, knowledge and experience are valuable.

2537. Planning, important in any operation, is vital to the success of po;ar naviga-
tion. The first step to adequate planning is the acquisition of full knowledge, as d.s-
cussed in article 2536. No item, however trivial, should escape attention. 'Tie ship
should be provided with all the needed charts, publications, and special navie--.io. al
material. All available data and information from previous operations in the area
should be studied. Key personnel should be adequately instructed in polar navigation
prior to departure or while en route to the polar regions. Forecasts on anticipated ice
and weather conditions should be obtained before departure and after getting under
way. All equipment should be put in top operating condition. All material should
be carefully inspected for completeness and condition. The navigator should make
certain that all items of equipment are familiar to those who will use them. This is par-
ticularly true of items not generally used at sea, such as charts on an unfamiliar projec-
tion, or a bubble sextant. Do not assume anything that can be known. On the adequacy
and thoroughness of the advanced planning and preparation, perhaps more than
anything else, will depend the success of polar navigation.

t
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CHAPTER XXVI

LIFEBOAT NAVIGATION

Before Emergency Arises

2601. Introduction.-The methods and techniques used in lifeboat navigation are
those available at the time. With full equipment, lifeboat navigation differs little from
that aboard ship. More often, however, it is a matter of improvising equipment from i
available materials, and developing procedures from a knowledge of basic principles.
Ingenuity is often essential. The officer who navigates by blindly "following the steps" o
may be of little more value in a lifeboat devoid of familiar navigational equipment than 1
the man who has never set foot on the bridge of a ship. The wise officer becomes thor-
oughly familiar with the theory of navigation: the celestial triangle, the circle of equal|
altitude, and the other basic principles involved. He should be able to identify the most
useful stars, and know how to solve his sights by any widely used method, because his
favorite method may not be available. He should be able to construct a plotting sheet
with a protractor, and use distress signaling equipment. Familiarity with the coordinates
(latitude and longitude) of laud points in the area of operations, ability to interpret A
wind and weather signs, knowledge of the ocean currents, and skill in handling a small
boat are parts of the practical navigator's basic education which assume their greatest
importance in an emergency. For the navigator prepared with such knowledge, and a 5
determination to succeed, the situation is never hopeless. Some method of navigation is
always available.

2602. Emergency navigation kit.-In time of national emergency, the prudent
navigator will provide each lifeboat with a kit containing the equipment which it is
practical to carry for emergency navigational purposes (art. 2603). Even in peacetime
it is good practice to have one such kit permanently located in the chart house or the

" wheel house so that it can be quickly transferred to a lifeboat whe. needed.
The least preparation made should be a check-off list of items to be assembled if

time permits, so that nothing will be overlooked. Such a list can be helpful even if I
one or more emergency kits have been provided. The list should be kept in a prominent i
place on the bridge or near the lifeboats, perhaps framed under glass. All officers
should be familiar with its location and should be acquainted with the location and
identity of each item listed.

Junior officers or reliable crew membirs should be assigned the duty of bringing.
to their stations, during abandon ship drill, emergency navigational equipment not I A
permanently stowed in the boats. A senior officer should then check each item against.
the equipment check-off list to ascertain that nothing has been overlooked.

2603. Equipment.-If practicable, full navigational equipment should be provided.
As many as possible of the items in the following list should be included. All of these
except a timepiece, and possibly a sextant and radio, can be kept in the emergency
navigation kit recommended in article 2602.

1. Notebook suitable for use as a deck log and for performing computations. _
Several items of information should be written in this notebook in advance, so as to

be available when and if needed. Such items include lie latitude an.d longitude of
various places in the area of operation; any desired inforniation on currents and weather; *

declination and SHA of several widely scattered stars, with any needed information
692
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on identifying them; desired notes and tables frm this chapter and elsewhere; any
desired general information, such as a list of poisonous fish and those items which may
prove useful for survival. This section of the notebook should be brief and the items
limited to those most essential in time of emergency. I -

2. Charts and other plotting materials. A pilot chart is most suitable for lifeboat R
use, both for plotting and as a source of information on variation of the compass,
hipping lanes, currents, winds, and weather. Charts for both the summer and winter

seasons should be included. During Wcrld War 1I pilot charts were printed on water- j
proof material suitable for use in a lifeboat. Plotting sheets (art. 323) are useful but
not essential if charts are available. The plotting sheets should cover the latitudes
in which the ship operates. Universal plotting sheets (art. 324) may be preferred,
particularly if the latitude coverage is laige. Several maneuvering boards, and several
sheets of cross-section paper (preferably with ten squares per inch) should be included,
as tl ese have many uses.

'. Plotting equipment. Pencils, erasers, straightedge, protractor, dividers and
compasses (not essential, but useful), and a knife or pencil sharpener should be included.
Preferably, the straightedge and protractor should be combined in a single device
constituting some kind of plotter (art. 605). A ruler graduated in inches and fractions
may be useful.

4. Timepiece. A good watch is needed if longitude is to be determined astronom-
ically. This watch should be waterproof or kept in a waterproof container which permits
reading and winding of the watch without exposing it to the elements. The watch
should be wound re!gularly and a record kept of its error and rate of change. Even
if one or more such watches are available, the possibility of taking along the chro-
nometers should not be overlooked. The optimumi timepiece is a quartz crystal watch.

1;. Sextant. A marine sextant should be taken aong if possible. However, since
this anay be impractical, a lifeboat sextant, or materials for constructing one, should

:ovided. The relati .'ely inexpensive plastic sextants should be more than adequate
for lifeboat use. They should be protecte" from the direct rays of the sun when not
in use. Several commercially manufactured lifeboat sextants have been made available,
particularly during wartime. A lifeboat sextant can be made of wood or other rigid -
material, two small mirrors, and a pivot. The graduationb -f the arc should be double -
those of a compass rose (an angle of 5' should be labeled 100, etc.). It is not necessary
to provide a vernier, or means of adjusting the sextant, since accuracy of 0*1 is satis-
factory for lifeboat use.

6. Almanac. A 1, ,twical Almanac for the current year is desirable. In an emer-
gency an almanac for another year can be used for stars and the sun without serious
error by lifeboats standards, if suitable adjustment is made (art. 2617). Some form of
long-term almanac, as that given in appendix H, might well be copied or pasted in
the notebook suggested as item 1, above.

7. Tables. Some form of table will be needed for reducing cel'3stial observations. I
T'.e most suitable is one that does not require much s'pacc if a table of trigonometric[I =

functions (either logarithmic or natural) is provided. ".rmulas should be included with
them. It is not wise to trust the memory for suct, vital ir )rmatiou. A set of tables
similar to Pub. No. 214 an be made at 5 intervals of the arguments. Only one page
is needed for each latitude entry (50) if declination is limited to about 300 (sufficient for
bodies of the solar system and many stars), entries are given to the nearest 071 for
altitudes and 1 ° for azimuth, and the delta (A) vaihes are omitted. Travers. tables
and others given in thii chapter are useful. Volume II provides tables of tr;gonometric
functions (logazithmic and natural), formulas, a loni term almanac, traverse tables, "

,7.!
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and a sight rednction table (table 35). Due to its contents, volume II would be very
useful in a lifeboat.

8. Compass. Each lifeboat is required to carry a magnetic compass. A deviation
table for each compass sbould be made while in port, with magnetic material in its
normal place. It would be well to check the accuracy of each table periodically.

9. Flashlight. A flashlight is required to be carried in each lifeboat. The batteries
sho I be replaced from time to time, as necessary. Extra batteries and bulbs might
well be carried.

10. Portable radio. If a portable radio is available, be sure it is included. Whether
this is one of the transmitting-receiving sets approved by the Federal Communications
Commission for lifeboat use, or merely a small receiver of limited range owned by a
crew member, do not overlook it, as it may be used as a radio direction finder.

2604. Position of ship. -A knowledge of the position of the vessel at the time it is
abandoned is of great importance. The officer on watch on the bridge should never
permit himself to become careless in the matter of keeping a mental note of the ap-
proximate position of the vessel. During wartime, or whenever the possibility of aban-
doning ship might reasonably be anticipated, the radio operator should be provided
with a list of advance dead reckoning positions.

Abandoning Ship

2605. Before lowering boats.-The period between the decision to abandon ship
and the actual leaving of the vessel is a highly important one. It is also a period of
mental strain and possible confusion. The degree to which the crew can be prepared
for the ordeal ahead depends upon the amount of time available and the thoroughness
of the preparation that has been made. If there has been advance warning of the possi-
bility of the decision, certain preparations can be made before the decision is reached.
If time permits, after the decision to abandon ship has been made, the radio operator
should send a final distress message, giving the ship's position and any other pertinent
information. It will be important later to know whetber an acknowledgment of receipt
of the message was received. Any available time can be wisely used to check the naviga-
tional equipment in each boat and assemble missing items. There may be time to make~a last minute check of position of the ship, position of any nearby land, set and drift of

current, present and forecast weather, watch error, and date. These items should be
written down. Perhaps the chart can be taken along. Equipment should be properly
secured before lowering the boats. In a rough sea it may be desirable to lower the sex-
tant, chronometer, and radio into the boat after it is afloat.

2606. Establishing command.-The identity of the person in command of each
boat, ar zI the over-all commander, should be firmly established. Almost invariably this
will be tle senior officer present. In a lifeboat, perhaps more than in any other circum- q
stances, strong leadership is required if the confidence of the crew is to be maintained.
The officer whom the crew respects as a man, admires as a seaman, and recognizes as a
gentleman will have littie or no trouble with discipline and cooperation of all on board.

Morale is a prime consideration, and it grows in importance with the passage of
time. The person in command should be recognized as the final authority in all matters,
but it is important that he give to each person an opportunity to be heard, and that he
keep all hands fully informed of the bad as well as of the good. Decisions will be more
acceptable if the crew has been informed of each consideration as it arises, and so has
been somewhat prepared. Complete fairness and impartiality are essential.

2607. Estimate of the situation.-Perhaps the first item which should engage the
attention of the person in command, after the lifeboat has cleared the stricken vessel,
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i is the questioning of each person aboard to collect all the useful infcrmation available.
'It is well to determine what is known regarding the position of the ship, ocean currents,
weather, astronomy, navigation, seamanship, sailing, etc. Find out who owns watches
and what each owner knows about the error and rate of his watch. Establish a routine
for winding and comparing them. No useful skill or knowledge should be overlooked;

!all should be fully considered in making the important decision of whether to remain
in the vicinity of the disaster in the hope of rescue, or to attempt to reach land or a more
heavily traveled shipping lane.

This decision of whether to stay or leave may be the most important one of the
entire experience. Until comparatively recent times there was no problem. Because
there was virtually no hope of assistance, the lifeboat crew had to rely upon itself.
Since the development of modern communication and rescue faciliies, however, it is

- often wiser to remain than to complicate the rescue problem by increasing the area to
be searched.

The decision should not be made until careful consideration has been given to all
factors, nor should it be delayed longer than necessary. Considerations v -) with the
circumstances, but certainty the following should be included:

Was a distress message sent before the ship was abandoned? Did v --.clude the
position of the ship? How accurate was the position? Is there ary reasonab!e doubt
that the message was received? If no message was sent, how soon will the ship be
missed? What rescue facilities are available? How far away are they and how long
will it be before help arrives? How conspicuous is th. lifeboat? What facilities are
available for attracting attention, either visually or by radar? How proficient is the

- crew in using such equipment? Is a radio transmitter available? What is the probable
running time to the nearest land in several directions, considering the prevailing winds
and currents, the motive power available (art. 2614), and the ability of the crew to u
use it? How long will the fresh water and rations last, and will they be sufficient to
sustain the crew in the physical exertion required?

If the decision is to stay, how will the crew occupy its time, remembering the
increased morale problem with an idle crew? How will position be maintained, or
regained if the boat drifts? Would it be practical to wait two or three days, perhaps,
in the hope of rescue, and then to set out for lard if help does not come?

If the decision is to leave, where should the boat head? Hew soon can a well-
traveled shi;Ning lane be reached? In time of war, where is the enemy and where are
friends? How lar'ge and conspicuous is the land in each direction, considering the lowJ
height of eye in a lifeboat? It may be better to head for conspicuous land 500 miles
away than for a small, low island 200 miles away, particularly if the latter is in a direc-
tion of unfavorable winds or currents, or takes the boat farther away from shipping
lanes.

Avoid, if possible, a hasty decision that will later be recognized as unwise. Dis-
cuss the matter thoroughly with the crew, and when the decision is made, inform them

* _ . of the reason for it. Do this in a manner that will invite their confidence and support.
Inform them of the best estimate of the situation.

2608. Selecting the route.-It is not always desirable to head- directly for the
objective. A longer route with favorable winds and currents may be quicker. A longer
route by way of shipping lanes may enhance the possibility of rescue.

With clear skies, latitude can be found with relatively crude equipment. But
unless accurate Greenwich time is available, longitude cannot be found astronomically,
even with the best equipment; nor is a nonastronomical method likely to be available.
In the absence of reliable longitude information, it is better to head for a point at the

= "latitude of the destination but so far east or west of it that no reasonable doubt will exist
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as to the direction of land when that latitude is reached. The distance of the point from I
the destination depends upon the degree of uncertainty of the longitude, remembering i
that this uncertainty is likely to increase with time. This method of "parallel sailig"I
was used for centuries before a method of determining or "discovering" longitude at i
sea was developed.

If the objective ha- a considerable extent in e north-south direction, the need for i

a final east-west leg-is less critical, and in attempting to reach a continent or very large
island, one need not consider it at all. In the absence of better information, an east
or west course should be sle-ted from the outset, since most large land masses of the
earth are oriented in a general north-south direction.

2609. Keeping boats together.-If more than one boat is launched, every effort'.
should be made to keep them together. While the person in charge of each boat is;
responsible for decisions regarding his boat, considerable advantage is to be gained by"
k.ieping the boats toget'-,.r and recognizing one person, logicall the senior officer,
present, as the over-all commander. Since navigational equipment and skill probably
will differ widely from boat to boat, the benefits of aay accurate navigation can be

i shared by all if the boats are clos,, together. Other knowledge can be exchanged, equip-
ment shared, and rations distrib',ited equitably. It may be vise to shift some personnel
among the boats, perhaps on a periodic basis, either to effect a better balance of skill'
and knowledge, or for morale purposes.

2610. Lookout.--Always there is the possibility of sighting another vessel. Hence,
a lookout should be posted at all times. This becomes of even greater importance
when approaching land, or if the location of all land along the route is not known. If
it is possible to rig a metal object high in the boat, this should be done to enhance the
possibility of detection by radar.

Dead Reckoning

2611. Importance of dead reckoning.--Of the various kinds of navigation, dead
reckoning alone is always available in some form. It should never be neglected, but in
a lifeboat it is of more than average importance. A close check should be kept on the
direction and distance made good, and all disturbing elements such as wind and current
should be carefully evaluated. Long voyages have been successfully completed by
this method alone, and landfalls have been made with surprising accuracy. This is
not meant to minimize the importance of other methods of determining position, but
with the methods generally available in a lifeboat, one may well find that, during the
first few days, his dead reckoning positions are more accurate than those determined
by other methods. If the means of determining direction and distance-tlh elements
of dead reckoning-are accurate, it might be well to mub:,e an adjustment to the de-.d
reckoning only after consistent indication of the magnitude and direction of its error.
The dropping of the dead reckoning at each uncertain "fix" is at best a questionable
procedure. The conflicting information likely to be available calls for careful analysis
and good judgment on the part of the navigator.

2612. Deck Log -From the beginning a careful log should be kept. The date and
time of abandoning ship should be the first entry, followed by navigational information
available, and the variou- important decisions and the reasons for them. Since the
conservation of paper may be important, record only the essentials of the important i
items, but do not overlook the recording in considerable detail of the selection of a
commanding officer, changes in command, deaths, missing persons, and navig-tional
information.

_ ,,
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The best determination of the position of abandoning ship should be recorded,
followed by a full account of courses, distances, positions, winds, currents, and leew^,y.
No important navigational information should be left to memory if it can be recorded.

2613. Direction.-As one of the elements of dead reckoning, direction is an impor-
tant item. As indicated n article 2603, a deviaion table for each lifeboat compass
should be determined in port, and checked periodically. At the first convenient oppor-
tunity after abandoning ship the accuracy should be checked on the course to be
followed.

If an almanac, accurate Greenwich time, and the necessary tables are available,
the azimuth of any celestial body can be computed and this value compared with the
azimuth as measured by the compass. If it is difficult to observe the compass azimuth,
select a body dead ahead and note thc compass heading. The difference between
computed and observed azimuths is compass error. This is of more immediate value
than deviation, but if the latter is desired, it can be determined by applying to the
compass error the variation, from the pilot ch.' rt.

Several unique astronomical situations occur, permitting determination of azimuth
without computation:

Polaris is always within 20 of true north for observers between the equator and
latitude 60*N. When this star is directly above or below the celestial pole, its azimuth
is exactly north at any latitude. This occurs approximately when the trailing star of
either Cassiopeia (c Cassiopeiae) or the Big Dipper (Alkaid) is directly above or directly
below Polaris (fig. 2621). When a line through the trailing stars and Polaris is hori-
zontal, the maximum correction should be applied. Below latitude 500 this can be
considered 1'; and between 500 and 650, 20. If Cassiopeia is to the right of Polaris,
the azimuth is 001' (or 0020), and if to the left, 3590 (or 3580). The south celestial
pole is located approximately at the intersection of a line through the longer axis
of the Southern Cross with a line from the northr-nmost star of Triangulum Australe
perpendicular to the line joining the other two btars of the triangle. No conspicuous
star marks this spot (figs. 2205-2208).

Meridian transit. Any celestial body bears due north or south at meridian transit,
either upper or lower. This is the moment of maximum (or minimum) altitude of the
body. However, since the altitude at this time is nearly constant during a considerable
change of azimuth, the instant of meridian transit may be difficult to determine. If
time and an almanac are available, and the longitude is known, the time of transit can
be computed.

Body on prime vertical. If any method is available for determining when a body
is on the prime vertical (due east or west), the compass azimuth at this time can be
observed. Table 25 provides this information. Any body on the celestial equator
(declination 00) is on the prime vertical at the time of rising or setting. For the sun
this occurs at the time of the equinoxes (art. 1419). The star Mintaka (6 Orionis),
the leading star of Orio8's belt, has a declination of approximately 0?3S and can be

- -"' considered on the celestial equator. For an observer near the equator, such a body is
always nearly east or west. Because of refraction and dip, the azimuth should be
noted when the center of the sun or a star is a little more than one sun diameter (half a
degree) above the horizon. The moon should be observed when its upper limb is on
the horizon.

Body at rising or setting. Except for the moon, the azimuth angle (art. 1428)
of a body is almost the same at rising as at setting, except that the former is toward the
east and the latter toward the west. If the azimuth is measured both at rising and set-
ting, true south (or north) is midway between the two observed values, and the differ-
ence between this value and 1800 (or 0000) is the compass error. Thus, if the compass
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azimuth of a body is 073' at rising, and 277' at setting, true south (180') is atJ
0730+ 2770 °i7---1750 by compass, and the compass error is 5°E. This method may be

2
in error if the boat is moving rapidly in a north or south direction. If the declination.
and latitude are known, the true azimuth of any body at rising or setting can be deter- I
mined by means of a diagram on the plane of the celestial meridian (art. 1432) or by!
computation (art. 2125). For this purpose the body (except the mnon) should be con-:

sidered as rising or setting when its center is a little more than one sun diameter (half a.
degree) above the horizon, because of refraction and dip.

The direction of the sun in relation to the hands of a watch is sometimes advocated,
but the limitations of this method are too great to permit general application.

A simple nonastronomical method can be used for determining the deviation.,
An object that will float but not drift rapidly before the ind is thrown overboard. I
The boat is then steered as steadily as possible in the opposite direction to that desired.
At a distance of perhaps half a mile, or more if the floating object is still clearly in i
view, the boat is turned around in the smallest practicable radius, and headed back A
toward the floating object. The magnetic course is midway between the course "
toward th6 object and the reciprocal of the course away from the object. Thus, 3
if the boat is on compass course 1510 while heading away from the object,
and 3370 while returning, the magnetic course is midway between 3370 and
151°n+1800=3310, or-3 7 0+3310

1 1 2 =334. Since 3340 magnetic is the same as 3370

by compass, the deviation on this heading is 30W.
If a compass is not available, any celestial body can be used to steer by, if its -

diurnal apparent motion is considered. A reasonably straight course can be steered .
by noting the direction of the wind, the movement of the clouds, the direction of the I
waves, or by watching the wake of the boat. A line can be secured to the side of the
boat at a point amidships or forward. The line should tend parallel to the centerline
of the boat if on a straight course. The angle between the centerline and the wake is
an oneo of theean indication of the amount of leeway. The accuracy of the towed-object or wake [method is affected adversely by a cross sea.

A body having a declination the same as the latitude of the destination is over I
the destination once each day, at the time when its hour angle is the same as the longi-
tude, measured westward through 3600. At this time it should be dead ahead if the
boat is following the great circle leading directly through the destination.

2614. Motive power.--A lifeboat is equipped with one or more of the following

mears of locomotion: oars, hand-operated propeller, motor, sail. Inflatable rafts usually
have no means of locomotion other than paddles. Of these, only sail offers a practical a

means of travel over an extended period of time. Men living in an open boat, perhaps i
on reduced rations, should not attempt to expend their strength on hand locomotion,

except for short periods. Likewise, the comparatively small fuel supply in a motorboat
- - should be hoarded jealously. It may be desperately needed later, as for landing through

a surf, preventing the boat from drifting onto a rocky coast, or making the land w;,hen a
strong current is carrying the boat past an island.

A sail should be rigged, for in it lies the best hope of reaching distant land. If the
standard lifeboat sail is not available, a substitute can usually be devised, using the
boat cover, or even clothing, and oars.

2615. Distance can be determined directly between accurate fixes, but generally '-

it is found by means of speed and elapsed time. A loaded lifeboat will not travel fast,
,-~ . under normal conditions. With fair wind and weather it may make good a sp2ed of

about two knots through the water. Hence the importance of wind and current. The
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navigator used to observing the sea from a high bridge usually overestimates his speed
in a lifeboat, where he is only a few feet from the water. With practice, his ability
should improve.

Speed may be determined by using a form of chip log. Attach a long line to a
heavy, floating object. Put one knot in the line twelve or fifteen fathoms from the
object, and another just ten fathoms (or any convenient distance) from the first.
Stream the device over the side and let the line run out freely, noting the elapsed time
between passage of the two knots through the hand. A variation of this is the Dutch-
man's log. A floating object is thrown ovt. )ard at the bow, and the elapsed time
required for a known length along the center- e to pass it is noted. If a line is attached
to the object, it may be used many times. With either variation, it is well to tie the
bitter end of the line to the boat, to minimize danger of losing the whole device
overboard.

With either the chip or Dutchman's log, the speed is determined by the formula:

60 seconds per minuteX60 minutes per hourXfeet between marks6,000 feet per mileXseconds of elapsed time

This is equal to:

3,600Xfeet between marks 0.OXfeet between marks
6,000Xseconds of elapsed time seconds of elapsed time

Since the feet between marks is constant, a convenient number can be selected. Thus,
• if the length is 16% feet, the formula becomes

10 10
seconds of elapsed time'

If the elasped time is ten seconds, the boat is traveling at one knot; if five seconds, at
two knots; if eight seconds, at 1 knots, etc.

If a watch is not available, a simple pendulum may be devised to time the interval.
A piece of string with a weight attached, of a length of 9.8 inches (to the center of gravity
of the weight), will, when suspenaled, make a complete swing (back and forth) once every
second. For a pendulum 39.1 inches long the period is two seconds. With practice,
time can be estimated with fair accuracy.

It is not always possible to head directly along the course to the destination,
because of adverse winds. It is better to make good progress in the general direction
desired than none at all, and much better on morale. However, at times conditions,
may be so adverse that it will be best to drop sail until the wind shifts or abates. At
such a time a sea anchor should be streamed to minimize loss of precio is mileage,
and, in severe conditions, to keep the boat headed into the sea.

2616. Position by dead reckoning.--Plotting can be done directly )n a pilot
chart or plotting sheet. If this proves too difficult, or if an independent chec': is desired,
some form of mathematical reckoning may bc useful. Table 2616, a simpl;ied traverse
table, can be used for this purpose. This is a critical-type table, varior'. factors being
given for limiting values of certain angles. To find the difference or cha±0cZ of latitude,

ANGLE 00 180 31* 410 490 56' 63- 69- 75* 816 87 900

, FACTOR 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0 0

TABLE 2616.-Simplified traverse table.

-" i
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in minutes, enter the table with course angle, reckoned from north or south toward thej
east or west. Multiply the distance run, in miles, by the factor. To find the departure,
in miles, enter the table with the complement of the course angle. Multiply the distance
run, in miles, by the factor. To convert departure to difference of longitude, in minutes, I
enter the table with mid latitude. Divide the departure by the factor.

Example.-A lifeboat travels 26 miles on course 2050, from L 41 044'N, ,56 0211W.
Required.-Latitude and longitude of the point of arrival.
Solution.-The course angle is 205'-1800 =S250 W, and the complement is 90'

-250=650. The factors corresponding to these angles are 0.9 and 0.4, respectively. The
difference of latitude is 26X0.9=23' (to the nearest minute) and the departure is
26X0.4=10 mi. Since the course is in the southwestern quadrant, in the Northern
Hemisphere, the latitude of the point of arrival is 41*44'N-23'=4121'N. The factori
corresponding to the mid latitude 41'32'N is 0.7. The difference of longitude is 10
-0.7=14'. The longitude of the point of arrival is 5621'W+ 14' = 56°35'W.

Answer.-L41O21'N, X56°35'W.

- Celestial Navigation

2617. Celestial coordinates.-Almanac information, particularly declination and
Greenwich hour angle of bodies, is important to celestial navigation. If the current I
Nautical Almanac is available, there is no problem. If the only copy available is for -
a previous year, it can be used for the sun, Aries, and stars without serious error, by
lifeboat standards. However, for greater accuracy, proceed as follows: For declination
of the sun, enter the almanac with a time that is earlier than the correct time by 5b4 9 W
times the number of years between the date of the almanac and the correct date, adding .
2 4 1 for each February 29 that occurs between the '-es. If the date is February 29, use o
March 1 and reduce by one the number of 24

h periods added. For GHA of the sun or
Aries determine the value for the correct time, adjusting the minutes and tenths of-

arc to agree with that at the time for which the declination is determined. Since the
adjustment never exceeds half a degree, care should be used when the value is near a
whole degree, to prevent the value from being in error by 10. Appendix H is a long-term I
almanac giving values of GHAT, and GHA and declination of the sun. Instructions J
for its use are included in the appendix. A reproduction of this almanac might profitably f
be included in the navigational kit mentioned in article 2602.

If no almanac is available, a rough approximation of the declination of the sun
can be obtained as follows: Count the days from the given date to the nearer solstice
(June 21 or December 22). Divide this by ihe number of days from that solstice to
the equinox (March 21 or September 23), using the equinox that will result in the given
date being between it and the solstice. Multiply the result by 900. Enter table 2616 ..
with the angle so found, and extract the factor. Multiply this by 23?45 to find the
declination.. . .

Exampleol.-The date is August 24.
Required.-The approximate declination of the sun.
Solvtion.-The number of days from the given date to the nearer solstice (June

21) is 64. There are 94 days between June 21 and September 23. Dividing and multi-
plying by 900,

64 o o -- ",X90--613. -

The factor frem table 2616 is 0.5. The declination is 23?45X0.5=11?7. It is known
to be north betause of the date.

Answer.-Dec. 11?7N.

11. :,
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The accuracy of this solution can be improved by considering the factor of table
2616 as the value for the mid angle between the two limiting ones (except that 1.00
is correct for 00 and 0.00 is correct for 900), and interpolating to one additional decimal.
In this instance the interpolation would be between 0.50 at 59?5 and 0.40 at 660.
The interpolated value is 0.47, giving a declination of ll?ON. Still greater accuracy
can be obtained by using a table of natural cosines instead of table 2616. By natural
cosine the value is 11?3N.

If the latitude is known, the declination of any body can be determined by
observing a meridian altitude. In a lifeboat it is usually best to make a number of
observations shortly before and after transit, plot the values on cross-section paper,
letting the ordinate (vertical scale) represent altitude, and the abscissa (horizontal
scale) the time. The altitude is found by fairing a curve or drawing ap. arc of a circle
through the points, and taking the highest value. A meridian altitude problem is then
solved in reverse.

Example R.-The latitude of a lifeboat is 40'16'S. The sun is observed on the
meridian, bearing north. The observed altitude is 36029 ' .

-Required.-Declination of the sun.
Solution.-The zenith distance is 90°-36°29'=5331 ' . The sun is 53031 , north

-of the observer, or 13015 ' north of the equator. Hence, the declination is 13015'N.
Answer.-Dec. 13'15'N.
The GHA T can be determined approximately by considering it equal to GMT

(in angular units) on September 23. To find GHA T on any other date, add 10 for
* -each day following September 23. The value is approximately 900 on December 22,

-180* on March 21, and 2700 on June 21. The values so found can be in error by as
much as several degrees, and so should not be used if better information is available.
An approximate check is provided by the great circle through Polaris, Caph (the leading
star of Cassiopeia), and the eastern side of the square of Pegasus. When this g:eat

-circle coincides with the meridian, LHA T is approximately 0' Phe hour angle of a
body is equal to its SHA plus the hour angle of Aries.

If an error of as much as 40, or a little more, is acceptable, the GHA of the sun
can be considered equal to GMT±1800 (12b). For more accurati results, one can
'make a table of the equation of time from the Nautical Almanac perhaps at five- or
ten-0 y intervals, and include this in the emergency navigation kit mentioned in
article 2602. The equation of time is applied according to its sign to GMTi- 180 to
find GHA.

2618. Altitude measurement.--If r sextant is available, either one from the pilot
house or an emergency-type instrument, altitudes are measured in the usual manner.
The sextant should be shielded as much as possible from wind and spray. If the sea is
rough, the observer should brace himself against the mast and make his observation
when on the crest of a wave, when the horizon is least likely to be obscured by nearby
waves. It is usually good practice to make a number of observations and average both
the altitudes and times, or plot on cross-section paper the altitudes versus time, using
any convenient time and the corresponding altitude for solving the observation.

The improvisations which may be made in the absence of a sextant are so varied
that in virtually any circumstances the application of a little ingenuity and some effort
will produce a device for measuring altitude. The results obtained with any improvised
method will be approximate at best, but if a number of observations are averaged, the

-. accuracy should be improved. Almost always a measurement, however approximate,
is better than an estimate. Two general classes of improvisation are available:

1. By circle. Any circular scale, such as a maneuvering board, compass rose, pro-
tractor, or plotter can be used to measure altitude or zenith distance directly. This is

SA_
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the principle of the ancient astrolabe (art. 124). A maneuvering board or compass rose is
usually handled best by mounting it on a flat board. A protractor or plotter may be sol
mounted or used directly. There are a number of variations of the technique of usingisuch a device. Some of them are:

A peg or nail is placed at the center of the circle and perpendicular to it. A weightf
is hung from the 90' graduation, and a string for holding the device is attached at the,
2700 graduation. When it is held with the weight acting as a plumb bob, the 0 180°!
line is horizontal (fig. 2618a). In this position the board is turned in azimuth until it
is in line with the sun. The intersection of the shadow of the center peg with the arc of
the circle indicates the altitude of the center of the sun.

The weight and loop can be omitted and pegs placed at the 00 and 1800 points of the'
circle. While one observer sights along the line of pegs to the horizon, an assistant notes'~the altitude.!

The weight can be attached to the center pin, and the three pins (00*, center, 1800)
aligned with the celestial body. The reading is made at the point where the string hold-
ing the weight crosses the scale. The reading thus obtained is the zenith distance unless'_
the graduations are labeled to indicate altitude. This method, illustrated in figure 2618b,

is used for bodies other than the sun.
Whatever the technique it is good practice to reverse the device for half the readings

of a series, to minimize errors of construction. Generally, the circle method produces
more accurate results than the right triangle method, described below. j

2. By right triangle. The principle of the ancient cross-staff can be used to estab-lish one or more right triangles, which can be solved by measurement of the angle

representing the altitude, either directly or by reconstructing the triangle. Another way
of determining the altitude is to measure two of the sides of the triangle and divide one
by the other to determine one of the trigonometric functions. This procedure, of course,
requires a source of information on the values of trigonometric functions corresponding
to various angles. If the cosine is found, table 2616 can be used. The tabulated factors
can be considered correct to one additional decimal for the value midway between the

LOOP OF STRING

PEG

-.Al

PEG

_ -,-.

WEIGHT 
r-

FIGURE 2618a.-Improvised astrolahe; shadow method. Pegs and board shown tilted for clarity. j"
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5t.'-, -

WEIGHT

FIGURE 2618b.-Improvised astrolabe; direct sighting
method. Pegs and board shown tilted for clarity.

limiting values (except that 1.00 is the correct value for 0° and 0.00 is the correct value for ,
900) without serious error by lifeboat standards. Interpolation can then be made between
such values. By either protractor or table, most devices can be graduated in advance so M
that angles can be read directly. There are many variations of the right triangle method.
Some of these are:

Two straight pieces of wood can be attached to each other in such a way that the
shorter one can be moved along the longer, the two always being perpendicular to'
each other. The shorter piece is attached at its center. One end of the longer arm is
held to the eye. The shorter arm is moved until its top edge is ;n line with the celestial
body, and its bottom edge is in line with the horizon. Thus, two right triangles are
used (the third sides being the slant distances between the ends of the arms) each repre-
senting half the altitude (fig. 2618c). For low altitudes, only one of the triangles is used,
the long arm being held in line with the horizon. The length of half the short arm,
divided by the length of that part of the long arm between the eye and the intersection
with the short arm, is the tangent of half the altitude (the whole altitude if only one

4A

TO HORIZON
Fiovn 2618c.-Improvised cross-staff.
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right triangle is used). Th° cosine can be found by dividing that part of the long arm
between the e3 e and the intersection with the short am by the slant distance from the.
eye to one end of the short arm. Graduations consist of a series of marks along the long I
arm indicating settings for various angles. The device should be inverted for alternate
readings of a series.

A rule or any stick can be held at ann's length. The top of the rule is placed in line!

with the celestial body being observed, and the top of the thumb is placed in line with:
the horizon. The rule is held vertical. The length of rule above the thumb, divided by
the distance from the eye to the top of the thumb is the tangent of the angle observed.

The cosine can be found by dividing the distance from the eye to the top of the thumb
by the distance from the eye to the top of the rule. If the rule is tilted toward the eye
until the minimum of rule is used, the distance from the eye to the middle of the rule
is substituted for the distance from the eve to the top of the thumb, half the length of:
the rule above the thumb is used, and the angle found is multiplied by two. Graduations
consist of marks on the rule or stick indicating various altitudes. For the average,
observer each inch of rule will subtend an angle of about 2?3, assuming an eye-to-ruler
distance of 25 inches. This relationship is good to a maximum altitude of about 20 .  A

The accuracy of this relationship for a specific observer can be checked by comparing |
the measurement against known angles in the sky. Angular distances between stars 1
can be computed by sight reduction methods, including Pub. No. 229, by using the F
declination of one star as the latitude of the assumed position, and the difference
between the hour angles (or SHA's) of the two bodies as the local hour angle. The
angular distance is the complement of the computed altitude. The angular distances
between some well-known star pairs are: end stars of Orion's belt, 277; pointers of
the Big Dipper, 5?4, Rigel to Orion's belt, 9.0; eastern side of the great square of I
Pegasus, 1470; Dubhe (the pointer nearer Polaris) and Mizar (the second star in the
Big Dipper, counting from the end of the handle), 1973.

The angle between the lines of sight from each eye is, at arm's length, about 60 3
By holding a pencil or finger horizontal, and placing the head on its side, one can esti-
mate an angle of about 6* by closing first one eye and then the other, and noting how "
much the pencil or finger appears to move in the sky.

The length of the shadow of a peg or nail mounted perpendicular to a horizontal +
board can be used as one side of an altitude triangle. The other sides are the height

-_ -of the peg and the slant distance from the top of the peg to the end of the shadow. The |
height of the peg, divided by the length of the shadow, is the tangent of the altitude of
the center of the sun. The length of the shadow divided by the slant distance is the
cosine. Graduations consist of a series of concentric circles indicating various altitudes, -
the peg being at the common center. The device is kept horizontal by floating it in
a bucket of water. Half the readings of a series are taken with the board turned 180'
in azimuth.

Two pegs or nails can be mounted perpendicular to a board, w"ith a weight hung I M-
from the one farther from the eye. The board is held perpendicular and the two pegs
aligned with the body being observed. The finger is then placed over the string holding
the weight, to keep it in position as the board is turned on its side. A perpendicular -_
is dropped from the peg nearer the eye, to the string. The altitude is the acute angle
nearer the eye. For alternate readings of a series, the board should be inverted. Gradua- -

|j tions consist of a series of marks indicating the position of the string at various altitudes.
As the altitude decreases, the triangle becomes smaller. At the celestial horizon

it becomes a straight line. No instrument is needed to measure the altitude when either
the upper or lower limb is tangent to the horizon, as the "sextant" altitude is then 00.

N-
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2619. Sextant altitude corrections.-If altitudes are measured by a marine sextant,
the usual sextant altitude corrections apply (cl. XVI). If the center of the sun or
moon is observed, either by sighting at the center or by shadow, .'he lower-limb correc-
tions should be applied, as usual, and an additional correction of (-)16' applied. If
the upper limb is observed, use (-)32'. If a weight is used as a plumb bob, or if the
length of a shadow is measured, omit the dip (height of eye) correction.

If the almanac is not available for making corrections, each source of error can be
corrected separately, as follows:

Index correction. If a sextant is used, the index correction should be determined
and applied to all observations, or the sextant adjusted to eliminate index error.

Refraction is given to the nearest minute of arc in table 2619. The value for a hori-
zon observation is 34'. If the nearest 0?1 is sufficiently accurate, as wvith an improvised
method of observing altitude, a correction of 071 should be applied for altitudes between
50 and 180, and no correction applied for greater altitudes. Refraction applies to all
observations, and is always a minus (-) correction.

ALT. 50 6' 7* 8" 100 12* 150 21* 330 63* 90*

REFR. 9' 8' 7" 6' 5' 4* 3' 2 1" 0

T.BLE 2619.-Refraction.

Dip, in minutes of arc, is approximately equal to the square root of the height of
*-eye, in feet. The correction applies to all observations in which the horizon is used as
the horizontal reference. It is always a minus (-) correction. If 071 accuracy is used,
no dip correction is needed for lifeboat heights of eye.

Semiliameter. The semidiameter of either the ,,un or moon does not, differ greatly
from 16'. The ccrrection does not apply to other bodies or to observations of the center

'of the sun and moon, by whatever method, including shadow. The correction is plus
(+) if the lower limb is observed, and minus (-) if the upper limb is observed.

Parallax. For lifeboat accuracy, parallax is applied to observations of the moon
only. An approximate value, in minutes of arc, can be found by multiplying 57' by
the factor from table 2616, unteri.g that table with altitude. For more accurate results
the factors can be considered correct to one additional decimal for tie altitude midway
between the limiting values (except that 1.00 is correct for 0° and 0.00 is correct for
90), and the values for other altitudes can be found by interpolation. This correction
is always plus (--).

For observations of celestial bodies on the horizon, the total correction for zero
height of eye is:

Stin. Lower limb: (-)18', upper limb: (-)50'.-
M-oon. Lower limb: (+)39', upper limb: (+)7'.
Planei or star. (-)34'.

Dip should be added algebraically to these values.
Since the "sextant" altitude is zero, the "observed" altitude is equal to the total

correction.
2620. Sight reduction.-If any tables designed for sight reduction, such as Pub.

No. 229, are available, they should be safeguarded to prevent loss or damage. If trigo-
nometric tables and the necessary formulas are available, they will serve the purpose.
Speed in solution is seldom a factor in a lifeboat. A slow method might actually be an
asset, from a morale standpoint, as it will provide occupation for a limited time for .
at least one crew member. The tables and formulas given in volume II would be useful.

==
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If tables but no formulas are available, carefully determine the mathematical knowlee*e
possessed by the crew. Someone may be able to provide the missing information. If
the formulas are available, but no tables, approximate natural values of the various
trigonometric functions can be obtained graphically by the method exulained in
article 139 of volume II. Graphical solution of the navigational triangle can be made

by the orthographic method explained in article 1432. A maneuvering board might.
prove helpful in the graphical solution for either trigonometric functions or altitude
and azimuth. Very careful work -t %11 be needed for useful results by either method.

Unless full navigational equipment is available, better results might be obtained I
by making separate determinations of latitude and longitude.

2621. Latitude determination.---Several methods are available for determining'
latitude, and in none of them is accurate time needed.

Mferidian altitude. Latitude can be determined by means of a meridian altitude

of any body, if its declination is known. The method is explained in article 2103. If1

accurate time, knowledge of the longitude, and an almanac are available, the observa-[
tion can be made at the correct moment, as determined in advance. However, if anyj
of these is lacking, or if an accurate altitude-measuring instrument is unavailable, g
better procedure is to make a number of altitude observations before and after meridian |
transit. A plot is then made of altitude versus time, if cross-section paper is availaLle,
ard the highest (or lowest, for lower transit) altitude is scaled from a curve faired
through the plotted points. At lifeboat speeds this procedure is not likely to introduce a
sigr.ificant error. The time use1 for plotting the observations need not be accurate,
as etapsed time between observations is all that is needed, and this is not of cntical
acnmracy. Thus, even a watch that has run down and then been rewound can be usedj
without resetting. Any altitudes that are not consistent with others of the series should
be discarded. =

Polaris. Latitude by Polaris is explained in article 2105. In a lifeboat, only the
first correction is of practical significance. If suitable tables are not available, this
correction can be estimated. The trailing star of 17ass;opcia (f Caesiop iae) and Polaris
have almost exactly the same SHA. The traing -tar of the Big Dipper (Alk.id) is
nearly opposite Polaris and E Cassiopeiae. 'rhc-e three sars. -E ( assiopeiae, Polaris, an, J

II Alkaid, form a line through the pole (apprn dmat-4y) When this line is horizontal.

f Cassiopeiae

N. CELESTIAL POLE

Alkaid

FiGURE 2621.-Relative positions of e Cassio-
peiae, Polaris. and Alkaid with respect to the
north celestial pole.
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there is no correction. When it is vertical, the maximum correction of 56' applies.
It should be added to the observed altitude if Alkaid is at tC:e top, and subtracted if
t Cassiopeiae is at the top. For any other position, estimate the angle this line makes
wih the vertical (fig. 2621), and multiply tbe maximum correction (66') by the factor
from table 2616, adding if Alkaid is higher than e Cassiopeiae, and subtracting if it islower. For more accurate results, the factor from table 2616 can be considered accu-

rate to one additional decimal for the mid value between those tabulated (except that
1.00 is correct for 00 and 0.00 for 900). Other values can be found by interpolation.

Length of day. The length of the day varies with latitude. Hence, latitude cail
be determined if the elapsed time between sunrise and sunset can be observed. Correct
the observed length of day by adding 1- for each 15' of longitude traveled toward the
east and subtracting 1m for each 15' of longitude traveled toward the west. The latitude
determined by length of clay is the value for the time of meridian transit. Since meridian
transit occurs approximately midway between sunrise and sunset, half the interval
may be observed and doubled. If a sunrise and sunset table is not available, the length
of daylight can be determined graphically by means of a diagram on the plane of the
celestial meridian (art. 1432). A maneuvering board is useful for this purpose. This
methoO cannr t be used near the time of the equinoxes, and is of little value near the
equator. The moon can be used if moonrise and moonset tables are available, but
with the moon the half-interval method is of insufficient accuracy, and allowance
should be made for the longitude correction.

Body in zenith. The declination of a body in the zenith is equal to the latitude of
the o1 -rver. If no means are available for measuring the altitude, the position of the
zenith may possibly be estimated in a calm sea by lying in the lifeboat and looking
skyward. The accuracy uf the results depends upon the ability to estimate the position
of the zenith. Use of a plumb bob may help.

Variation of the compass can occasionally be used for determining latitude, as
explained in article 2622.

2622. Longitude determination.--Unlike latitude, longitude requires accurate
Greenwich time for its determination by astronomical means. All such methods consist
of noting the Greenwich time at w..ch a phenomenon occurs locally. In addition, a
table indicating the time of occurrence of the same phenomenon at Greenwich, or
equivalent information, is needed.

Time of transit. When a body is on the local celestial meridian, its GHA is the
same as the longitude of the observer if ir1 west longitude, or 360'-X in east longitude.
Thus, if the GMT of local transit is determined- and a table of Greenwich hour angles
(or time of transit of the GreenN. ch meridian) is available, longitude can be computed.
If only the equation of time is available, the method can be used with the sun. This A
is the reverse of the problem of finding the time of transit of a body (art. 2104). The
time of transit is not always apparent. If a curve is made of altitule versus time, as
suggested in article 2621, the time corresponding to the highest cititude is used in the
determination of longitude. Under some conditions it may be preferable to observe
an altitude before meridian transit and then again after meridian transit, when the
body has returned to the same altitude as at the first observation. Meridian transit
occurs midway between these two times. A body in the zenith is on the celestial meridian.

L . If accurate azimath measurcment is available, note the time when the azimuth is 0000
.r 1800.

Sun? ise and sunset. The difference between the observed GMT of sunrise or sun-
set and the LMT tabulated in the almanac is the longitude in time units, which can
then be converted to angular measure. If the Nautical Alnanac is us-d, this informa-
tion is tabulated for each third day only. Greater accuracy can be obtained if inter-



708 LIFEBOAT NAVI3ATION

polation is used for determining intermediate values. Moonrise or moonset can be
used if the tabulated LMT is corrected for longitude (art. 1812). Planets and starsl
can be used if the means are available for determining the time of rising or setting.!
This can be determined by computation (art. 2536) or, approximately, by means of a
(iagram on the plane of the celestial meridian (art. 1432).

" Either u; k-ese methods can be used in reverse to set a watch that has run down,

cr to check the accuracy of a watch, if the longitude is known. In the case of a meridian
transit the time need not be determined at the instant of transit. The watch is started
and the altitude is then measured several times before and after transit, or at equal
altitudes. The times of these observations are noted and from them the time of meridian
transit is determined. Thu difference between this time and the correct time of transit
can then be used as a correction to reset the watch. If a watch runs down and cannot be
reset from other timepieces, the correct time should be determined at the first op-
portunity, if the longitude accuracy is likely to deteriorate.

Variation of the compass. If the deviation of the compass is known accurately i
and an accurate azimuth can be observed, it is possible to determine the variation.
If this is compared with the variation shown on the pilot chart, an approximate line I
of position can be determined. Since in many areas these lines run in a generally north- I
south direction, this may be an indication of the longitude. However, if the line has a
large east-west component, it should be considered as any other such line of position, I
rather than as a longitude line. In some areas it is more nearly a latitude line. Th,
accuracy of the method depends upon the accuracy with which the variation can be
determined, and the spacing between adjacent isogonic lines.

Time sight. If altitude of a celestial body is available, including zero "sextant"
altitude at rising or setting (art. 2619), longitude can be found by time sight (art. 2106).

Approaching Land

2623. Signs of land.-There are a number of signs which may indicate that the
lifeboat is approaching land.

The sky will sometimes indicate a break in the open sea. A small fixed cloud, when
surrounding ones are in moti( or absent, will usually be over or close to laiid. At high
latitudes, a light-colored reflection in the sky might be over an ice area; a light green
reflection in the tropical sky might indicate a shallow lagoon. Such indications may be
even more apparent on the under side of a uniforn. cloud layer.

Birds most often fly away from land at dawn and toward it at dusk. A large number
of birds may indicate the nearness of land.

Swell, properly interpreted, may be used as a guide to land. Consecutive swells
travel parallel until they reach an island and then "bend" around it. Eddies are formed 4

where the distorted swell meets beyond the island. This eddy line may be used as a
bearing to land, sometimes at a considerable distance.

The color of the sea may act as a guide in finding land as the open sea generally
appears dark blue or dark green, and a lighter shade indicates shallow water, which
may be near land.

The souynd of the surf is often heard while still a considerable distance from land. ,
Other sounds may also be heard at great distances.

Odors, as from burning wood, sometimes corry a long way out to sea.
Sounds and odors may be particularly helpful in poriods of reduced visibility.
2624. Distance off.-At sea in a lifeboat the navigator is handicapped by his .

limited range of visibility. Distance to the horizon, in nautical miles, is given approxi-
mately by the formula 1. 15 ,li h being the height of eye in -feet. Thus, distance in

A4
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miles is approximately 1,4 times the square root of the height in feet. At an eye height
of nine feet, the horizon is about 3Y miles away. A loaded Victory ship, whose greatest
mast height is about 81 feet above the waterline, could be seen 1.15V§1 or 10.35 miles
by an observer at zero height of eye. At a height of eye of nine feet the top of the mast f
should Ibreak the horizon when the ship is about 13.8 miles off.

If the height of an object above the horizon, or the distance between points on
it is known, a simple proportion can be solved to determine the distance off by use of
the cross-staff (art. 2618) or a similar device. To do this, align the two ends of the
crosspiece with top and bottom, or two ends, of the object. The ratio of the length of
the crosspiece to the length from this piece to the eye is the same as the ratio of the
height (or length) of the object to its dislance from the observer (fig. 2624). Thus, if
the crosspiece is 18 inches and the intercepted length of the long piece is 31 inches, the

- - distance to an island 1Y miles wide in the line of sight is found from the proportion

18 1.5 D 31
Sor 1.5 1

D=1l5X 3 1= 2 .6 miles.
18

In this proportion the two parts of either fraction must be expressed in the same units
if results are to be obtained without a conversion factor. Thus, both 18 and 31 are
expressed in inches, and both 1.5 and 2.6 are in miles. For small or Jistant objects
the crosspiece may be too long. In this case replace it with a shorter one, use half or
less of it, or substitute some other device such as a rule held at arm's length. In the
case of a height, only the visible part of the object is used if the horizon is between the
observer and the object.

A variation of this method can produce approximate results rather quickly. Hold
a pencil, stick, or finger vertical at arm's length. Close one eye and align the vertical
member with one end of an object such as an island. Open the closed eye and close
the other one. Estimate the distance the vertical member appears to move against
the background. The distance of the background object is ten times the amount of

apparent movement, in the same units. The actual ratio varies somewhat among
individuals and can be determined by couparing the length of the outstretched arm with
the distance between eyes-or by practice on objects of known size at known distances.
For vertical objects hold the extended member horizontal and bend the head until it,
also, is horizontal.

2625. Beaching the boat.--The beaching oi a lifeboat may be one of the most
dangerous parts of the entire experience. The approach to an island should be made

FIGURE 2624.-Using the cross-staff to measure distance.

7|
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on the lee side, if possible, and every effort should be made to attract the attention of
any inhabitants so that advice on the best place to land, and perhaps assistance, might
be obtained. If no help is a- 3able, sail parallel to the coast to study the terrain and
determine the safest place t. beach the boat. A lagoon or other sheltered area may be
available. It may be necessary to delay the landing overnight to make a complete study
of the terrain and to beach the boat by daylight. Surf appears less rough from the sea
than from land. High spray indicates a rough surf.

If a steering oar is available, the rudder should be unshipped before the boat is
brought in, as the steering oar will provide better control in the surf zone. The sea
anchor should be used to lessen the possibility of broaching and capsizing. Storm oil
should be used, if available, to reduce the roughness of the surf. It is possible that the
course can be altered somewhat while heading in to the beach, to take advantage of a
better opening, but care should be taken to avoid broaching. Additional information
on handling a boat in a surf can be found in nearly any book on seamanship.

2626. Ashore.-Once the boat has been safely beached, the problem remains to
lead the survivors to civilization. Perhaps the land will be heavily populated and the
boat met by local people, or the way to safety may be indicated by a road or trail.
But the boat may be beached at a deserted place where there are no signs of life.

Many of the methods used to determine position at sea may also be used ashore,
and usually with greater accuracy due to the absence of motion.

Problems I
2613a. The compass azimuth of the sun is 126' at rising and 252' at setting.
Required.-Compass error.
Answer.-CE 9°W.
2613b. A life preserver is thrown overboard from a lifeboat and the boat headed

away on course 3550. At a distance of half a mile the boat turns and heads back for
the life preserver. The return course is 1690. The variation is 50W.

Required.-(1) True course back to the life preserver.
(2) Deviation on this heading.
Answers.-(1) TC 1670, (2) D 3E.
2615. The two knots in the log line of an improvised chip log of a lifeboat are

162 feet apart. The elapsed time between passage of the knots through the hands
of the observer is four seconds.

Required.-Speed of the lifeboat.
Answer.-S 2.5 kn.
2616. A lifeboat travels 18 miles on course 1100, from lat. 35 015'S, long. 82 031'W.
Required.-Latitude and longitude of the point of arrival.
Answer.-L 35020'S, X 82'11'W.
2617a. The date is November 15.
Required.--The approximate declination of the sun, without reference to an 7.4

almanac.
Answer.-Dec. 1878'S.
2617b. The latitude of a lifeboat is 22 047'N. A star is observed on the meridian,

bearing north. The observed altitude is 66050 ' .

Required.-Declination of the star.
Anwer.-Dec. 45'57'N.
2617c. The GMT is 1000, October 15.
Required.--Approximate GHA T, without refere: ce to an almanac.
Answer.-GHA T 1720.
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2624. Approaching land, the navigator w ishes to determine his distance from a
lighthouse situated on the coast. He holds a rule at arm's length and finds that %
inch of the rule appears the same height as the tol) of the lighthouse above water. He
estimates the distance from his eye to the rule as 24 inches, and the height of the top
of the lighthouse as 150 feet above water.

Required.-D~istance to the lighthouse.
An~swr.-D 0.9 mi.
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CHAPTER XXVII

NAVIGATIONAL SAFETY

2701. Introduction.-The discussion of navigational safety in this chapter supple-
ments the discussions of safety matters in other chapters. For example, the fallibility
offloating aids to navigation is discussed in chapter IV.

Where applicable, the mariner should always refer to the more detailed informa-
tion given in the publications corrected by Notice to Mariners, e.g. Pubs. Nos. 117A
and 117B, Radio Navigational Aids.

Published Warnings

i 2702. Notice to Mariners is published weekly by the Defense Mapping Agency
Hydrographic Center and is prepared jointly with the National Ocean Survey and the
U. S. Coast Guard. It is published to advise mariners of important matters affecting
navigational safety, including new hydrographic discoveries, changes in channels and
aids to navigation, etc. (U. S. Code Title 10, Secs. 7391 and 7392 and Title 44, Sec. 1336
refers). Besides keeping mariners informed generally, the information published in
Notice to Mariners is particularly designed to simplify the correction aboard oceangoing
ships of charts, sailing (lire'.,ions, light lists, and other publications l)roduced by the
Defense Mapping Agency Hydrographic Center, National Ocean Survey, an the
U. S. Coast Guard. The Second and Ninth U. S. Coast Guard Districts are not included
in the coverage of this Notice.

All corrections listed affect the safety of navigation, and it is the responsibility
of users to decide which of their charts and publications require correction. In the
interest of navigational safety, suitable records of Notice to Mariners corrections should
be maintained to facilitate the updating of charts and publications prior to their use.
Because of the sometimes transitory nature of aids to navigation, depths, and port.
information, local area sources should he consulted whenever possible.

Information for Notice to Mariners is contributed by the following agencies:
Defense Mapping Agency Hydographic Center (Department of Defense) for waters
outside the territorial limits of the United States; National Ocean Survey (National
Oceanic and Atmospheric Administration, Department of Commerce), which is charged
with the surveys and charting of the coasts and harbors of the United States and its i
territories; the U. S. Coast Guard , "epartment of Transportation) which is responsible
for the safety of life at sea and the establishment and operation of aids to navigation;
and the Corps of Engineers, U. S. Army (Depertment of Defense) which is charged
with the improvement of rivers and harbors of the United States. In addition, important
contributions are made by foreign hydographic offices and cooperating observers of
all nationalities.

Notice to Mariners, relating to the Great Lakes and tributary waters west of Mon-
treal, Canada, is published weekly by the U. S. Coast Guard. These Notices contain
selected items from Local Notices to Mariners and other reported marine information
and are intended primarily for use in correcting Great Lakes charts and related
publications.

715
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Mariners are requested to cooperate in the corrective maintenance of navigationali
charts and publications by reporting all discrepancies between published information.
and conditions actually observed or encountered, and by recommending appropriate'
additions, deletions, or improvements. A convenient .'eporting form is provided in the
back of most issues of Notice to Mfariners. A

Information affecting National Ocean Survey charts and publications, or concern-
ing coasts and waters of the United States and its territories should be sent to the
Director, National Ocean Survey. Deficiencies in aids to navigation, either visual or
electronic, on the coasts or waters of the United States or its territories should be
reported to the nearest Coast Guard District Office. Suggestions regarding these aids
should also be sent to the Coast Guard District Office.

Notice to Mariners No. 1 contains important information on a variety of subjects,
amplifying information not usually found on charts or navigational publications. This
information is promulgated as Special Notice to M1fariners Paragraphs once each year in
the interest of safe navigation. Additional items considered of interest to the mariner,
including a selected listing of firing, bombing, and exercise areas, are also included in
this Notice.

The Summary qf Corrections published by the Defense Mapping Agency Hydro- 1.
graphic Center contains corrections to charts, Sailing Directions, and United States
Coast Pilots previously published in Notice to Mariners. The weekly Notice to M11ariners I
should be referred to for confirmation of the corrective material published in this j
Summary.

2703. The Local Notice to Mariners is issued by each U. S. Coast Guard District
to disseminate important information affecting navigational safety within the District.
This Notice reports changes to and deficiencies in aids to navigation maintained by and i
under the authorit" of the U. S. Coast Guard and such other marine information as
new charts, channel depths, naval operations, regattas, etc. Since temporary informa-
tion, known or expected to be of short duration, is not included in the weekly Notice to i
Mariners published by the Defense Mapping Agency Hydrographic Center, the appro-
priate Local Notice to Mariners may be the only source of such information. Small
craft using the Intracoastal Waterway and other waterways and small harbors that are
not normally used by oceangoing vessels need it to keep char. and related publications
up-to-date.

If still significant at the tinge of publication, the U. S. Coast Guard's Broadcast
Notire to Mariners (art. 2705) is included in thd Local Notice to Mariners.

The Local Notice to Alariners is published as often as required; usually weekly.
It may be obtained, free of charge, by making application to the appropriate Coast
Guard District Commander. Vessels operating in ports and waterways in several districts
will have to cbtain the Local Notice to Mariners from each district in order to be fully
informed.

2704. The Daily Memorandum provides navigators of ships in port with printed
copy of HYDROLANTS c HYDROPACS (art. 2707) broadcast in the past 24 hours
or since the previous wcrking day.

The Daily ,le-noronzdum is published by the Defense -Mapping Agency Hydro-
graphic Center each wo- ing day in two editions: the Atla17ti. Edition and the Pacific
Edition, both prepared at Washington, D.C.

The Daily M1emorandum is sent to fleet operating bases, naval stations, custom i
houses, shipping company offices, etc., where it may be picked up by navigational
personnel of vessels in port.

A
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Radio Navigational Warning Systems

2705. Short range or local warnings.-One of the two distinct types of radio
navigational warning -vstems is the short range or local radio navigational warnings
for mariners plying nearby waters. Short range or local warnings are intended pri-
marily to help local and coastal traffic. Usually, local or short range warnings are
broadcast from a single coast station, frequently by voice as well as radiotelegraph.
Examples of short range navigational warning systems are the radio navigational
warning broadcasts of the various U. S. Coast Guard Districts. Most maritime nations
broadcast short range warnings to notify local mariners of dangers in coastal and inland
waters. Schedules and working particulars of many such stations throughout the
world can be found in Pubs. Nos. 117A and 117B, Radio Navigational Aids.

Broadcast Notice to Mariners are originated by the U. S. Coast Guard and broad-
cast from U. S. Coast Guard, U. S. Navy, and some commercial radio stations to report
deficiencies and changes in aids to navigation.

2706. Long range radio navigational warnings are primarily intended to assist
mariners on the high seas by giving them navigational safety information in ports,
harbors, coastlines, or areas at sea in major ocean areas. Such warnings are usually
broadcast by means of radiotelegraph and radioteleprinter from several widely dis-
persed radio statioz with sufficient power to ensure their availability to all ships in
the oceanic area. The HYDROLANT and HYDROPAC system (art. 2707) of the
Defense Maprpng Agency :-ydrographic Center, for the general Atlantic and Pacific
areas, is typical of a long rar.ge radio navigational warning system. Long range warning
systems are discussed in more detail in Pubs. Nos. 117A and 117B, Radio Navigational
Aids. and volume V of Ad,,tiralty List of Radio Signals.

2707. The U.S. long range radio navigational warning system provides coverage
outside NAVAREAS IV and XII (art. 2708) by HYDROLANT and HYDROPAC
message- originated by the Defense Mapping Agency Hydrographic Center. The
particulars of this system are discussed in detail in Pubs. Nos. 117A and 117B, Radio
Navigational Aids

HYDROLANTS and HYDROPACS are restricted to the more important marine
incidents or nevigational changes for which a delay in disseminating the information to
mariners would adversely affect navigational safety. Many of these warnings are
temporary in nature. Others might remain in force for long periods of time and
ultimately be superseded by a numbered paragraph in Notice to Mariners.

P.inted copies of HYDROLANTS and HYDROPACS are published each working
day kil the appropriate edition of the Daily Memorandum. The text of effective
HYDROLANTS and HYDROPACS issued during a week is printed in the weekly
Notice to Mariners. *

It is important that the mariner retains the radio warning until the printed Notice
to Mariners is received.

2708. NAVAREA Warnings, containing information which may affect the safety
of navigation on the high seas, are broadcast in accordance with international obliga-
tions. The Defense Mapping Agency Hydrographic Center is responsible for dis-
seminating navigational information for ocean areas designated as NAVAREAS IV
and XII of Worldwide Navigational Warning System (fig. 2708).

As is the case with HYDROLANTS and HYDROPACS, warnings for NAV-
AREAS IV and XII may be superseded by a numbered paragraph in Notice to Mariners.
Printed copies are published each working day in the appropriate edition of the Daily
Memorandum. The text of effective warnings for NAVAREAS IV and XII is printed

4 in the weekly Notice to Mariners.
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I. I

FIGURE 2708.-N AVA RE.AS of Worldwide Navigational Warning System.

2709. Special Warnings are broadcast by U. S. Navy° and U €, Coast Guard radio
stations primarily for the dissemination of official U. S. Government proclamations
affecting shipping. Special Warnings are published in all editions of the Daily Memno-
randum and in the weekly N-tice to Mariners. Upon issuance the text of all effective

~Special Warnings are published in Notice to Mariners No. 1, annually.

I1 I

Safety Information

2710. Traffic separation schemes.-To increase the safety of navigation, par-

ticularly in areas of high shipping density, routes incorporating traffic separation have,
o with the approval of the Inter-Governmental Maritime Consultative Organization

: (IMCO), been established in certain areas of the world. Ini the interest of safe naviga--
tion, it is recommended that through traffic use these routes, as far as circumstancesr

= permit, by day and by night and in all weather conditions. The routes, which are in-

Geneal pincplesfor aviatio inTraffic Separation Schemes are as follows:
. ~~~~1. The International Regulations for Preventing Collisions atSaapltonvgin

- in routing systems.
- " '" 2. Routing systems are intended for use by day and by night in all weather, in -:-

~~ice-free waters or under light ice conditions where no extraordinary maneuvers or as-
~sistance by icebreakc-(s) are required.
' 3. Routing systems are recommended for use by all ships unless stated otherwise. I :
i , 4. A deep water route is primarily intended for use by ships which because of their

~~draft in relation to the available depth of water in the area concerned require the use '
of such a route. Through traffic to which the above consideration does not apply should,

~~if practicabie, avoid following deep water routes. When using a deep water route mariners [ '

- - Ier
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should be aware of possible changes in the indicated depth of water due to meteorological
or other effects.

5. A vessel using a traffic separation scheme shall:
(i) proceed in the appropriate traffic lane in the general direction of traffic

flow for that lane;
(ii) so far as practicable keep clear of a traffic separation line or separation

zone;
(iii) normally join or leave a traffic lane at the termination of the lane, but

when joining or leaving from the side shall do so at as small an angle to the general
direction of traffic flow as practicable.
6. A vessel shall so far as practicable avoid crossing traffic lanes, but if obliged to

do so shall cross as nearly as practicable at right angles to the general direction of
traffic flow.

7. Inshore traffic zones shall not normally be used by through traffic which can
safely use the appropriate traffic lane within the adjacent traffic separation scheme.

8. A vessel, other than a crossing vessel, shall not normally enter a separation
zone or cross a separation line except:

(i) in cases of emergency to avoid immediate danger;(ii) to engage in fishing within a separation zone.

9. A vessel navigating in areas near the terminations of traffic separation schemes
shall do so with particular caution.

10. A vessel shall so far as practicable avoid anchoring in a traffic separation scheme
or in areas near its terminations.

11. A vessel not using a traffic separation scheme shall avoid it by as wide a margin
as is practicable.

12. The arrows printed on charts merely indicate the general direction of traffic;
ships need not set their courses strictly along the arrows.

13. The signal "YG" meaning "you appear not to be complying with the traffic
separation scheme" is provided in the International Code of Signals for appropriate use.

2711. Offshore oil-wel structures.-Caution should be exercised when navigating
in waters contiguous to the U. S. and its territories, particularly in the Gulf of Mexico;
Santa Barbara Channel, California; and Cook Inlet, Alaska, in order to avoid collision
with oil structures and their associated mooring piles, anchor and mooring buoys, etc.

The identification of the oil-well structures is discussed in Notice to Mariners No. 1.
Due to the number of oil wells in the Gulf of Mexico, Shipping Safety Fairways have
been established, and while adherence to these fairways is not mandatory, mariners
should take advantage of the safer passage ways made available.

The most accurate information regarding the position of oil-well structures is
contained in the latest editions of the pertinent Nutional Ocean Survey charts. (Addi-
tionally, an annually up-dated listing of Gulf of Mexico oil-well structures is published 4

by the U. S. Coast Guard. Mariners desiring to receive issues of the publication should
write to the District Commander (OAN), Eighth Coast Guard District, Hale Boggs
Federal Building, 500 Camp Street, New Orleans, Louisiana 70115, requesting to be
placed on their mailing list.)

Corrective information concerning the establishment, change, or discontinuance
of the oil-well structures (with the exception of mobile drilling rigs) is published in the
weekly Notice to 21,fariners. Movements of mobile drilling rigs and seismic survey
operations are generally covered in IIYIJROLANT/IIYDROPAC radio navigational
warning broadcasts (art. 2707).

1~;]
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Daily updting of oil-well structure information is available on the Local Notice
to Mariners broadcast. Refer to Pubs. Nos. 117A and 117B, Radio Navigational Aids,
for additional details.

2712. Danger from submarine cables and pipelines.--Submarine cables or pipe-
lines pass Leneath various navigable waterways throughout the world. Installation
of new submarine cables and pipelines may be reported in Notice to .Mariners; their-
locations may or may not be charted. Where feasible, warning signs are often erected
to warn the mariners of their existence.

In view of the serious consequences resulting from damage to submarine cables
and pipelines, mariners should take special care when anchoring, fishing or engaging
in underwater operations near areas where these cables or pipelines may exist or have
been reported to exist.

Certain cables carry high voltages; many pipelines carry natural gas under high
pressure, or petroleum products. Electrocution, fire, or explosion with injury or loss
of life or a serious pollution incident could occur if they are penetrated.

Vessels fouling a submarine cable or pipeline should attempt to clear without
undue st-'ain. Anchors or gear that cannot be cleared should be slipped; no attempt
should be made to cut a cable or pipeline.

2713. Artificial obstructions to navigation.--Disposal areas are designated by the
Corps of Engineers for depositing dredged material where existing depths indicate
that the deposits will not cause sufficient shoaling to create a danger to surface naviga-
tion. The areas are shown on Nalonal Ocean Survey charts without blue tint, and
soundings and depth curves are retained.

Dumping grounds are areas established by federal regulation in which dumping of
dredged material and other nonbuoyant objects is prohibited or in which such dumping
is allowed with the permission of and under the supervision of the Corps of Engineers.

Spoil areas are for the purpose of depositing dredged material, usually near
and parallel to dredged channels; they are usually a hazard to afvigation. Spoil areas
are usuall charted from survey drawings from Corps of Engineers after-dredging
surveys, though they may originate from private or other government agency surveys.
Spoil areas are tinted blue on the chart and labeled, and all soundings and depth con-
tours are omitted. Navigators of even the smallest craft should avoid crossing spoil areas.

Fish havens are established by private interests, usually sport fishermen, to
simulate natural reefs and wrecks that attract fish. The reefs are constructed by dumping
assorted junk, ranging from old troiley cars and barges to scrap building material in
areas which may be of very small extent or may stretch a considerable distance along
a depth contour; old automobile bodies are a commonly used material. The Corps of
Engineers must issue a permit, specifying the location and depth over the reef, before
such a reef may be built. However, the reef builders adherence to permit specifications
can be checked only with a wire drag. Fish havens are outlined and labeled on the.
charts, but soundings and depth contours are usually retained and blue tinting is
seldom used. Navigators should be cautious about passing over fish havens or anchoring
in their vicinity.

Fishtrap areas are areas established by the Corps of Engineers in which traps
may be built and maintained according to established regulations. The fish stakes
which may exist in these areas are obstructions to navigation and may be dangerous.

|7- J. The limits of fishtrap areas and a cautionary note are usually charted. Navigators
should avoid these areas.

2714. Net bottom clearances.-It is becoming increasingly evident that economic b.
pressures are causing mariners to navigate through waters of barely adequate depth,
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with net bottcx7. clearances (also known as under-keel clearances) being finely assessed
from the charted depths, predicted tide levels, and depths recorded by echo sounders.

It cannot be too strongly emphaoized that even charts based on modern surveys
may not show all sea-bed obstructions or the least depths. and actual tide levels may
be appreciably lower than those predicted.

In many ships an appreciable correction must be applied to shoal soundings re-
corded by echo sounders due to the horizontal distance between the transducers. This
separation correction, which is the amount by which recorded depths cx'eed irue
depths, increases with decreasing depths to a maximum equal to half the distance
apart of the transducers; at this maximum the transducers 2re aground. Mariners

should have available a table of true and recorded depths.
Other appreciable corrections include the effects of water density, trim, list, squat

(bodily sinkage and change of trim), heaving, rolling, and pitching.
The effects of watei density, trim, and list upon bottom clearance are easily

calculated assuming at-rest conditions. Squat, heaving, rolling, and pithing are
dynamic phenomena and are more complex to predict. singly or in combination.

Squat, which includes bodily sinkage and change of trim, is a result of the pressure
distribution on the hull caused by the relative motion of water and hull. 'Ihe effect
begins to increase significantly at depth-to-draft ratios less than 2.5. It. increases

= rapidly with speed and is augmented in narrow channels.i Thie effect of heaving, pitching, and rolling on net bottom clearance can be quite

significant in critical combinations of wave height and period, ship dimensions, and
angle of incidence. Passages over bars in exposed areas require adequate allowance for
these factors.

2715. Controlling depths.-The controlling depth of a channel is the least depth
within the limits of the channel; it restricts the safe use of the channel to diafts of less
than that depth. The centerline controlling depth of a channel applies only to
the channel centerline; lesser depths may exist in the remainder of the chi nnel. The mid-
channel controlling depth of a channel is the controlling depth of only the middle half
of the channel. Federal project depth is the design dredging depth of a channel con-
structed by the Corps of Engineers, U. S. Army; the project depth may or may . ot be
the goal of maintenance dredging after completion of the channel, and, for this reason,
project depth must not be confused with controlling depth.

Depths alongsicie wharves usually have been reported by owners or operators of
the waterfront facilhti-.-, and may not have been verified by governmcnt surveys. Since
these depths may be subject to change, local authorities sh.,uld be consulted for the
latest controlling depths.

In general, the Coast Pilot gives the project depths for deep-draft ship channels
maintained by the Corps of Engineers. The latest controlling depths are usually shown A
on the charts and published in Notice to Muriners. For other channels, the latest con-
trolling depths available at the time of publication are given.

The most authoritative source for channel depths in U. S. ports is the field office of
- - the Corps of Engineers in the vicinity. Addresses and telephone numbers are given in

Notice to Mariners No. 1.
2716. Use of foreign charts.-Caution should be exercised in the use of foreign

charts not maintained by -rotice to Mariners published by the Defense Mapping Agency
Hydrographic Center. Foreign charts are sometimes referred to in Sailing Directios
published by this Center. The mariner is advised that when such foreign charts are used
for navigation, it is his res.ponsibility to maintain the charts by the Notice to Mariners
of the country producing the charts.

- f
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The mariner is warned that the buoyage syst. .., shapes, and colors used by other
countries often have a different significance than the U. S. system.

2717. Nautical chart symbols and abbreviations.-The standard sIymbols and ab-
M breviations approved for use on all regular nautical charts pull ished by the Defense !~Mapping Agency Hydrographic Center and the National Ocean Survey are contained's

in Chart No. 1, United States of America Nautical Chart Symbols and Abbreviations. The
mariner should insure that a copy of the latest edition of Chart No. 1 is readily available. I

The symbols and abbreviations used by other countries often vary from those I
used by the United States. Charts produced by the Defense Mapping Agency Hydro- i
grapiuc Center will show the colors, lights, and other characteristics in use for the area
of the individual chart. Certain reproductions of foreign charts published and distributed
by this Center may also show the shapes and other distinctive features that will vary
from those illustrated in Chart No. 1. Mariners who acquire and use foreign charts I
and reproductions of such charts are advised to procure the symbol sheet of the foreign
chart agency.

2718. Unverified iiformation.-Information received by the Defense Mappingi
Agency Hydrographic Center and the National Ocean Survey from various sources
concerning depths, dangers, currents, facilities, and other subjects, which has not been i
verified by government surveys or inspections, is often included in Sailing Directions i
and Coast Pilots; such unverified information is qualified as "reported," and should a
be regarded with caution.

2719. International ice Patrol-Beginning in February or March and ending
in August or Septenber of each year depending upon ice conditions, the Interna-
tional Ice Patrol conducts its annual service of guarding the southeastern, southern,
and southwestern limits of the regions of icebergs in the vicinity of bhe Grand Banks "
of Newfoundland for the purpose of informing passing ships of the extent of ice in this
dangerous region. Ice Patrol Bulletins are sent via CW, voice and radiofacsimile
broadcasts. Details are given in Pub. No. 117A, Radio Navigational Aids.

2720. Firing danger areas.-Firing, and bombing practice takes place either
ocassionally or regularly in numerous areas established for those purposes along the
coasts of practically all maritime countries.

In view of difficulty ii keeping these areas up-to-date on the charts, and since
the responsibility to avoid accidents rests with the authorities using the areas for
firing or bombing practice, these areas will not as a rule be shown on Defense Mapping
Agency Hydrographic Center charts. The National Ocean Survey charts show firing
and bombing practice areas as defined by the Code of Federal Regulations in United
States waters.

Any aid to nav; ation that may be established to mark a danger area, any target,
fixed or floating, *; may constitute a danger to navigation, will be shown on the
appropriate charts.

Danger areas that will be in force for some length of time will be published in
Notice to Marino S.

Warning signals, usually ec-'dsting of red flags or red lights, are customarily
d;splayed before and du.:ng ice, but the absence of such warnings cannot be
accepted as evidence that a *;. .;e area does not exist.

Vessels should be on te lookout for local warnings and signals, and should when-
ever possible, avoid nassing through an area in which practice is in progress, but I A
if compelled to 1o so should endeavor to clear it at the earliest possible moment.

S -.
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CHAPTER XXVIII

OCEANIC SOUNDINGS AND HYDROGRAPHIC REPORTS

General

2801. Introduction.-Maritime shipping continues to increase with the growth
in volume of domestic and international commerce, and seagoing vessels continue to

increase in number, size, and speed. Not only does this growth result in constant
demands for expansion and improvement of harbor, port, and navigation facilities,
but it also necessitates improvements in the quality, quantity, and display of all forms

of navigation information.
Although both government agencies and private institutions operate as many

.oceanographic and hydrogr'aphic ships as their resources permnit, the magnitude of

requirements for information far exceeds the collection capabilities of these compara-
tively few vessels. It is not possible for any hydrographic institute to conduct a con-
tinuous worldwide survey. Consequently, the Defense Mapping Agency Hydrographic

Center and tha National Ocean Survey depend to a very great extent upon reports
from voluntary seagoing observers for information pertaining to navigation ,, d ocean-
ography. Informe'- " from these reports and other sources is evaluated and used in
the improvement, duction, correction, and maintenance of charts and publications.

After careful analysis of a report and comparison with all other data concerning
the same area or subject, appropriate action is taken. If the report is of sufficient ,
importance to affect the immediate safety of navigation, the information will be broad-
cast as a navigational warning. Each bit of information, no matter how trivial it may

-K seem, is coordinated with other reports and used in some way in the compilation, con-
struction, and correction of charts and publications. It is only through the constant
flow of new information that charts ard publications can be kept accurate and up-
to-date.

Discrepancies are sometimes found in source material, mainly as a result of com-
parison with the reports submitted by mariners who have recently visited the area.
Often, errors in basic source material are of the type that would affect the safety of
navigation. Several confirming ship reports will usually reveal these errors so that
corrective action can be taken. The greater the volume of confirming ship reports, the
greater is the accuracy of the finished product.

2802. Marine reports.-Frequently the most valuable infomnation is recent infor-
mation reported by a mariner, who records the information in the greatest detail
possible and reports it promptly.

Depending on th..e type of report, eArt-ain items of information are absolutely
essential for a correct evaluation. An example is the state of tide. State of tide is of
paramount importance in a report of near shore shoals, but of no interest with respect
to shoals reported beyond the continental shelf. ,-

Several reasons have been found for hesitancy on the part ef the mariner to report
his observations. He is frequently in doubt as to what information, and in what detail,
to report. He often believes that the data that lie reports will be inconsequential to
the Defense Mapping Agency Hydrographic Center since "they already receive the
most recent information available, and they are already aware of this data," as one
mariner put it.

723
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Excellence in grammar is unnecessary. Reports, or supplemental information,
such as port plans, obtained locally, may even be in a foreign language. Observations
should be reported in the language of mariners since they will be evaluated by ex-
mariners, who will make full and appropriate use of the information.

Reports by letter are just as acceptable as those prepared on regular forms. In
some instances, a letter report will permit greater flexibility in reporting details, con-
elusions, or ri.commendations concerning the observation. When using the regular
report forms, one should not hesitate to use additional sheets to complete the details
of his observation. One should never be reluctant to repor' in detail.

The following general suggestions are offered as an aid to making reports that will
be of maximum value.

1. The geographical position included in the report may be used in the correction
;f charts. Accordingly, it should be fixed by the most accurate method available. If
practicable, the position should be terified by additional means.

2. The report should state the method by which the position was fixed, so that
the degree of accuracy can be established.

3. When reporting the position of an object or condition that is not shown on the
chart but is within sight of charted objects, the simplest and most accurate method is
to express the position in terms of bearings and distances from charted objects.

4. Should geographical coordinates be used to report position, they should be i
made as precise as circumstances permit. Either tenths of a minute or seconds, depending
upon the scale of the chart, should be included. Unfortunately, coordinates of all charts i
for a given area are not always in exact agreement. Accordingly, one should refer to
the chart by number and include the edi;,ion number and the date of the printing being
used. Both are shown in the bottom margin.

5. When describing the sectors in which a light is either visible or obscured, the I
limiting bearings from the ship toward the light should be given. Although this is just 0
the reverse of the form used for locating objects, it is the standard method used by the
hydrographic institutes of practically all countries.

6. All bearings used in reports should be true bearings, expressed in degrees.
Should magnetic bearings be used, for any reason, such use should be stated in theE report.

7. A report prepared by one person should, if practicable, be checked by another.
In most cases marine information cani be adequately reported on one of various I

forms printed by the Defense Mapping Agency Hydrographic Center and shown in
G ide to Marine Observing and Reporting (art. 2804) or by the reporting sheet in
the weekly Notice to Mariners. However, in some cases it is both more convenient and
more \ aluable to annotate information directly on the affected chart and mail the I
chart to the Defense Mapping Agency Hydrographic Center.

As an example, new construction, such as port facilities, may be drawn on the I
chart in cases where a written report would be inadequate. Ano'her example would be
a chart showing the trackline and pertinent soundings through a critical passage or

strait when the ship's draft is close to the controlling depth of the water in the
passage or strait. Information, such as times, state of tide, draft, and method by which

fixes were obtained should also be included.
Whenever it is necessary to send a chart to amplify or explain a report, the Defense

Mapping Agency Hydrographic Center, upon request, will replace the chart free of
charge on a one-for-one basis.

2803. Urgent reports by radio.-The international Convention for the Safety of
Life at Sea (1960), which is applicable to all U. S. flag ships, requires: "The master of
every ship which meets with dangerous ice, or dangerous derelict, or any other direct

'K.-
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danger to navigation, or a tropical storm, or encounters sub-freezing air temperatures
associated with gale force winds causing severe ice accretion on superstructures, or
winds of force 10 or above on the Beaufort scale for which no storm warning has been
received, is bound to communicate the information by all the means at his disposal to
ships in the vicinity, and also to the competent authorities at the first point on the
coast with which he can communicate."

The master must first warn ships in the vicinity and must then report the danger to
competent authorities at the first point on the coast with which radio contact can be
made, using relay procedure if necessary. The report should be broadcast first on 500
kHz prefixed by the Safety Signal "TTT TTT TTT." This should be followed by
transmission of the message to the proper authorities ashore.

Details on reporting via radio are contained in chapters 4 and 5 of Pubs. Nos. 117A
and 1 17B, Radio Navigational Aids.

2804. Guide to Marine Observing and Reporting, Pub. 606, prepared jointly
by the Naval Oceanographic Office, the Defense Mapping Agency Hydrographic Center,
U. S. Coast GuarC' and the National Oceanic and Atmospheric Administration, provides
detailed guidan -D or submitting hydrographic and oceanographic reports. Wherc ap-
propriate, this g-.ance includes check lists of key questions as a means of insuring that
no essential fact will be missing from a report. I"

Oceanic SoundingsIsI
2805. Soundings.--Relatively little is known of the surface features of the nearly

71 percent of the earth covered by water. However, enough has been learned to indicate
that the unseen topography beneath the oceans has all the features common to that
above water. It is known that there are submerged mountains extending to greater i
heights above their surroundings than do the Rockies, and depressions deeper than the
Grand Canyon.

While many of the general features are known, details are lacking. In any given
area, a very large number of accurately located soundings are needed to provide suffi-
cient information for mapping the ocean floor. If sufficient information is available,
the relief can be depicted on bathymetric charts by means of contours. A simplified
chart of this type is shown in the upper part of figure 2805. The lower part of the
figure is a block diagram of the area shown on the chart. Only a relatively small part
of the oceans has been sounded sufficiently to provide the detailed information needed
for such a chart, mainly narrow strips alonig coasts, i.e., the continental shelves. In
these areas, the soundings have the necessary accuracy and density to portray under-water relief.

As long as oceanic soundings could be made only by a vessel stopping and lowering
a weight, a precess which might require several hours for a single sounding in very deep __

Swater, it was impractical for most vessels to obtain very much depth information atsea. With the development of the echo sounder, however, this situation has changed.

With a recording echo sounder, a ship can obtain a profile along its track from continent
to continent without slowing, using about a yard of recording paper per day. Such
information, if reliable, is of great assistance to charting agencies in preparing more
adequate charts of the ocean areas.

2806. Sounding equipment.-While lead lines and sounding machines have beeni !.used at sea, almost all deep-sea soundings are now taken by echo sounder (art. 6!0).

If a depth recording device is available, it should be used, as the profile thus produced
is a better indication of the bottom than even the most closely spaced visual readings.

4]
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clear understanding of the operating characteristics and limitations of the instrument. I

The routine checks recommended by the manufactutrL should be made at every change
of the watch, or oftener. In addition, the operator should be alert for certain possible
errors peculiar to his instrument. A close watch should be kept on the proper function-
ing of the stylus, recorder speed, the zero adjustment, and the frequency of the electric
current. The percentage error in the recorded depth is the same as that of the electric
current frequency. Thus, at 3,000 fathoms, the error of a 60-cycle echo sounder isi
100 fathoms if the actual frequency is in error by two cycles.2807. Evaluating results.-Inaccurate results may be worse than no informationj

at all. Therefore, every effort should be made to obtain reliable data. Particularly, "
soundings which conflict with known or charted depths should be caref rtlly analyzed
Even when th equipment is operating correctly, false returns might be received due to
sources external to the vessel. A shoal "phantom bottom" may be due to marine life,

... -there may be multiple echoes or interference, r no return may be received because of
aeration of the water or suspended mattadditi oerat Suld erors are further discussed

in article 3504. Unusual local conditions may be a source of error. If an error is believedprobable, but no source is detected, full ;nformation should be submitted with the
soundings, for the charting agency may be able to interpret the results. This action is
particularly important Where the measured depths are less than those shoen on thelet

chart. If no error can be found, the charting agency may have no alternative but to
enter the shoal soundings upon the charts affected, and take the first opportunity
to send a survey vessel to verify or disprove them.
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The speed at which sound travels in water varies with the salinity, temperature,
and pressure. When these are known, corrections can be applied to obtain more ac-
curate results. However, this is normally done only for scientific purposes. Those
soundings submitted to a charting agency should be the uncorrected values obtained
by using an assumed standard speed of 4,800 feet or 1500 meters per second.

2808. Deep sea sounding lines.-Many deep sea soundings are obtained by ships
proceeding between ports. Soundings should be taken at every opportunity. Those
taken in well-surveyed areas can be of assistance to the navigator in locating his position.
If they conflict with values shown on the chart, and no ei ror is found, they should be
sent to the appropriate charting agency, with full particulars. All soundings in areas
for which little depth information is shown on the chart should be submitted.

In addition to reliable soundings, accurate positions are needed. Navigation should
be in accordance with standard practice, using every practicable means to reduce error
and provide frequent checks on position.

When two or more ships are operating together, they should steam on parallel
courses about five miles apart. Each ship should collect and record its own navigational
data for subsequent submission to the appropriate charting agency.

2809. Investigating small areas.-If a feature of particular interest, such as an
isolated shoal or a seamount, is found or reported in the vicinity of the vessel, a service
can be rendered by conducting a further investigation in the vicinity of the feature.
Two methods are in common use for this purpose:

Radial. A system of radial lines 200 apart are laid out from a central control point,
* .preferably at the center of the feature to be investigated. These are extended outward

for a distance of about 30 miles, and the ends of alternate ones are connected, as shown
in figure 2809a. These form a series of course lines as shown.

Parallel. A north-south, east-west square is laid out with perhaps 60-mile sides,
the center of the feature of interest being at the center of the square. A series of course
lines are drawn parallel to one side of the square, at intervals of about 5 miles. The
ends of alternate parallel course lines are connected, as shown in figure 2809b.

During such an investigation, by either method, the best control of position can
usually be obtained by anchoring ,. buoy, if practicable, at the center of the area. In
some instances, several buoys might be used. Any rig having buoyancy adequate to
support the necessary length of anchor cable is satisfactory. The type generally used
consists of a steel drum or mooring buoy with a weight attached to a cable, in the case
of a large buoy, or piano wire if the buoy is small and of insufficient buoyancy to support
-t cable. A chain is not generally used. Buoys of this type have been successfully an-

chored in depths to 2,500 fathoms. The position of the buoy is determined as accu-
rately as practicable, using celestial navigation, Loran, oi whatever means are available.
Position of the vessel is determined relative to the buoy or buoys, using visual or
radar bearings and ranges at intervals of half an hour or less. Beyond this range, the
best available means are used. A balloon with a suspended radar reflector might be
attached to the buoy to extend its range of usefulness. The securing line of the balloon

- -, . should be at least 400 feet long, if practicable.
Sonar ranging, if available, should be used to assist in the location of shoal areas.

Sounding Reports

2810. Records.-Today much of the data processing necessary for compilation of
nautical or bathymetric charts is accomplished by computers. Consequently, many
of the laborious and time-consuming aspects of sounding report preparation have been
eliminated. Computers, if given the proper infirmation, can quickly and efficiently

x.
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FIGURE 2809a.-Radial course line pattern.

perform all the routine data manipulation tasks formerly done manually by ocean-
ographers and cartographers. However, it is still imperative that the mariner prepare
his report accurately and completely, insuring that the basic elements of depth and I
position,-both correlated with time, are included. Described below are the report I

records that best present these basic elements.~~1. Eehograms. Depth is best depicted by the echogram itself, a continuous "'

analog record that serves not only as a report but also provides verification of the I

shipboard interpretation. There are many formats for echogram paper, but the essential
information needed on an ecbogram is the following:

(i) Ship Name. Record at, the beginning and end of each roll cf echogram or portion
thereof.

(ii) Date. Annotate at least once each day at 1200 and when-tarting and stopping
echo sounder.

(iii) Time. The event marker should be activated and annulated with the correct
time at the beginning of the echogram, at least once each watch thereafter, -nd at the
end of the echogram.
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(iv) Time Zones. Greenwich mean time (GMT) should be used if practicable.
In the event local time zones are used, annotate echogram whenever clocks are reset
and identify time zone in use. Ambiguity of time zone is the most common cause of
difficulty in relating a sounding trace to a ship's position.

(v) Phase or Scale Changes. Clearly label all depth phase (or depth scale) changes
and the exact time they occur. Annotate the upper and lower limits of echograms if

: necessary. i

(vi) Transducer Depth. The depth of the transducer beneath the surface and whether
it is allowed for in the trace is necessary to compute true depth, especially in shoal
areas. A specimen echo sounding record is shown in figure 2810a.

2. Navigation Log. In the past a smooth plotted track supplemented by the
unadjusted plot was an essential part of a sounding report. The computer, with its
tremendous capacity for data processing, has relieved the navigator of this monoto-
nous and time-consuming task so that today only the navigation log is necessary.
However, it is still important that the navigation log be accurate and contain all
of the following information: -4

(i) Date
(ii) Time (GMT)
(iii) Latitude and longitude
(iv) Type of navigational fix
(v) Course

IAS
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FIGURE 2810a.-Specimen echo sounding record.

(vi) Speed
(vii) Remarks

Figure 2810b illustrates a typical navigation log.
When the above information has been collected and properly annotated, it should

be sent to the appropriate charting agency, usually the Defense Mapping Agency
Hydrographic Center. The commanding officer's or master's forwarding letter should
indicate the type of sounding system, any difficulties encountered, and pertinent
remarks regarding estimated reliability of the data. Areas where sounding data are I
most needed are outlined on chart 5103, Bathymetric Data Requirements, which should 1
be inspected prior to a voyage.

NAVIGATION LOGDAETMNVREMARKS
DAETIME LAT. I LONG NAV. :OURS SPE
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FIGURE 2810b.-Typical navigation log.
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CHAPTER XXIX

POSITION REPORTING SYSTEMS

2901. Introduction.--Several thousand merchant vessels are at sea at one time.
These vessels have the proven potential for early arrival at a scene of distress. The
purpose of a position reporting system is to make possible maximum efficiency in
coordinating assistance by merchant vessels at a scene of distress in order to save life
and property at sea.

It is important that information be readily available to Search and Rescue (SAR)
coordinators immediately upon occurrence of an emergency so thqt potential assist,-
ance can be obtained effectively and with the least delay to those offering and needing
aid. Establishing communications is sometinaes difficult even when automatic alarms
are used and determination of SAR capabilities and intentions of vessels is time-
consuming, unless the essential information has been made readily available before-
hand by their participation in a position reporting system.

Regulation 10, chapter V of the Convention on Safety of Life at Sea (SOLAS 1960)
obligates the master of any vessel at sea who becomes aware of a distress incident, to
attempt to render assistance. He must proceed and assist until aware that other aid is

at hand or until released by the distressed unit. Other international treaties and con-
ventions impose the same requirement. Position reporting systems permit determination
of the most appropriate early assistance, provide the means for a timely resolution of
distress cases, and enable vessels responding to distress calls to continue their passage
with a minimum amount of delay.I Recommendation 47 of IMCO's SOLAS 1960 Conference reads as follows:

"The Conference recommends that Contracting Governments should encourage
all ships to report their positions when traveling in areas where arrangements are
made to collect these positions for Search and Rescue (SAR) use. Each Government
should arrange that such messages shall be free of cost to the ship concerned."

There are presently five vessel position reporting systems in operation through-
out the world. These are: 1. Australian Ships Reporting System (AUSREP). 2. New
Zealand System. 3. Greenland System. 4. Madagascar System. 5. Automated Mutual-
assistance Vessel Rescue System (AMVER). The particulars of each system are given in
publications of the Inter-Governmental Maritime Consultative Organization (IMCO).

Masters of vessels making offshore passages are requested by the U. S. Coast
Guard to always participate in the AMVER System, and to participate in the other
four systems whenever sailing within the areas covered by them.

2902. The Automated Mutual-assistance Vessel Rescue System (AMVER), oper-
ated by the United States Coast Guard, is a maritime mutual assistance program that
provides important aid to the development and coordination of SAR efforts in the
oceans of the world. Masters of merchant vessels of all nations making offshore passages
of more than 24 hours are encouraged to send sail plans and periodic position reports
to the AMVER Center in New Yerk. There is no charge for these radio messages when
they are sent through one of the co-, rating AMVER radio stations (art. 2903). Infor-
mation from these messages is entf- ci into an electronic computer that generates and
maintains dead reckoning positions of participating vessels throughout their voyages.
The predicted locations and SAR characteristics of all vessels known to be within a "'
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given area are furnished upon request to recognized SAR agencies of any nation for
use during an emergency. Predicted vessel locations are disclosed only for reasons re-
lated to maritime safety.

AMVER is a free and voluntary program. Benefits to shipping include: 1. Im-
proved likelihood of rapid aid in emergencies; 2. reduced number of calls for assistance
to vessels not favorably situated; 3. reduced time lost for vessels responding to calls for
assistance. An AMVER participant is under no greater obligation to render assistance
during an emergency than a vessel that is not participating.

In addition to the information calculated from sail plans and position reports, the
AMVER Center stores data on the characteristics of merchant vessels. This data,
reflecting SAR capability, includes the following: vessel name; international call sign;
nation of registry; owner or operator; type of rig; type of propulsion; gross tonnage;
length; normal cruising speed; radio schedule; medium, high, and very high frequency
radio facilities; radio te'ephone installed; surface search radar installed; doctor nor-
mally carried. Vessels can assist the AMVER Center in keeping this data accurate by I
sending a complete report by message, letter, or by completing a SAR Capability'
Questionnaire (fig. 2905b) available from AMVER, and then sending corrections as
the characteristics change. The corrections may easily be included in regular AMVER
reports as remarks.

Although a vessel need not be departing or coming to the United States to be
an AMVER participant there is an additional benefit for those whose destination is
a U. S. port. AMVER participation via messages which include the necessary informa-
tion is considered to meet the requirements of the United States Code of Federal
Regulations, Title 33, Part 124.10; this requires, with certain exceptions, that the
master or agent of each United States registered vessel and every foreign vessel ar-
riving at a United States port (including the Great Lakes) from an offshore passage I
give advance notice to the U. S. Coast Guard at least 24 hours prior to arrival. The
Code should be consulted to determine the exact current requirements, the exceptions,
and the conditions of constructive compliance. The AMVER message must include the
first port of call where a harbor entrance serves more than one port. The AMVER
Center forwards pertinent information to the appropriate Coast Guard officials.

2903. AMER System communications network..--An extensive radio station

communications network supports the AMVER system and provides two routes for
assistance messages as well as for AIER messages: coast radio stations and Ocean
Station Vessel radio facilities. Propagation conditions, location of vessel, and message
density will normally determine which station may best be contacted to establish
communications. To insure that no charge is applied, all AM'E R messages should be

assed through specified radio stations. Those whh currently accept A.MVER messages
and apply no coast station, ship station, or landline charge are listed in each issue of I
the AMI VER Bulletin (art. 2904) together with respective call sign, location, frequency I
bands, and hours of guard. Although AMV\ER messages may be sent through other
stations, the Coast Guard cannot reimburse the sender for any charges applied.

2904. The AMVER Bulletin, published bimonthly by Commander, Atlantic Area,
-" United States Coast Guard, Governors Island, New York, New York, 10004, provides

information on the operation of the AMVER System of general interest to the mariner.
It also provides up-to-date information on the AMVER communications network (art. -

2903) and Radio Wave Propagation Charts which indicate recommended frequencies for
contacting U. S. coast radio stations participating in the AMVER System, according
to the time of day and the season of the year.

2905. AMVER participation.-Instructions guiding participation in the AMNTR
System are usually available in the following languages: Danish, Dutch, English,

_f
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French, German, Greek, Italian, Japanese, Polish, Norwegian, Portuguese, Russian,
Spanish, and Swedish. They are available from: Commander, Atlantic Area, U. S. Coast
Guard, Governors Island, New York, N.Y. 10004; Commander, Pacific Area, U. S.
Coast Guard, 630 Sansome Street, San Francisco, California 94126; and at U. S. Coast
Guard District Offices, Marine Inspection Offices, and Captain of the Port Offices in
major U. S. ports. Requests for instructions should state the language desired if other
than English.

Search and Rescue Operation procedures are contained in the Merchant Ship
Search and Rescue Manual (MERSAR), published by the Inter-Governmental Maritime
Consultative Organization (IMCO).

A vessel is a participant in the AMVER program when its master sends a sail
plan (fig. 2905a) to the AMVER Center upon leaving port, or as soon thereafter as

* •possible. A participant is under no greater obligation to provide assistance during an
emergency than a nonparticipant. There is no limitation on the size of a vessel that
may participate in AMVER. Participation is determined by the nature of the passage
and the communication capability aboard the vessel.

In connection with a vessel's first AVER-plotted voyage, the master is requested
to complete a questionnaire (fig. 2905b) providing the radio watch schedule, available
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medical and communications facilities, and other useful characteristics. Stored in the .
AMVER computer, this information can be electronically processed with great speed'
in an emergency at the same time that a position is calculated.

Any vessel of any nation departing on an offshore passage of 24 hours duration!
or greater is encouraged to become a participant in the AMVER System by sending'
appropriate AMVER messages in four types of formats. The messages may be trans-!
mitted at any convenient time as long as the infoimation is accurate and the datal
corresponds to the time specified. For example, the information may be estimated
for a short time in the future, for the present, or for a short time past.

The four types of AMVER messages are:
Type 1. The complete Type 1 report (fig. 2905a) consists of nine parts and anyv

pertinent remarks and contains the information necessary to initiate a plot. It is!
called an initial ANIVER message and may be considered a movement report or sail'
plan. Type 1 reports may be sent immediately prior to departure, at departure,3
immediately after departure, or as soon as adequate communications can be established. |

Type 2. The Type 2 report is considered a position report and includes the!
date and time of the position. It may contain additional entries and remarks. Fx-1
perience has shown that occasional position reports are required during long passages-
to insure that the electronic computer will predict the positions within acceptablel
accuracy. It is not essential that these position reports be sent at any particular time
or location, but it is suggested that they be prepared at intervals of approximately
15 degrees of latitude or longitude depending upon direction of advance. PositionsH
are also extracted from weather reports made by ships participating in the inter-
national weather observation program since such position data is automatically for-
warded to AMVrER. U

Type D. The Type D report is a deviation report and need include only informa-1
tion which differs from that previously reported. It is sent when the actual position- i
will vary more than 25 miles from the position which would be predicted based upon;
data contained in previous reports. It may indicate a change of route, course, speed,R
or destination, and include any pertinent remarks.

Type 3. A Type 3 report is an arrival report, and is sent upon reaching the harbor
entrance at port of destination. Parts 6, 7. 8, and 9 may be omitted from the message
if desired. Remarks niav be included. If communications cannot be established to
permit sending the Type 3 report, the electronic computer will automatically terminate
the p'ot at the predicted time of arrival at the destination. However, the report is,
desired to increase the accuracy of the plot. Type 3 reports are especially desired upon:
arrival at the harbor entrance of United States ports.

Only these four types of AMVER messages require specific formats. Other messages
relating to a vessel's AMVER participation or data, such as facts on her SAR capa-!
bilities, may also be sent via the AMVER communications network.

Additional information concerning the AMVER System may be obtained by writing I
- to Commandant, U. S. Coast Guard, Washington, D.C. 20590, or by writing or visiting

Commander, Atlantic Area, U. 6. Coast Guard, Governors Island, New York, N.Y.

The AN1ER System is coordinated in the Pa,,2ic1 regions by Commander, Pacific! Area, U. S. Coast Guard, U. S. Appraisers Bldg., 630 Sansome St., San Francisco, Calif.!

94126. 1
Other countries such as Canada are a formal part of the AMVER System and pro-

vide radio stations for relay of AMVER reports as well as coordinating rescue efforts in
certain regions. Applicable instructions have been promulgated by official publications of -

the participating countries.
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Autordted utual-assistance VEssel Rescue System

CAPABILITY !UESTIONNAIRE FOR MERCHM.T VESSELS
(PLEASE PRINT)

R!

DATE
Call

Present Same of Vessel Sign Year Built_

Previous Name cr Call Manacer
Sign of Vessel _r Owner

Propulsion Type Tyne of Rig
(see key below) (see key below)

Length Gross Tonnage. Average Speed
(in feet,

Radio Watch Schedule Radar Doctor Normally carried
(see key) (Yes or No) (Yes or No)

Radio Telephone (2182KHz) VHF F4 Radio (156.8 y.Nz_
(Yes or No) (Yes or NO)

Medium and/or High Single
Frequency Radio Side Band_

(see key) (Yes or No)

Nation of igistry

Remarks: _

-~~~~ --
(Fold on This Line)

TYPE OF RIG KEY PROPFULSION TYPE KEY

A Academic or Training Vessel DE Diesel Electric
B Cable Ship GT Gas Turbine
C Cargo, Dry HS Hydrofoil Ship
D Dredge V 0.1 or Gas Engine
F Fishing or Whaling Rig NR Nuclear Reactor |
H Hospital or Special Medical Facility SR Steam Reciprocating
I Icebreaker SS Steam Turbine
K Car Carrier E Turbo Electric
L Log/Lurber Carrier
N Naval Vessel PADIO WATCH SChEDULE KEY
O Ore or Dry Bulk Cargo
P Passenger h24 24 Hour Continuous Service
R Refrigerated Cargo H16 16 Hour Service (ITU Schedule)
S Salvage vessel, Tug or Tender H8 8 Hour Service (ITU Schedule)
T Tanker, or L-quid Bulk Carrier Sx 8 Hour Service, Schedule not
U (Lash) Type Carrier specified
W Weatier Station Vessel N No CW Operation (Radiotelephone only.
V Van, or Container Carrier unscheduled)
X niscellaneous, Research. Survey

Ferry. etc.

RADIO FRE0rLCY KEY: X mesiun Frequency 405-535 KHz
Z High FreqUency 4000-25110 KNz

Does vessel receive bi-monthly 'A.VER Bulletin'? Yes ( NO )
If not receiving "Bulietin', do you want vessel added to mailing list? Yes C ) No
(Pleuse print c,-lete mailing address on reverse, if Yes to above.)

NOTE: Please answer all questions: fold questionnaire so that address on the reverse I
c z ..- - ztlpte a or ap closed, ApIy .tage of the country frcm which vailed.

kfAR5)'W OF fluWORiSTION
a. 1. COU7 wan
15M CAA & (REV l0-71)

FIGURE 2905b.-SAR Capability Questionnaire.
--_A
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2906. AMVER plot information.-The information stored in the computer can bq1

used to provide several types of display according to the needs of controllers at Rescud "
Coordination Centers. The surface picture (SURPIC) can be d;splayed as a Radiuo
SURPIC (fig. 2906a). When requesting a Radius SURPIC, the controller specifies thd
date and time, a latitude and longitude to mark the center (P), the radius (in- nautical
i. iles) that the SURPIC should cover (R), whether the names of all ships are desired!
(or only those with doctors or just those heading either east or west).

A Radius SURPIC may be requested for any radius from L o 999 miles. A sample
request is as follows:

"REQUEST 062100Z RADIUS SURPIC OF DOCTOR-SHIPS WITHIN
800 MILES OF 43.6N 030.2W FOR MEDICAL EVALUATION M/V
SEVEN SEAS."
The HI-LO SURPIC (fig. 2906a) is obtained by the control!er specifying the

(late, time, and two latitudes and two longitudes. The controller can limit the ships
to be listed as with the Radius SURPIC. The computer responds with a listing of,
vessels within the boundaries specified.

'There is no maxinium or minimum size limitation on a HI-LO SURPIC. i
A sample HI-LO SURPIC request is as follows:
"REQUEST I 1300Z HI-LO SURPIC OF WESTBOUND SHIPS FROX,
43N TO SiN LAT:7UDE AND FROM 130W TO 150W LONGITUDE i
FOR SHIP DISTRESS M/V EVENING SUN."
The Trackline SURPIC (fig. 2906a) is obtained by the controller specifying thel 1

date and time, two points (P-1 and P-2), whether the trackline should be rbumb-
line or great circle, what the half-width (D) coverage should be (in miles), and whether
all ships - .e desired (or only doctor ships, or just those east or westbound). The half ...

width (D) specified should not exceed 100 rail s. When received, the SURPIC will
list ships in order from P-1 to P-2. Z

There is no maximum or minimum distance between P-1 and P-2.
A sample Trackline SURPIC req, t is as follows:
"REQUEST 310100Z GREAT ChCLE TRACKLINE SURPIC OF ALL
SHIPS WITHIN 50 MILES OF A LINE FROM 20.1N 150.2W TO 21.5N
158.0W FOR AIRCRAFT PRECAUTION."
A Spccifi; Advance is not a SURPIC, as such. It is used to determine the locatioI

of a specific ship. It permits a controller to determine the position of an AMVER ?
participait wherever located.

A sample Specific Advance request is as fo-,ows:
"REQUEST PRESENT POSITION, COURSE, AND SPEED OF MiV
SOLID STATE/HIND."
A Radius SUIRPIC as it would be received by a rescue ceater, listing all ships

within: a 200-mile radius of 26.2N, 179.9W, is shown in figure 2906b.
2907. Uses of AMVER plot information.--An example of the use of a Radius

SUBPIC is depicted in figure 2907. In this situation rescue authorities believe that a
ship in distress, or her survivors, will be found in the rectangular area. The Rescue
Coordination Center requec.ts a listing of all eastbound ships within 100 miles of a
carefully (hosen pesition. Once this list is received by the Rescue Coordination Center AQ
a few moments later, the numes and call letter. of those ships chosen to assist in the!
search can be passed to a powerful commercial radio sta. 3.1 nearby for inclusion in their!
ne.,t regularly scheduled TRAFFIC LISTS (normally broadcast every 2 hours). These
ships will be nctified that rescue authorities are waiting to contact them on a given
working frequency.

I
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Pi

r D

r- 14140 SURPIC

Trockline P2

Radius SURPIC SURPIC

F~uUR1L 2906a.-Radius SURPIC, IlI-LO SURPIC, and Trackine SURPIC.

Call Destination
Namne sign Position Course Speed SAR data and ETA

CHILE MARU JAYU 26.2N 179.9E C294 12.5K H 1 6 R T X Z KOBE 11
CPA 258 DEG. 012 MI. 032000Z
WILYAMA LKBO 24.8N 179.IW C106 14.0K HX R TVXZ BALBOA 21
CPA 152 DEG. 092 Mi. 032000Z

CPA WILL PASS WITHIN 10 Mi04043OZ

ACNEAS GMAIT 25.9N 176.9E C285 16.0K H 8 R N V XZ YKHAMA 10
CPA 265 DEG. 175 Mi, 03200Z

F IGURn 2906b.-Radjus SURPLO as received by a rescue center.

- Dblin e-

I I I / Is

100OMile ---.

Radius SURPIC - - -..-

I'...., FRANCE

FwURE. 2907.-U a of Radius SURPIG.

.Each shpcontacted may bu asked to sail a rhumb line between two specified
pcints, one at the beginning of the search area and one at the end. By carefully assigning
ships 0' areas of needed coverage, very little time need be lost from the sailing schedule
of each cooperating ship. Those ships joining the search would report their positions

every few hours to the Rescue Coordination Center, together with wveat her data and
any significant sightings. In order to achieve~ saturation coverage, a westbound SURPIC
at the eastern extremity of the search area would be used.

?6a
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The Trackline SURPIC is most commonly used as a precautionary measure forl

aircraft. Rarely, if ever, is a major airliner forced to ditch at sea anymore. But occasiols
frequently arise where a plane loses the services of one or more of its engines. A Trackline"
SURPIC provided from the point of difficulty to the destination provides the pilot
with the added assurance of knowing the positions of vessels beneath him. SURPIC's
have been used successfully to save the lives of pilots of small aircraft.
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CHAPTER XXX

THE OCEANS

3001. Introduction.-Oceanography is the application of the sciences to the
phenomena of the oceans. It includes a study of their forms; physical, chemical, geo-
logical, ,'A biological features; and phenomena. Thus, it embraces the widely separated
fields of ge,, raphy, geology, chemistry, physics, and biology. Many subdivisions of these
sciences, such as sedimentation, ecology (biological relat;-,iship between organisms
and their en% ironment), bacteriology, biochemistry, hydrodynamics, acoustics, and
optics, have been extensively studied in the oceans.

_ The oceans cover 70.8 percent of the surface of the earth. The Atlantic covers 16.2
percent, the Pacific 32.4 percent (3.2 percent more t _.. ,he land area of the entire earth),
the Indian Ocean 14.4 percent, and marginal and aJj,, ent areas (of which the largest is
the Arctic Ocean) 7.8 percent. Their extent alone makes them an important subjec'
for study. However, greater incentive lics in their use for transportation, their influence
upon weather and climate, and their potentiality as a source of power, food, freshwater,

- and mineral and organic substances.
3002. History of oceanography.-The earliest studies of the oceans were concerned

principally with problems of navigation. Information concerning tides, currents, sound-
ings, ice, and distances between ports was needed .s ocean commerce ii.creased. Ac-
cording to Posidonius, a depth of 1,000 fathoms had been measured in the Sea of
Sardinia as early as the second century BC. About the middle of the 19th century,
the Darwinian theories of evolution gave a great impetus to the collection of marine
organisms, since it is believed by some that all terrestrial forms have evolved from
oceanic ancestors. Later, the serious depletion of many fisheries called for investigation
of the relation of the economically valuable organisms to the physical characteristics
of their environment, especially in northwestern Europe and off Japan. Still later, the
growing use of the oceans in warfare, particularly after the development of the sub-
marine, required that much effort be expended in problems of detection and attack,
resulting in the study of many previously neglected scientific aspects of the sea.

Oceanographic exploration. Exploration of the seas was primarily geographical
until the 19th century, although the accumulated observations of seafarers, as recorded
in the ea-Ay charts and sailing directions, often included data on tides, currents, and
other oceanographic phenomena. The great voyages of discovery, particularly those
beginning in 1768 with Captain Cook, and continued by such commanders as La
P6rouse, Bellingshausen, and Wilkes, included scientists in their complements. However,
scientific work on the oceans at this period was severely limited by lack of suitable in-
struments for probing conditions below the -irface. Meanwhile, Lieutenant Matthew
Fontaine Maury, USN, working in the forerunner of the U. S. Navy Hydrographic
Office in Washington, developed to a high degree of perfection thi. analysis of log-book
observations. His first results, pihlishcd in lb,, were of great importance to ship
operations in the recommendation of fav orable sailing routes, and they stimulated inter-
national cooperation in the fields of oceanography and marine meteorology.

741
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742 THE OCEANS

In the rapid advances in technoiogy after 1850, oceanographic instrumentation 24
problems were not neglected, with the result that the British Navy in 1872-76 wa, N
able to send HMS Challenger around the world on the first purely deep-sea oceano-
graphic expedition ever attempted. Her bottom samples, as analyzed by Sir John.
Murray, laid the foundation of geological oceanography, and 77 of her seawater!
samples, analyzed by C. R. Dittmar, proved for the first time that various constituentsf
of the salts in seawater are everywhere in virtually the same proportions.

Since that time, the coastal waters and fishing banks of many nations have been.
extensively studied, and numerous vessels of various nationalities have conducted work-
on the high seas. Notable among these have been the American Albatross from 18821
to 1920; the Austrian Pola in the Mediterranean and Red Seas between 1890 and 1896 ;I
the Danish Dana, which during its voyages of 1920-22 discovered the breeding placel
of the European eels in the Sargasso Sea; the American Carnegie in 1927-29; thel
German Meteor in the Atlantic from 1928 to 1938; and the British Discovery II in the,Antarctic between 1930 and 1939. Notable also were the drifts of the Norwegian vessels;
Fram and M1aud in the arctic ice pack from 1893 to 1896 and 1918 to 1925, respectively ; I
the attempt by Sir George Hubert Wilkins to operate under the ice in the British uo---
marine Nautilus in 1931; and the Russian station set up at the North Pole in 1937,i
which made observations from the drifting pack ice.

At the same time, investigations pursued ashore provided the theoretical basisA
for the explanation of ocean currents, under the leadership of Helland-Hansen in
Norway and Ekman and the Bjerknes in Sweden, while Martin Knudsen in Denmark
worked out the precise details of the relationship between chlorinity, salinity, and
density, enabling the theories to be verified by field observations.

During World War II, basic investigations were interrupted while work on purely i
military applications of oceanography was carried out. Deep-sea expeditions were E
renewed by the Swedish Albatross after the war, followed by the Danish Galathea, I

V the second British Challenger (built in 1931), and Discovery II in the Antarctic, and
vessels of the American Scripps Institution in the Pacific. Oceanographic work was -
carried out by Americans and Russians in the Arctic. I

3003. Origin of the oceans.-Although many leading geologists still disagree with !

the conclusion that the structure of the continents is fundamentally different fiom
that of the oceans, there is a growing body of evidence in support of the theory that
the rocks underlying the ocean floors aro more dense than those underlying the con-
tinents. According to this theory, all the earth's crust floats on a central liquid core,
and the portions that make up the continents, being lighter, float with a higher free-
board. Thus, the thinner areas, composed of heavier rock, form natural basins where
water has collected.

The shape of the oceans is constantly changing due to continental drift. The surface
of the earth may 1 ,onceived as consisting of several "plates." These plates are joined i
along fracture or fault lines. There is constant and measurable movement of these I
plates.

The origin of the water in the oceans is also controversial. Although some geol--_
ogists have postulated that all the water existed as vapor in the atmosphere of the
primeval earth, and that it fell in great torrents of rain as soon as the earth cooled
sufficiently, another school holds that the atmosphere of the original hot earth was i
lost, and that the water gradually accumulated as it was given off in steam by volcanoes
or worked to the surface in hot springs.

Most of the water on the earth's crust is now in the oceans-about 328,000,000
cubic statute miles, or about 85 percent of the total. The mean depth of the ocean
is 2,075 fathoms, and the total P.rea is 139,000,000 square statute miles.

|•. L-
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3004. Oceanographic chemistry may be divided into three main parts: the chemistry
-of (1) seawater, (2) marine sediments, and (3) organisms living in the sea. The first
.is of particular interest to the navigator.

Chemical properties of seawater are determined by analyzing samples of water
obtained at various places and depths. Samples from below the surface are obtained
by means of metal bottles designed for this purpose. The open bottles are attached
at suitable intervals to a wire lowered into the sea. When they reach tha desired depths,
a metal ring or messenger is dropped down the wire. When the messenger arrives at
the first bottle, it causes the bottle to close, trapping a sample of the water at that
depth, and releasing a second messenger which travels on down the wire. The process
is repeated at each bottle until all are closed, when they are hauled up and each bottle
detached as it comes within reach. Of the vanous types devised, the Nansen bottle
is the most widely known. It is equipped with a removable frame for attaching a
thermometer.

3005. Physical properties of seawater a.,, dependent primarily upon salinity,
temperature, and pressure. However, factors like motion of the water and the amount
of suspended matter affect such properties as color and transparency, conduction of
heat, absorption of radiation, etc.

3006. Salinity is the amount of dissolved solid material in th, water when carbonate
has been converted to oxide, bromide and iodide to chloride, and orgeie material j
oxidized. It is usually expressed as parts per thousand (by weight), under certain stand-
ard conditions. This is not the same as chiorinity, which is equal approximately to the
amount of chlorine, with bromides ahd oxides converted to chloride. (Actually the
,chlorine content is about 1.00045 times the chlorinity as determined by standard
procedures.) The two have been found to be related empirically by the formula: I

saluikv=0.03+ 1.805Xchlorinity.

Historically the determination of salinity was a slow and difficult process, while chlo-
rinity (ould be determined easily and accurately by titration w.ith silver nitrate. It i

was customary to determine chlorinity and compute solinity by the formula given A

above. By this process, salinity could be determined with an error not exceeding 0.02
parts per thousand. Salinity can now be measured directly using a s'linometer which
measures changes in conductivity. Salinity generally varies between about 33 and 37
parts per thousand, the average being about 35 parts per thousand. However, when the
water has been diluted, as near the mouth of a river or after a heavy rainfall, the salinityis somewhat less; and in areas of excessive evaporation, the salinity may be as high

as 40 parts per thousand. In certain confined bodies of water, notably the Great Salt
Lake in Utah, and the Dead Sea in Asia Minor, the salinity is several times this maxi-mum. Chlorinity accounts for about 55 percent of salinity, the average being about

19 parts per thousand.
3007. Temperature in the ocean varies widely, both horizontally and with depth.

-" Maximum values of about 90°F are encountered at the surface in the Persian Gulf in
summer. and the lowest possible values of about 28'F (the usual mimmum freezing
point of seawater) occur in polar regions and near the ocean bottom everywhere,
including the Tropics. Pub. No. 225, World Atla, of Sea Surfale Temperatures, shows in

Is- detail the average sea surface temperatures for each month. The following tabulation
gives the percentage distribution of temperatures for the world for the monLhs of
February and August, as derived from this source:

ILk gw
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Surface teratperaure Percentage of area of ocean
OF February August

<35 12.0 13.1
35-40 6.5 3.3
40-45 4.0 3.0
45-50 4. 5 5. 0
50-55 4.0 6.5
55-60 5.0 6.0
60-65 5. 5 6. 3
65-70 8.0 7.0
70-75 10.0 10.4
75-80 17. 5 16. 5

80-85 23.0 22.7I 85-90 0. 0 0. 2

The vertical distribution of temperature in the sea nearly everywhere shows
a decrease of temperature with depth. Since colder water is denser (assuming the
same salinity), it sinks below warmer water. This results in a temperature distribution
just opposite to that of the earth's crust, where temperature increases with depth below I
the surface of the ground.

In general, in the sea there is usually a mixed layer of isothermal water below
the surface, where the temperature is the same as that of the surface. This layer is A
caused by two physical processes: wind mixing, and convective overturning as surface
water cools and becomes more dense. The layer is best developed in the Arctic and I
Antarctic regions and seas like the Baltic and Sea of Japan during the winter, where it •
may extend to the bottom of the ocean. In the Tropics, the wind-mixed layer may exist
to a depth of 125 meters. The layer may exist throughout the year. Below this layer is aI
zone of rapid temperature decrease, called the thermocine, to the temperature of the
deep oceans. At a depth greater than 200 fathoms, the temperature everywhere is below
60*F, and in the deeper layers, fed by cooled waters that have sunk from the surface
in the Arctic and Antarctic, temperatures as low as 28?5F exist.

In the colder regions the cooling creates the convective overturning and isothermal
water in the winter; but in the summer a seasonal thermocline is created as the upper
water becomes warmer.

A typical curve of temperature at various depths is shown in figure 3503a. Tem-
perature at any desired depth can be determined by means of a reversing thermometer;
attached to a Nansen bottle (art. 3004). When the bottle closes, the thermometer
measures the temperature to within 0?04F, thus providing a reading for a particular
time and point. Instruments with thermistors (devices that utilize the change in
conductivity of a semiconductor with change in temperature) are commonly used to
measure temperature. The STD (salinity-temperature-depth) is an instrument that i
provides continuous signals as it is lowered from the vessel; temperature is determined'
by means of a thermistor, salinity by conductivity, and depth by pressure. Continuous

- records of temperature were first obtained by an instrument called a bathythermograph,
invented by Spilhaus in 1938. This device functioned to a depth of 75 meters.

The mechanical bathythermograph has been replaced almost entirely by the
expendable bathythermograph (XBT), which uses a thermistor. The XBT is connected
to the vessel by a fine wire. The wire is coiled inside the probe and as the probe free- _
falls in the ocean, the wire plays out. Depth is determined by elapsed time and a known
sink rate. Depth range is determined by the amount of wire stored in the probe; the §*..
most common model has a depth range of 500 meters. At the end of the drop, the wire "
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breaks and the probe falls to the ocean bottom. One instrument of this type is dropped
from an aircraft, the data being relayed to the aircraft from a buoy to which the wire
of the XBT is attached.

3008. Pressure.-In oceanographic work. pressure is generally expressed in units
of the centimeter-gram-second system. The basic unit of this system is 1 dyne per
square centimeter. This is a very small unit, one million constituting a practical unit
called a bar, which is nearly equal to 1 atmosphere. Atmospheric pressure is often
expressed in terms of millibars, 1,000 of these being equal to 1 bar. In oceanographic
work, water pressure is commonly expressed in terms of decibars, 10 of these being
equal to 1 bar. One decibar is equal to nearly IX pounds per square inch. This unit is
convenient because it is very nearly the pressure exerted by 1 meter of water. Thus,
the pressure in decibars is approximately the same as the depth in meters, the unit of
depth customarily used in oceanographic research. In terms more familiar to the
mariner, the pressure at various depths is as follows:

Deth in Pressure in pounds per
M osquare inch

1,000 2,680
2,000 5,390
3,000 8,100
4,000 10,810
5,000 13,520

The increase in pressure with depth is nearly constant because water is only slightly
compressible.

Although virtually all of the physical properties of seawater are affected to a
measurable extent by pressure, the effect is not as great as those of salinity and tem-
perature. Pressure is of particular importance to submarines, directly because of the
stress it induces on the materials of the craft, and indirectly because of its effect upon
buoyancy.

3009. Density is mass per unit volume. Oceanographers use the centimeter-
gram-second system, in which density is expressed as grams per cubic centimeter.
The ratio of the density of a substance to that of a standard substance under stated
conditions is called specific gravity. By definition, the density of distilled water at
4°C(39?2 F) is 1 gram per milliliter (approximately 1 gram per cubic centimeter).
Therefore, if this is used as the standard, as it is in oceanographic work, density and
specific -ravity are virtually identical numerically.

The density of seawater depends upon salinity, temperature, and pressure. At
constant temperature and pressure, density varies with salinity or, because of the
relationship between this and chlorinity, with the chloinity. A temperature of 32'F
and atmospheric pressure are considered standard for density determination. The
effects of thermal expansion and compressibility are used to determine the density
at other temperatures and pressures. The density at a particular pressure affects
the buoyancy of submarines. It is also important in its relation to ocean currents.

The greatest changes in density of seawater occur at the surface, where the water
is subject to influences not present at dey:hs. Here density is decreased by precipita-
tion, run-off from land, melting of ice, or heating. When the surface water becomes
less dense, it tends to float on top of the more dense water below. There is little ten-
dency for thi water to mix, and so the condition is one of stability. The density of
surface watei is increased by evaporation, formation of sea ice, and by cooling. If the
surface water becomes more dense than that below, it causes convective mixing. The
mre dense surface water sinks and mixes with less dense water below. The resultant
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layer of water is of intermediate density. This process continues until the density of
the mixed layer becomes less than that of the water below. The convective circulation
established as part of this process can create very deep uniform mixed layers. If the
surface water becomes sufficiently dense, it sinks all the way to the bottom. If this
occurs ia an area where horizontal flow is unobstructed, the water whicb has descended
spreads to other regions, creating a dense bottom layer. Since the greatest increase in
density occurs in polar regions, where the air is cold and great quantities of ice form,

the cold, dense polar water sinks to the bottom and then spreads to lower latitudes.
In the Arctic Ocean region, the cold, dense water is confined by the Bering Strait and
the underwater ridge from Greenland to Iceland to Europe. In the Antarctic, however,
there are no similar geographic restrictions and large quantities of very cold, dense
water formed there flow to the north along the ocean bottom. This process has con-
tinued for a sufficiently long period of time that the entire ocean floor is covered with
this dense water, thus explaining the layer of cold water at great e .pths in all the oceans.

In some respects, oceanographic processes are similar to those occurring in the
atmosphere (ch. XXXVIII). The convective circulation in the ocean is somewhat
similar to that in the atmosphere. Water masses having nearly uniform characteristics
are analogous to airmasses. A

3010. Compressibility.-Seawater is nearly incompressible, its coefficient of
compressibility being only 0.000046 per bar under standard conditions. This value
changes slightly with changes of temperature or salinity. The effect of compression is
to force the molecules of the substance closer together, causing it to become more dense.
i!ven though the compressibility is low, its total effect is considerable because of the
amount of water involved. If the compressibility of seawater were zero, sea level
would be about 90 feet higher than it now is.

3011. Viscosity is resistance to flow. Seawater is slightly more viscous than fresh- I
water. Its viscosity increases with greater salinity, but the effect is not nearly as

marked as that occurring with decreasing temperature. The rate is not uniform, be- i
coming greater as the tempera ture decreases. Because of the effect of temperature
upon viscosity, an incompressit le object might sink at a faster rate in warm surface
water than in colder water below. However, for most objects, this effect may be more
than offset by the compressibility of the object.

The actual relationships existing in the ocean are considerably more coLaplicated il
than indicated by the simple exr'ination given above, because of turbulent motion
within the sea. The disturbing effec, is called eddy viscosity.

3012. Specific heat is the amount of heat required to raise the temperature of a
unit mass of a substance a stated amount. In oceanographic work, specific heat is
stated, in centimeter-g 'am-second units, as the number of calories needed to raise 1
gram of the substance 1°0. Specific heat at constant pressure is usially the quantity
desired when liquids ai'c ;nvolved, but occasionally the specific heat at constant volume 1
is required. The ratio of these two quantities has a direct relationship to the speed of
sound in seawater.

The specific heat of seawater decreases slightly as salinity increases. However,
.it is much greater than that of land. The ocean is a giant sink and source for heat. Itit soc reae hnta of lad. th ocean e inTis agntskadsorefrht.it

can absorb large quantities of heat with very little change in temperature. This is
partly due to the high specific heat of water and partly due to mixing in the ocean
that distributes the heat throughout a layer. Land has a lower specific heat and, in
addition, all heat is lost or gained from a thin layer at the surface. This accounts for the
greater temperature range of land and the atmosphere above it, resulting in mons -ons
(ar. 3810) and the familiar land and sea breezes of tropical and temperate regions NO.
(art.. 3814).
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3013. Thermal expansion.-One of the moie interesting differences between salt-
and freshwater relates to thermal expansion. Saltwater continues to become more
dense as it cools to the freezing point; freshwater reaches maximum density at 40C
and then expands (becomes less dense) as the water cools to 00C and freezes. This
means that the convective mixing of freshwater stops at 40C; freezing proceeds very
rapidly beyond that point. The rate of expansion with increased temperature is greater
in seawater than in freshwater. Thus, at temperature 150C (59'F), and atmospheric
pressure, the coefficient of thermal expansion is 0.000151 per degree Celsius for fresh-
water and 0.000214 per degree Celsius for water of 35 parts per thousand salinity. The
coefficient of thermal expansion increases not only "ith greater salinity, but also with
increased temperature and pressure. At 35 parts per thousand. t!:e coefficient of surface
water increases from 0.000051 per degree Celsius at 00C (321'F) to 0.000334 pe. degree
Celsius at 300C (86°F). At a constant temperature of 00 C (32°F) and a salinity of
34.85 parts per thousand, the coefficient increases to 0.000276 per degree Celsius at
a pressure of 10,000 decibars (at a depth of approximately 10,000 meters).

3014. Thermal conductivity.-In water, as in other substances, one method of
heat transfer is by conduction. Freshwater is a poor conductor of heat, having a
coefficient of thermal conductivity of 0.00139 calories per second per centimeter per
degree Celsius. For seawater it is slightly less but increases with greater temperature
or pressure.

However, if turbulence is present, which it nearly always is to some extent in the
ocean, the processes of heat transfer are altered. The effect of turbulence is to increase
greatly the rate of heat transfer. The "eddy" coefficient used in place of the still-water
coefficient is so many times larger, and so dependent upon the degree of turbulence that
the effects of temperature and pressure are not important.

3015. Electrical conductivity.-Water without impurities is a very poor conductor
of electricity. However, when salt is in solution in water, the salt molecules are ionized
(art. 4107) and therefore are carriers of electricity. (What is commonly called fresh-
water has many impurities and is a good conductor of electricity; only pure distilled
water is a poor conductor of electricity.) Hence, the electrical conductivity of sea-
water is directly proportional to the namber of salt molecules in the water. For any
given salinity, the conductivity increases with an increase in temperature.

3016. Radioactivity.-Although the amount -f radioactive material in seawater
is very small, this material is present in marine sediments to a greater extent than in
the rocks of the earth's crust. This is probably due to precipitation of radium or other
radioactive material from the water. The radioactivity of the top layers of sediment
is less than that of deeper layers. This may be due to absorption of radioactive material
in the soft tissues of marine organisms.

3017. Refractive index (art. 1613) of seawater increases as salinity becomes
greater, or as temperature decreases. Since it varies with frequency of the radiant
energy, the "D line" of sodium is usually used as the standard for comparison.

3018. Surface tension of water in dynes per square centimeter is approximately
equal to 75.64-0.144T+0.03990C1, where T is temperature in degrees Celsius (centi-
grade) and Cl is the chlorinity of the water in parts per thousand. As indicated by
the last term, the surface tension increases with chlorinity, and is therefore a little
more for seawater than for freshwater. However, the presence of impurities causes
it to be somewhat less than indicated by the formula.

3019. Transparency of seawater varies with the number, size, and nature of
particles suspended in the water, as well as with the nature and intensity of illumina-
tion. The rate of decrease of light energy with depth is called the "extinction coeffi-
cient." The earliest method of measuring transparency was by means of a Secchi disk,
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a white disk 30 centimeters (a little less than 1 foot) in diameter. This was lowered
into the sea, and the depth at which it disappeared was recorded. In coastal waters
the depth varies from about 5 to 25 meters (16 to 82 feet). Offshore, the depth is usually
about 45 to 60 meters (148 to 197 feet). The greatest recorded depth at which the
disk has disappeared is 66 meters (217 feet), in the Sargasso Sea.

Although the Secchi disk still affords a simple method of measuring transparency,
more exact methods have been devised.

3020. Color.-The color of seawater varies considerably. Water of the Gulf Stream
is a deep indigo blue, while a similar current off Japan was named Kuroshio (Black
Stream) because of the dark color of its water. Along many coasts the water is green.
In certain localities a brown or brownish-red water has been observed. Colors other
than blue are caused by biological sources, such as plankton, or by suspended sediments
from river runoff.

Offshore, some shade of blue is common, particularly in tropical or subtropical
regions. It is due to scattering of sunlight by minute particles suspended in the water,
or by molecules of the water itself. Because of its short wavelength, blue light is more
effectively scattered than light of longer waves. Thus, the ocean appears blue for the
same reason that the sky does (art. 3817). The green color often seen near the coast,
is a mixture of the blue due to scattering of light and a stable soluble yellow pigment!associated with phytoptankton (art. 3024). Brown or bro-'vnish-red water receives its

color from large quantities of certain types of algae, microscopic plants in the sea orfrom river runoff.

3021. Marine geology is a branch of oceanography dealing with bottom relief,,7
particularly the characteristics of ocean basins and the geological processes that brought
them into being and tend to alter them, as well as with marine sediments.

3022. Bon~i - relief.-Compared to land, relatively little is known of relief below
the surface of thz sea. Until recent years, the sea has proved an effective barrier to
acquisition of knowledge of features below its surface. Although soundings of 1,000
fathoms wore probably made as early as the second century BC (art. 3002), the number
of deep s-'t soundings by means of a weight lowered to the bottom had been relatively
few. The process was a time-consuming one requiring special equipment. Several hours I
were needed for a single sounding. Since the development of an effective echo sounder
(art. 619) in 1922, the number of deep sea soundings has greatly increased. Later, a
recording echo sounder was developed to permit the continuous tracing of a bottom
profile. This has assisted materially in the acquisition of knowledge of bottom relief.
By this means, many mountain ranges, and other features have been discovered.
Although the main features are becoming known, a great many details are yet to
be learned.

Along most of the coasts of the continents, the bottom slopes gradually downward
to a depth of about 100 fathoms or somewhat less, where it falls away more rapidly
to greater depths. This continental shelf (fig. 3022a) averages about 30 miles in width,
but varies from nothing to about 800 miles, the widest part being off the Siberian
arctic coast. A similar shelf extending outward from an island or group of islands is
'aied an isiand shelf. At the outer edge of the shelf, the steeper slope of 2 - to 4' is
called the continental slope, or the island slope, according to whether it surrounds a
continent or group of islands. The shelf itself is not uniform, but has numerous hills, , I

ridges, terraces, and canyons, the largest being comparable in size to the Grand Canyon. i 7
The relief of the o .an floor is comparable to that of land. Both have steep, rugged

mountains, deep canyons, rolling hills, plains, etc. Most oi the ocean floor is considered
to be made up of a number of more-or-less circular or oval depressions called basins.
surrounded by walls (sills) of lesser depth.

La
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Undersea features (figs. 3022a and 3022b) are defined as follows:
Archipelagic apron or apron.-A gentle slope with a generally smooth surface

on the sea floor, particularly as found around groups of islands or seamounts.
Bank.-An elevation of the sea floor located on a shelf end over which the depth

of water is relatively shallow but sufficient for safe surface navigation.
Basin.-A depression of variable extent and more-or-less circular or oval in f'm. W!
Borderland or continental borderland.-A region adjacent to a continent, normally

occupied by or bordering a shelf, that is highly irregular with depths well in excess of
those typical of a shelf.

Canyon.-A relatively narrow, deep depression with steep slopes, the bottom of
which generally grades downward.

Cone.-See FA-.

Continental borderland.-See BORDnERLAND.

Continental margin.-The zone separating the emergent continent from the deep
sea bottom, generally consisting of the rise, slope. '.nd shelf.

Continental rise.-A gentle slope rising towaw d the foot of the continental slope.
-, See RISE.

Continental shelf.-See SHELF.

Cordilera.-An entire mountain system including all the subordinate ranges,
interior plateaus, and basins.

Escarpment or scarp.-An elongated and comparatively steep slope of the sea
floor, separating flat or gently sloping areas.

Fan or cone.-A gently sloping, fan-shaped feature normally located near the lower
termination of a canyon.

Fracture zone.-An extensive linear zone of unusually irregular topography of the I -

sea floor characterized by large seamounts, ,eep-sided or asymmetrical ridges, troughs,
or escarpments.

Gap.-A depression cutting transversely across a ridge or rise.
Hill.-A small elevation rising generally less than 200 meters from the sea floor.
Hole.-A small depression of the sea floor.
Knoll.-An elevation rising less than 1,000 meters from the sea floor and of limited

extent across the summit.
Levee.-An embankment bordering either one or both sides of a seachanyel or the

low-gradient seaward part of a canyon or valley.
Moat.-An annual depression that may not be continuous, located at the base of

many seamounts or islands.
Mountain=.-A well delineated subdivision cf a large and complex positive feature,

generally part of a cordillera.
Peak.-An individual pointed top on a ridge or a complex seamount.
Plain.-A flat, gently sloping or nearly level region of the sea floor. 4 W

Plateau.-A comparatively flat-topped elevation of the sea floor of considerable
extent across the summit and usuelly rising more than 200 meters on at least one sHe.

Provine.-A region composed of a group of similar bathymetric features whose

Range.-A series of ridges or seamounts, generally parallel.
Reef.-An offshore consolidated rock hazard to navigation with a least depth of A4

20 meters (or 10 fathoms) or less.
Ridge.-A long, narrow elevation of the sea floor with steep sides.
Rise.-A long, broad elevation that rises gently and generally smoothly from the

sea floor.
Saddle.-A low part on a ridge or between seamounts.

I4
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Seachannel.-A long, narrow, U-shuped, or V-shaped, shallow depression. of the
sea floor, usually occurring on a gently sloping plain or fan.

Seamount.-An elevation rising 1,000 meters or more from the sea floor, and of
limited extent across the summit.

Shelf or continental shel.-A zone adjacent to a continent or around an island,
and extending from the low waterline to the depth at which there is usually a marked,
increase of slope to greater depth.

Shoal.-An offshore hazard to navigation with a least depth of 20 meters (or 10
fathoms) or less, composed of unconsolidated material.

Si/l.-The low part of the ridge or rise separating ocean basins from one another
or from the adjacent sea floor.

Slope or continental slope.-The declivity seaward from a shelf into greater depth.
Spur.-A subordinate elevation, ridge, or rise projecting from a larger feature.
Tablemount or Cayot.-A seamount having a comparatively smooth, flat top.
Terrace or bench.-A bench-like feature bordering an undersea feature.
Trench.-A long, narrow and deep depression of the sea floor, with relatively

steep sides.
Trough.-A long depression of the sea floor, normally wider and shallower than_-- a trench.

a Vaey.-A relatively shallow, wide depression with gentle slopes, the bottom of
which generally grades continuously downward. This term is used for features that do
not have canyon-like chare-teristics in any significant part of their extent.

The term deep may be used for a very deep part of the ocean, generally that part
deeper than 3,000 fathoms.

The average depth of water in the oceans is 2,075 fathoms (12,450 feet), as com-
pared to an average height of land above the sea of about 2,750 feet. The greatest
known depth is 35,800 feet, in the Marianas Trench in the Pacific. The highest known
land is Mount Everest, 29,002 feet. About 23 percent of the ocean is shallower than
10,000 feet, about 76 percent is between 10,000 and 20,000 feet, and a little more than
1 percent is deeper than 20,000 feet.

3023. Marine sediments.--The ocean floor is composed of material deposited
there through the years. This material consists principally of (1) earth and rocks
washed into the sea by streams and waves, (2) volcanic ashes and lava, and (3) the
remains of marine organisms. Lesser amounts of land material are carried into the
sea by glaciers, blown out to sea by wind, or deposited by chemical means. This latter
process is responsible for the manganese nodules that cover some parts of the ocean
floor. In the ocean, the material is transported by ocean currents, waves, and ice. Near
shore the material is deposited at the rate of about 3 inches in 1,000 years, while -

in the deep water offshore the rate is only about half an inch in 1,000 years. Marine
deposits in water deep enough to be relatively free from wave action are subject to little
erosion. Recent studies have shown that some bottom currents are strong enough to k
move sediments. There are turbidity currents, similar to land slides, that move large
masses of sediments. Turbidity currents have been known to rip apart large trans- -
oceanic cables on the ocean bottom. Because of this and the slow rate of deposit,
marine sediments provide a better geological record than does the land.

Marine sediments are composed of individual particles of all sizes from the finest
clay to large boulders. In general, the inorganic deposits near shore are relatively
coarse (sand, gravel, shingle, etc.), while those in deep water are much finer (clay).
In some areas the siliceous remains of marine organisms or the calcareous deposits %...

(of either organic or inorganic origin) are sufficient to predominate on the ocean floor.
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A wide range of colors is found in marine sediments. The lighter colors (white
or a pale tint) are usually associated with coarse-grained quartz or limestone deposits.
Darker colors (red, blue, green, etc.) are usually found in mud having a predominance
of some mineral substance, such as an oxide of iron or manganese. Black mud is often
found in an area that is little disturbed, such as at the bottom of an inlet or in a de-
pression without free access to other areas.

Marine sediments are studied primarily by means of bottom samples. Samples
of surface deposits are obtained by means of a snapper (for mud, sand, etc.) or "dredge"
(usually for rocky material). If a sample of material below the bottom surface is desired,
a "coring" device is used. This device consists essentially of a tube driven into the
bottom by weights or explosives. A sample obtained in this way preserves the natural
order of the various layers. Samples of more than 100 feet in depth have been obtained
by means of coring devices. The bottom sample obtained by the mariner, by arming his
lead with tallow or soap (art. 617), is an incomplete indication of bottom surface
conditions.

3024. Synoptic oceanography.--Bathythermograph and sea surface temperature
observations are reported directly to the Fleet Numerical Weather Central, Monterey,

- California. These synoptic reports are then analyzed by computer to determine ocean
thermal conditions at any point in the Northern Hemisphere.
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CHAPTER XXXI

TIDES AND TIDAL CURRENTS

General

3101. The tidal phenomenon is the periodic motion of the waters of the sea due
to differences in the attractive forces of various celestial bodies, principally the moon
and sun, upon different parts of the rotating earth. It can be either a help or hindrance
to the mariner-the water's rise and fall may at certain times provide enough depth
to clear a bur and at others may prevent him from entering or leaving a harbor. The
flow of the current may help his progress or hinder it, inay set him toward dangers or
away from them. By understanding this phenomenon and by making intelligent use,
of predictions published in tide and tidal current tables and of descriptions in sailing
directions, the mariner can set his course and schedule his passage to make the tide
serve him, or at least to avoid its dangers.

3102. Tide and current.-In its rise and fall, the tide is accompanied by a periodic 12
horizontal movement of the water called tidal current. The twvo movements, tide and a'
tidal current, are intimately related, forming parts of the same phenomenon brought 1
about by the tide-producing forces of the sun and moon, principally.i

It is necessary, however, to distinguish clearly between tide and tidal current,j
for the relation between them is not a simple one nor is it everywhere the same. For
the sake of clearness and to avoid m-isunderstanding, it is desirable that the mariner
adopt the technical usage: tide for the vertical rise and fall of the water, and ia
current for the horizontal flow. The tide rises and falls, the tidal current floods andI
ebbs. In British usage, tidal current is called tidal stream.I

3103. Cause.-It is often said of science that the ability to predict a natural event
is indicative of understanding. Since tides are the most accurately predictable oceano-
graphic phenomena, one could easily assume that physical oceanographers truly under-
stand them. Unfortunately, this is not true; significant gaps remain. An examination of
the details of this apparent contradiction gives insight into one of the most exciting
areas of oceanography-ocean tides.

To facilitate this examination, it will be desirable, first of all, to discuss the funda-
mental tide-generating forces and the theoretical equilibrium tidr. they try to produce.
The principal tidle-generating forces on the surface of thme earth result from the (liffer-
ential gravitational forces of the moon anid sun. The moon is the main tidle-generating
body. Due to its greater dlistance, the effect of the sun is only 46 percent of the effectI
due to the moon. After the theoretical equilibrium tide p~roduced by the sun and moon
is discussed in this article, the actual tide as observed in nature is described in article
3104. Observed tides will differ considerably from the tides p)redicted by equilibrium
theory since size, depth, anid configuration of the basin or waterway, friction, land-
masses, inertia of waoermasses, Coriolis acceleration, and other factors are neglected
in this theory. Nevertheless, equilibrium theory will be sufficient to describe the 1

- ~magnitude and distribution of the mnain tide-generating forces across the surface of I__
the earth.

754 -
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Tide-Generating Forces

Newton's universal law of gravitation governs both the orbits of celestial bodies
and the tide-generating forces which occur on these bodies. The force of gravitational
attraction between any two masses, rnj and m 2, is given by

=Gmm2,

where d is the distance between the two masses and G is a constant which depends upon
tie units employed. This law assumes that m, and in2 are point masses. Newton was
able to show that homogeneous spheres could be treated as point masses when deter-
rining their orbits. However, when computing differential gravitational forces, the
actual dimensions of the masses must be taken into account.

Using the law of gravitation, it is found that the orbits of two point masses are
conic sections about the barycenter of the two masses (art. 1407). If either one or both
of the masses are homogenous spheres instead of point mas~es, the orbits are the same
as the orbits which would result if all of the mass of the sphere were concentrated at a
point at the center of the sphere. In the case of the earth-moon system, both the earth
and the moon describe elliptical orbits about their barycenter if the simplifying assunip-
tion is made that both bodies are homogeneous spheres and the gravitational forces of
the sun and other planets are neglected. The earth-moon barycenter is located at a dis-
tance of 0.74 RE from the earth's center, where IR is the radius of the earth. This is
approximately three-fourths of the distance from the center of the earth to the surface j
of the earth along the line connecting the centers of the earth and moon (fig. 3103a).

Thus, the center of mass of the earth describes a very small ellipse about the
earth-moon barycenter whereas the center of mass of the moon describes a much larger I >
ellipse about the f-ame baryenter. If the gravitational forces of the other bodies of the
solar system are iieglected, Newton's law of gravitation a-o predicts that the earth-
moon barycenter will describe an orbit which is approximately elliptical about the
barycenter of the sun-earth-moon system. This barycentric point lies inside the sun
(fig. 3103b).

The differences in gravitational attraction of various celestial bodies, principally
the -noon and sun, upon different parts of the rotating and revolving earth are the
fundamental tide-generating forces. These dLfferential gravitational forces are described
here by considering first the effects of the moon only. The results will be general and
can be apl)lied directly to describe the differential gravitational forces of the sun.

TO MOON

EARTH-MOON BARYCENTER

CENTER OF MASS
OF EARTH

FIGURE 3103a.-Earth-con barycenter. I
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BARYCENTER OF EARTH-MOON--ULN SYSTEM

MOON i

0 CENTER OF MASS OF SUN
EARTHMOONBARYCENTER

CENTER OF MASS OF --O
EARTH

FIGURE 3103b.-Orbit of earth-moon barycenter (not to scale).

Earth-Moon System

When determining the orbit of the earth's center of mass about the earth-moon
barycenter, the gravitational force exerted by the moon on the earth is given by

F= G M E M " ,

where ME and M,% are the masses of the earth and moon, and dM1 is the distance between
their centers of mass. Acceleration and force are related by Newton's second law of
motion, F=ma. The acceleration, a, of a mass, m, is then a= F/m. The terms "accelera-
tion" and "force per unit mass" may be used interchangeably. Combining Newton's
law of gravitation and his second law of motion, the acceleration of the earth's center of
mass about the earth-moon barycenter is °

GlM3

In determining the direction and magnitude of tide-generating forces of the moon |
the simplest case to treat is that of the sublunar point and its antipode on the earth.
These two points are labeled PI and P2 in figure 3103c.

The acceleration at the point P due to the gravitational attraction of the moon is

a,= (df-R )2 '

where RE is the radius of the earth. The acceleration at the point P due to the gravita-
tional attraction of the moon isi

,,

C -Earttrs center of mass.

_ ~~ / -Earth-noon barycenter.

. PI-Sublunar point.

P2-Antpode of sublunar point.

FIGURE 3103c.-Sublunar point and antipode.
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The differential acceleration at P, that is, the acceleration at Pl relative to the accel-
eration of the center of the earth, is GMm GMm

a-a=(dMR) 2  d2M

With some simplification, this expression becomes

2GMmR,

This is the differential acceleration or differential force per unit mass at the sublunar
point Pl. In a similar manner, the differential acceleration at the antipode, point P2,
is found to be

-2GMVR,
a2-ac.= dM

Both the accelerations and the resulting differential accelerations or differential forces
per unit mass are shown in figure 3103d.

Note that the differential gravitational force per unit mass at the antipode, point
P)2, is negative. Thus, at both the sublunar point and the antipode, the moon's differen-
tial gravitational forces are vertical and directed away from the center of the earth.

A more complicated situation occurs when the moon's gravitational forces act on
points of the earth's surface other than the sublunar point and the antipode. To find
the differential accelerations at the sublunar point and the antipode, it was only neces-
sary to take the algebraic dlifference between the accelerations at the surface and the
acceleration of the earth's center. At other points on the surface, however, both the
magnitude and direction of the moon's gravitational forces differ from that at the earth's
center (figure 3103e). To obtain the differential accelerations at the other points, it is
necessary to subtract the accelerations vectorially: F=iiM -dc, where FD is the dif-
ferential acceleration or differential force per unit mass at any point on the surface of the
earth, Jc is the acceleration of the earth's center of mass, and Em is the acceleration or
force per unit mass at the point under consideration due to the moon's gravitational
force acting at that point (figure 3103f).

TO MOON

TO MOON

P,
a

P, a C.

F ~p 2  
P P

Differential gravitational force per F, and F2 represent the differential

unit mass at sublunar point P, is at- a,. forces per unit mass at the sublunar~~~p 
o in t a n d t he a n ip o d e .p o in t s P nd" 

--

Differential gravitational force per F, =e -ae and

unit mass at antipode.point P,. a, a. F2 =32-,

FiGuRE 3103d.&-Differential gravitational forces per unit mass at sublunar point and antipode.
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C

FiGuuE 3103f.-Differential force
per unit mass, YD, is the vector

i ~difference a -- ca.s the acceleration or force per unit mass at

various points on the earth's surface due the
moon's gravitational forces at these points.

FIGURE 3103e.-Forces per unit mass on earth's surface
due to moon's gravitational forces. Only the acceleration
at the earth's center and the accelerations along one
gre.1t circle through the sublunar point and the antipode =

are shown.

I
a

aa
a. a. a ,

-- FIGURE 3103g.-Accelerations due to the moon's gravitational force. am, compared to the acceleration
i of the center of the earth, ;,. Comparisons are made at the earth's center and at various points I
i along a great circle connecting the sublunau point and the antipode. The effects will be the sameI

along all great circles connecting th(-e two points.

The relative effects of Fut and 5c at the center of the earth and at various points I
along one great circle through the -subhmnar point and the antipode are shown in figure 1 i
3103g. Tie resultant differential forces per unit mass are shown in figure 3103h.

If it is assumed that the entire surface of the earth is covered with a uniform laver
- of water, tie differential forces may be resolved into components perpendicular and

parallel to the surface of the earth (fig. 3103i) to determine their effect. -=
The components of these differential forces which are perpendicular to the earth's

~surface have the effect of changing the weight of the mass on which they are acting.-_
These vertical component-, do not contribute- to the tidal effect. The horizontal compo-.
nents which are parallel to the arth's surface, although small, have the effect of moving
the water in a horizontal direction towards the sublunar and antipodal points until an

= equilibrium position is found. The horizontal components of the differential forces are ,
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TO MOON

EARTH

FIOGUJI 3103h.-Differential forces along a great circle connecting the sublunar point and antipooe..

c~K~i

= Pi sublunar point

(A)

Fo-Dfferential force per unit mass on
surface of the earth.

Fv-Component of Fo perpendicular to

+ 
earth's 

surface.
F-Componert of Fz parallel to earth's

surface. :

F--The pincipal tide-generating force.

II

(B)

(C)

Fiount. 3103i.-Differential force rsolved into horizontal and vertical components. (A) FD directed

out of surface. (B) FD directed into surface. (C) Varying directions of FD, along a great circle through
sublunar point.
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the principal tide-generating forces. These are also called tractive forces. Figure 3103j i
shows the tractive forces across the surface of the earth.

The magnitud s of the horizontal and vertical components are
3 GM ,R,

F,= - sin 2A

F,= (3 cos2A-1),

where A is the angle at the center of the earth between the line connecting the sub-
lunar point and the antipode and the line from the center of the earth to the point
under consideration (fig. 3103i). Thus, it can be seen that the horizontal component,
which is the tide-generating force, is zero when the angle A is zero (sublunar point and
antipode). It is also zero when the angle A is 900. This corresponds approximately to
the great circle connecting observers for which the moon is setting. The maximum

value of F occurs when the angle A is 45 .

Equilibrium will be reached when a bulge of water has formed at the sublunar and
antipodal points such that the tractive forces due to the moon's differential gravita-
tional forces on the mass of water covering the surface of the earth are just balanced
by the earth's gravitational attraction (fig. 3103k).

Consider now the effects of the rotation of the earth which were previously ne-
glected. If the declination of the moon is 00, the bulges will lie on the equator of the
earth. As the earth rotates, an observer at the equator will note that the moen transits
approximately every 24 hours and 50 minutes. Since there are two bulges of water on
the equator, one at the sublunar point and the other at the antipode, the observer will
also see two high tides during this interval with one high tide occurring when the moon is
overhead and another high tide 12 hours 25 minutes later when the observer is located
at the antipode. He will also experience two low tides, one between each high tide.
The range of these equilibrium tides at the equator will he less than 1 meter.

The heights of the two high tides should be equal at the equator. At points north
or south of the equator, an observer would still experience two high and two low tides,
but the heights of the high tides, although still equal, would not be as great as they
are at the equator.

The effects of the declination of the moon are shown in aigure 31031.
The preceding paragraphs addressed the tide-generating forces due to the differ-

ential gravitational forces of the moon on the earth. For the sublunar point, the force
per unit mass was found to be

2,?AlvRr

d3Mt

In a similar manner, the differential gravitational force per unit mass due to the sun I
at the subsolar point is found to be

2GM5 RE,:

(PS

where Ms is the mass of the sun and ds is the distance between the centers of mass of
' the sun and earth. To find the relative effects of the sun and moon, the ratio of the

expressions can be used. This ratio is

.1 M1 d 3

N(MI -
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FIGURN 3103j.-Tractivc forces across the surface of the earth. Tractive forces are zero at the subiunarI and antipodal points and along the great 'Pircle halfway between these two points. Tractive forces

are mnaximnum along the small circles lcted 4V5 from the sublunar point and the antipode-

___ Toward the moon

HighWate ___High Water

FIGVURE 3103k.-Theoretical %ufl"briurn tonniguration due to moon's differential gravitational forces.
One bulge of the water env'elope is located at the sublurnar point, the other bulgc at the antipecie.

The numerical value of this ratio is 0.46. Thus, the effect of the moon is approximatelyVA
two and one-quarter times; greater than the effect of the sun even though the moon's
mass is but a fraction of the sun's. This is due to the fact that the differential forces

S vary inversely as the cube of the distance. Thus the moon's smaller mass is offset by its
much shorter distance to the earth.

The preceding discussion pertaining to the effects of the moon is equally valid
when discussing the effects of the sun, taking into account that the Magnitude of the
solar effects are smaller than the lunar effects. Hence, the tides will also -ary according
to the sun's declination and its varyting distance from the earth. A second envelope of
water representing the equilibrium tides due to the sun would resemble the envelope
shown in figure 3103k except that the heights of the high tides would be smalier.
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FIGURE 31031,-Effects of the declination of the moon. (A) When the moon is in the plane of the

-: equator, the forces are equal in magnitude at the two points on the same parallel of latitude and
_-5 1800 apart in longitude. (B) When the moon is at north (or south) declination, the forces are unequal

i- at such points and tend to cause an inequality in the two high waters and the two low waters of a
- day. (C) Observers at points X, Y, and Z experience on- high tide when moon is on their meridian,
i- : then another high tide 12 hours 25 minutes later when at X', Y', and V. The second high tide is
i the same at X' as at X. H" ides at Y' and Z' are lower than high tides at Y and Z. i"

Spring and Neap Tides

The combined lunar-solar effect is obtained by adding the sun's tractive forces
vectorially to the moon's tractive forces. The resultant tidal bulge will be predominantly

~lunar with modifying solar effects upon both the height of the tide and the direction of
the tidal bulge. Special cases of inferest occur during the times of new and full moor. 1
(fig. 3103m). With the earth, moon, and sun lying approximately on the same line, the
tractive forces of the sun are acting in the same direction as the moon's tractive forces
(modified by declination effects). The results are tides called spring tides whose ranges.
are greater than average.

Another case of interest occurs when the moon is at first and third quarters. At
those times, the tractive forces of the sun are acting at approximately ight angles to
the moon's tractive forces (fig. 3103m). The results are tides called neap tides whose
ranges are less than average,.

With the moon in positions between quadrature and new and full moon, the effect o
of the sun is to cause the tidal bulge to either lag or precede the moon (fig. 3103n). --

. , ~These effects are called priming and lagging the tides. .

Tide

~~~3104. General features.-Tide is the periodic rise and fall of the water accompany- ,
~~ing the tidal phenomenon. At most places it occurs twice daily. The tide rises until it '_.,

~~reaches a maximum height, called high tide or high water, and then falls to a Minimum " "
level called low tide or low water. 1

The -,ate of rise and fall is not uniform. From low water, the tide begins to rise .
/ .. slowly at first but at an increasing rate until it is about halfway to high water. The
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FIGURE 3103m.-(A) Spring tides occur at times of new and full moon. Range of tide is greater than
average since solar and lunar tractive forces act in same direction. (B) Neap tides occur at times of
first and third quarters. Range of tide is less than average since solar and lunar tractive forces act
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FIGURE 3103n.-Priming and lagging the tides.

rate of rise then decreases until high water is reached and the rise ceases. The falling
tide behaves in a similar manner. The period at high or low watfr during which there
is no se ,sible change of level is called stand. The difference in height between consecu-
tive high and low waters is the range.

Figure 3104 is a graphical representation of the rise and fall of the tide at New
York during a 24-hour period. The tide curve has the general form of a sine curve. -

3105. Types of tide.-A body of water has a natural period of oscillation that is
. dependent upon its dimensions. None of the oceans appears to be a single oscillating

body, but rather each one is made up of a number of oscillating basins. As such basins
are acted upon by the tide-producing forces, some respond more readily to daily or
diurnal forces, others to semidiurnal forces, and others almost equally to both. Hence,
tides at a place are classified as one of three types-semidiurnal, diurnal, or mixed-
according to the characteristics of the tidal pattern occurring at the place.

- I

1> ___
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FIGURP 3104.-The rise and fall of the tide at New York, shown graphically.

In the semidiurnal type of tide, there are two high and two low waters each tidal
day, with relatively small inequality in the high and low water heights. Tides on the
Atlantic coast of the United States are representative of the semidiurnal type, which
is illustrated in figure 3105a by the tide curve for Boston Harbor.

In the diurnal type of tide, only a single high and single low water occur each,

tidal day. Tides of the diurnal type occur along the northern shore of the Gulf of|
Mexico, in the Java Sea, the Gulf of Tonkin (off the Vietnam-China coast), and in a few3
other localities. The tide curve for Pei-Hai, China, illustrated in figure 3105b, is an
example of the diurnal type.

In the mixed type of tide, the diurnal and semidiurnal oscillations are both im-i
portant factors and the tide is characterized by a large inequality in the high water
heights, low water heights, or in both. There are usually two high and two low waters_'
each day, but occasionally the tide may become diurnal. Such tides are prevalent -

along the Pacific coast of the United States and in many other parts of the world._ .
Examples of mixed types of tide are shown in figure 3105c. At Los Angeles, it is typical
that the inequalities in the high and low waters are about the same. At Seattle the"l
greater inequalities are typically in the low waters, while at Honolulu it is the high'
waters that have the greater inequalities.

3106. Solar tide.-The natural period of oscillation of a body of water may ac-1

centuate either the solar or the hunar tidal oscillations. Though it is a gelleral rule that

the tides follow the moon, the relative importance of the solar effect varies in dif-1
ferent areas. There are a few places, primarily in the South Pacific and the Indonesian 3
areas, where the solar oscillation is the more important, and at those places the high:
and low waters occur at about the same time each day. At Port Adelaide, Australial
(fig. 3106), the solar and luar semidiurnal oscillations are equal and nullify one another [)

at neaps (art. 3108).
3107. Special effects.-As a progressive wave enters shallow water its speed is

decreased. Since the trough is shallower than the crest, its retardation is greater, re-1

" : 69 1 182103 69 12151821
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FiouRs 3105a.-Semidiurnal type of tide.
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FIGURE 3105b.-Diurnal type of tide.
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i FIGURE 3105c.-Mixed type of tide.

I 2

? suiting in a steepening of the wave front. Therefore, in many rivers, the duration of
: rise is considerably less than the duration of fall. In a few estuaries, the advance of
- the low water trough is so much retarded that the crest of the rising tide overtakes the

low, and advances upstream as a churning, foaming wall of water called a bore. Bores
that are large and dangerous at times of large tidal ranges may be mere ripples at those
times of the month when the range is small. Examples occur in the Petitcodiac River
in the Bay of Fundy, and at Haining, China, in the Tsientang Kaing. The tide tables
indicate where bores occur.

Other special features are the double low water (as at Hoek Van Holland) and the
double high water (as at Southampton, England). At such places there is often a slight , . .
fall or rise in the middle of the high or low water period. The practical effect is to create a
longer period of stand at high or low tide. The tide tables direct attention to these and
other peculiarities where they occur.

3108. Variations in range.-Though the tide at a particular place can be classified
- ~as to type, it exhibits many variations during the month (fig. 3106). The range of the -

tide varies in accordance with the intensity of the tide-producing force, though there may
~be a lag of a day or two (age of tide) between a particular astronomic cause and the tidal _

effect. =

. Thus, when the moon is at the point in its orbit nearest the earth (at perigee), the
lunar semidiurnal range is increased and perigean tides occur; when the moon is farthest
from the earth (at azpogee), the smaller apogean tides occur. When the moon and sun i
are in line and pulling together, as at new and full moon, spring tides occur (the term

0 0
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These are variations in the semidiurnal portion of the tide. Variations in the
diurnal portion occur as the moon and sun change declination. When the moon is
at its maximum semi-monthly declination (either north or south), tropic tides occur in
which the diurnal effect is at a maximum; when it crosses the equator, the diurnal
effect is a minimum and equatorial tides occur.

It should bo noted that when the range of tide is increased, as at spr.ng tides, there
is more water available only at high tide; at low tide there is less, for the high waters
rise higher and the low waters fall lower at these times. There is more water at neap
low water than at spring low water. With tropic tides, there is usually more depth at
one low water during the day than at the other. While it is desirable to know the mean-
ings of these terms, the best way of determining the height of the tide at any place and
time is to examine the tide predictions for the place as given in the tide tables. Figure
3108 illustrates variations in the ranges and heights of tides in a locality such as the
Indian Ocean where predicted and observed water levels are referenced to a chart
sounding datum that will always cause them to be additive relative to the charted depth.

MEAN HIGH WATER SPRINGS
I ji

MEAN HIGH WATER. i

MEAN HIGH WATER NEAPS __,--I

HALF-TIDE LEVEL -s "X

MEAN LOW WATER NEAPS M_ '0Z v

MEAN LOW WATER - - - F -

MEAN LOW WATER SPRINGS _ __

INDIAN SPRING LOW WATER I "
(CHART SOUNDING DATUM)

,R

FIGuRE 3108.-Variations in the ranges and heights of tide in a locality where the chart sounding
datum is Indian spring Low Water.

i
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3109. Tidal cycles.-Tidal oscillations go through a number of cycles. The shortest:
cycle, cempleted in about 12 hours and 25 minutes for a semifirmal tide, extends from
any phase of the tide to the next recurrence of the same phaio. During a lunar day,
(averaging 24 hours and 50 minutes) there are Livo highs and two lows (two of the'
shorter cycles) for a semidiurnal tide. The moon revolves around the earth with respect
to the sun in a synodical month of about 29Y2 days, commonly called the lunar month.
The effect of the phase variation is completed in one-half a synodical month or about
2 weeks as the moon varies from new to full or full to new. The effect of the moon's
declination is also repeated in one-half of a tropical month of 27% days or about each
2 weeks. The cycle involving the moon's distance requires an anomalistic month of
about 27Y2 days. The sun's declination and distance cycles are respectively a half year
and a year in length. An important lunar cycle, called the nodal period, is 18.6 years
(usually expressed in round figures as 19 years). For a tidal value, particularly a range,
to be considered a true mean, it must be either based upon observations extended:
over this period of time or adjusted to take account of variations known to occur-
during the cycle.

3110. Time of tide.-Since the lunar tide-producing force has the greater effect'
in producing tides at most places, the tides "follow the moon." Because of the rotation
of the earth, high water lags behind meridian passage (upper and lower) of the moon....
The tidal day, which is also the lunar day, is the time between consecutive transits1
of the moon, or 24 hours and 50 minutes on the average. Where the tide is largely,
semidiurnal in type, the lunitidal interval-the interval between the moon's meridian1
transit and a particular phase of tide-is fairly constant throughout the month, varyingi
somewhat with the tidal cycles. There are many places, however, where solar or diurnall
oscillations are effective in upsetting this relationship, and the newer editions of chartsj
of many countries now omit intervals because of the tendency to use them for prediction 4
even though accurate predictions are available in tide tables. However, the lunitidal i
interval may be encountered. The interval generally given is the average elapsed time I -
from the meridian transit (upper or lower) of the moon until the next high tide. This i
may be called mean high water lunitidal interval or corrected (or mean) establishment.,I
The establishment of the port, high water full and change (HWF &C), or vulgar (orj
common) establishment, sometimes given, is the average interval on days of full orj
new moon, and approximates the mean high water lunitidal interval.

In the ocean, the tide may be of the nature of a progressive wave with the crest !
moving forward, a stationary or standing wave which oscillates in a seesaw fashion,'
or a combination of the two. Consequently, caution should be uied in inferring the'
time of tide at a place from tidal data for nearby places. In a river or estuary, the tide'
enters from the sea and is usually sent upstream as a progressive wave, so that the=
tide occurs progressively later at various places upstream.

3111. Tidal datums.-A tidal datum is a level from which heights and depvhs are!
measured. There are a number of such levels of reference that are important to the I
mariner. The relation of the tide each day during a month to these datums is shown,
for certain places, in figure 3106.

-" The most important level of reference to the mariner is the datum of soundings
on charts (art. 511). Since the tide rises and falls continually while soundings are being
taken during a hydrographic survey, the tide should be observed during the survey soi
that soundings taken at all stages of the tide can be reduced to a common chart sounding

_ L - datum. Soundings on charts show depths below a selected low water datum (occasionally -
mean sea level), and tide predictions in tide tables show heights above the same level.
The depth of water available at any time is obtained by adding the height of the tide

..
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at the time in question to the charted depth, or by subtracting the predicted height
if it is negative.

By international agreement, the level used as chart datum should be just low
enough so that low waters do not go far below it. At most places, however, the level
used is one determined from a mean of a number of low waters (usually over a 19-year
period); therefore, some low waters can be expected to fall below it. The following are
some of the datums in general use.

The highest low water datum in considerable use is mean low water (MLW), which
is the average height of all low waters at a place. About half of the low waters fall
below it. Mean low water springs (MLWS), usually shortened to low water springs, is
the average level of the low waters that occur at the times of spring tides. Mean lower
low water (MLLW) is the average height of the lower low waters of each tidal day. Tropic
lower low water (TcLLW) is the average height of the lower low waters (or of the single
daily low waters if the tide becomes diurnal) that occur when the moon is near maximum
declination and the diurnal effect is most pronounced. This datum is not in common
use as a tidal reference. Indian spring low water (ISLW) sometimes called Indian tide
plane or harmonic tide plane, is a low water datum that includes the spring effect of the
semi-diurnal portion of the tide and the tropic effect of the diurnal portion. It is about
the level of lower low water of mixed tides at the time that the moon's maximum declina-
tion coincides with the time of new or full m-on. Mean lower low water springs is the

- average level of the lower of the two low waters on the days of spring tides. Some stilllower datums used on charts are determined from tide observations and some are-determined arbitrarily and later referred to the tide. Most of them fall close to one or

the other of the following two datums. Lowest normal low water is a datum that
approximates the average height of monthly lowest low waters, discarding any tides
disturbed by storms. Lowest low water is an extremely low datum. It conforms generally
to the lowest tide observed, or even somewhat lower. Once a tidal datum is established,
it is sometimes retained for an indefinite period, even though it might differ slightly
from a better determination from later observations. When this occurs, the established
datum may be called low water datum, lower low water datum, etc. These datums are
used in a limited area and primarily for river and harbor engineering purposes. Examples
are Boston Harbor Low Water Datum and Columbia River Lower Low Water Datum.

In some areas where there is little or no tide, such as the Baltic Sea, mean sea
level (MSL) is used as chart datum. This is the average height of the surface of the sea
for all stages of the tide over a 19-year period. This may differ slightly from half-tide
level, which is the level midway between mean high water and mean low water.

Inconsistencies of terminology are found among charts of different countries and
between charts issued at different times. For example, the spring effect as defined
here is a feature of only the semidiurnal tide, yet it is sometimes used synonymously
with tropic effect to refer to times of increased range of a diurnal tide. Such incon-
sistencies are being reduced through increased international cooperation.

Large-scale charts usually specify the datum of soundings and may contain a
tide note giving mean heights of the tide at one or more places on the chart. These
heights are intended merely as a rough guide to the change in depth to be expected
under the specified conditions. They should not be used for the prediction of heights
on any particular day. Such predictions should be obtained from tide tables (arts.

: '1203-1206).
3112. High water datums.-Heights of land features are usually referred on nautical

charts to a high water datum. The one used on charts of the United States, its ter-
ritories, and possessions, and widely used elswehere, is mean high water (MHW),

r -
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which is the average height of all high waters over a 19-year period. Any other high R
water datum in use ol charts is likely to be higher than this. Other high water datums 9
are mean high water springs (MHWS), which is the average level of the high waters
that occur at the time of spring tides; mean higher high water (MHHW), which isI
the average height of the higher high waters of each tidal day; and tropic higher high
water (TcHHW), which is the average height of the higher high waters (or the single
daily high waters if the tide becomes diurnal) that occur when the moon is near maximum |
declination and the diurnal effect is most pronounced. A reference merely to "high I

water" leaves some doubt as to the specific level referred to, for the height of high waterf
varies from day to day. Where the range is large, the variation during a 2-week!
period may be considerable.

As there are periodic and apparent secolar trends in sea level, a specific 19-3ear-'

cycle (the National Tidal Datum Epoch) is issued for all United States datums. I
The National Tidal Datum Epoch officially adopted by the National Ocean Survey;
is presently 1941 through 1959. The Epoch will be reviewed for consideration for re-;
vision at 25-year intervals.

3113. Observations and predictions.-Since the tide at different places responds |
- differently to the tide-producing forces, the nature of the tide at any place can be l

determined most accurately by actual observation. The predictions in tide tables
and the tidal data on nautical charts are based upon observations.

Tides are usually observed by means of a continuously recording gage. A year
of observations is the minimum length desirable for determining the harmonic constants
used in prediction. For establishing mean sea level and the long-time changes in the
relative elevations of land and sea, as well as for other special uses, observations have
been made over periods of 20, 30, and even 120 years at important locations. Observa-
tions for a month or less will establish the type of tide and suffice for comparison with a I
longer series of a similar type to determine tidal differences and constants.

Mathematically, the variations in the lunar and solar tide-producing forces, such
as those due to changing phase, distance, and declination, are considered as separate
constituent forces, and the harmonic analysis of observations reveals the response of I
each constituent of the tide to its corresponding force. At any one place this response
remains constant and is shown for each constituent by harmonic constants which are K
in the form of a phase angle for the time relation and an amplitude for the height.
Harmonic constants are used in making technical studies of the tide and predictions on
computers and mechanical tide predicting machines. Most published tide predictions
are made by computer. I

3114. Tide tables are published annually by most of the maritime nations of thei
world. They consist primarily of two parts. One contains predictions of the time and!

height of each high and low water for every (lay of the 3ear for many important ports'.
called reference stations. The other part contains tidal differences and ratios for thou-
sands of other places, called subordinate stations, and specifies the reference station to
which the differences are to be applied in order to obtain t; ne and height of tide for any>
day at the subordinate station. The type of tide at a sub dinate station is the same as
at its reference station. The use of tide tables is explained in articles 1203-1206.

3115. Meteorological effects.-The foregoing discussion of tide behavior assumes
normal weather conditions. The level of the sea is affected by wind and atmospheric!
pressure. In general, onshore winds raise the level and offshore winds lower it, but the!!
amount of change varies at different places. During periods of low atmospheric pres-; -_

sure, the water level tends to be higher than normal. For a stationary low, the increase
in elevation can be found by the formula

4 .i4
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R0 =0.0325(1010-P),

in which Re is the increase in elevation in feel., and P is the atmospheric pressure in

millibars. This is equal approximately to I centimeter per millibar depression, or
1 foot (13.6 inches) per inch depression. For a moving low, the increase in elevation
is given by the formula

RO

R C2I gh
in which R is the increase in elevation in feet, R0 is the increase in feet for a stationary
low, C is the rate of motion of the low in feet per second, g is the acceleration due to
gravity (32.2 feet per second per second), and h is the depth of water in feet.

Where the range of tide is very small, the meteorological effect may sometimes be
greater than the normal tide.

Tidal Current
I

3116. Tidal and nontidal currents.-Horizontal movement of the water is current.
It may be classified as "tidal" and "nontidal." Tidal current is the periodic horizontal
flow of water accompanying the rise and fall of the tide, and results from the same cause. a
Nontidal current is any current not due to the tidal movement. Nontidal currents in-
elude the permanent currents in the general circulatory system of the oceans as well
as temporary currents arising from meteorological conditions. The currept experienced
at any time is usually a combination of tidal and nontidal currents.

In navigation, the effect of the tidal current is often of more importance than the
changing depth due to the tide, and many mariners speak of "the tide," when they
have in mind the flow of the tidal current.

3117. General features.-Offshore, where the direction of flow is not restricted
by any barriers, the tidal current is rotary; that is, it flows continuously, with the direc-
tion changing through all points of the compass during the tidal period. The tendency
for the rotation in direction has its origin in the deflecting force of the earth's rotation,
and unless modified by local conditions, the change is clockwise in the Northern Hemi- j
sphere and counterclockwise in the Southern Hemisphere. The speed usually varies
throughout the tidal cycle, passing through two maximums in approximately opposite
directions, and two minimums about halfway between the maximums in time and
direction. Rotary currents can be depicted as in figure 3117a, by a series of arrows
representing the direction and speed of the current at each hour. This is sometimes
called a current rose. Because of the elliptical pattern formed by the ends of the arrows,
it is also referred to as a current ellipse.

In rivers or straits, or where the direction of flow is more or less restricted to certain
channels, the tidal current is reversing; that is, it flows alternately in approximately
opposite directions with an instant or short period of little or no current, called slack
water, at each reversal of the current. During the flow in each direction, the speed varies
from zero at the time of slack water to a maximum, called strength of flood or ebb,
about midway between the slacks. Reversing currents can be indicated graphically, as
in figure 3117b, by arrows that represent the speed of the current at each hour. The
flood is usually depicted above the slack waterline and the ebb below it. The tidal
current curve formed by the ends of the arrows has the same characteristic sine form
as the tide curve. (In illustrations for certain purposes, as in figures 31Sb and 3120b, 4 -

it is convenient to omit the arrows and show only the curve.)

#a
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direction and speed of the current.
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A slight departure from the sine form is exhibited by the reversing current in a
strait, such as East River, New York, that connects two tidal bQdies of water. The
tides at the two ends of a strait are seldom in phase or equal in range, and the current,
called hydraulic current, is generated largely by the continuously changing difference
in height of water at the two ends. The speed of a hydraulic current varies nearly
as the square root of the difference in height. The speed reaches a maximum more i
quickly and remains at strength for a longer period than shown in figure 3117b, and
the period of weak current near the time of slack is considerably shortened.

The current direction or set is the direction toward which the current flows. The
speed is sometimes called the drift. The term "velocity" is often used as the equivalent
of "speed" when referring to current, although strictly "velocity" implies direction as
well as speed. The term "strength" is also used to refer to speed, but more often to
greatest speed between consecutive slack waters. The movement toward shore or up- --

stream is the flood, the movement away from shore or downstream is the ebb. In a
purely semidiurnal type of current unaffected by nontidal flow, the flood and ebb each
last about 6 hours and 13 minutes. But if there is either diurnal inequality or non-
tidal flow, the durations of flood and ebb may be quite unequal.

3118. Types of tidal current.-Tidal currents may be of the semidiurnal, diurnal,
or mixed type; corresponding to a considerable degree to the type of tide at the place,
but often with a stronger semidiurnal tendency.

The tidal currents in tidal estuaries along the Atlantic coast of the United States
are examples of the semidiurnal type of reversing current. At Mobile Bay entrance
they are almost purely diurnal. At most places, however, the type is mixed to a greater
or lesser degree. At Tampa and Galveston entrances there is only one flood and one

.. ebb each day when the moon is near its maximum declination, and two floods and two
ebbs each day when the moon is near the equator. Along the Pacific coast of the United 1
States there are generally two floods and two ebbs every day, but one of the floods or 
ebbs has a greater speed and longer duration than the other, the inequality varying

with the declination of the moon. The inequalities in the current often differ consider- I -

J, ably from place to place even within limited areas, such as adjacent passages in Puget
Sound and various passages between the Aleutian Islands. Figure 3118a shows sevexal
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types of reversing current. Figure 3118b shows how the flo x pears as the diurnal
inequality increases at one station.

Offshore rotary currents that are purely semidiurna! r, eat the ellip" Al pattern
(fig. 3117a) each tidal cycle of 12 hours and 25 minutes. if there is eonsid .able diurnal
inequality, the plotted hourly current arrows describe a set c" vw !. s of different
sizes during a period of 24 hours and 50 minutes, as shown in figur, 3. 18c, and the greater
the diurnal inequality, the greater the difference between the sizes of the two ellipses.
In a completely diurnal rotary current, the smaller ellipse disappears and only one
ellipse is produced in 24 hours and 50 minutes.

3119. Variations and cyles.--Tidal cuv-ts have periods and cycles similar to
those of the tides (art. 3109) and are subject to similar variations, but flood and ebb
of the currer' do not necessarily occur at the same times as the rise and fall of the tide.
The relationship is explained further in article 3121.

The speed at strength increases and decreases during the 2-week period, month,
and year with the variations in the range of tide. Thus, the stronger spring and perigean
currents occur near the times of new and full moon and near the times of the moon's
perigee, or at times of spring and perigean tides (art. 3108); the weaker neap and apogean
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currents occur at the times of neap and apogean tides; tropic currents with increased
diurnal speeds or with larger diurnal inequalities in speed occur at times of tropic
tides; and equatorial currents with a minimum diurnal effect occur at times of equa-
torial tides; etc.

As with the tide, a mean ramie represents an average obtained from a 19-year
series. Since a series of current observations is usually limited to a few days, and seldom
covers more than a month or two, it is necessary to adjust the observed values, usually .
by comparison with tides at a nearby place, to obtain such a mean.

3120. Effect of nontidal flow,-The current existing at any time is seldom purely
tidal, but usually includes also a nontidal current that is due to drainage, oceanic
circulation, wind, or other cause. The method in which tidal and nontidl currents I
combine is best explaine' graphically, as in figures 3120a and 3120b. The pattern of the
tidal current remains unchanged, but the cur'e is shifted from the point or line from _

= Iwhich the currents are measured in the direction of the nontidal current and by an
amount equal to it. It is sometimes more convenient graphically merely to move the
line or point of origin in the opposite direction.
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Thus, the speed of the crrent flowing in the direction of the nontidal current is
increased by an, amount equal to the magnitude of the nontidal current, and the speed
of the current flowing in the opposite direction is decreased by an equal amount.. In
figuare 3120a a nontidal current is represented both in direction and speed by the vector
AO. Since this is greater than the speed .. the tidal current in the opposite direction,
the point A is outside the ellipse. The direction and speed of the combined tidal and
nontidal currents at any time is represented by a vector from A to that point on the
curve representing the given time, and can be scaled from the graph. The strongest
and weakest currents may no longer be in the directions cf the maximum and
minimum of the tidal current. In a reversing current (fig. 3120b), the effect is to
advance the time of one slack and to retard the following one. If the speed of the non-
tidal current exceeds that of the reversing tidal current, the resultant current flows
continuously in one direction without coming to a slack. in this case, the speed
varies from a maximum to a minimum and back to a maximum in each tidal cycle.
In figure 3120b the horizontal line A represents slack water if only tidal currents are
present. Line B represents the effect of a 0.5-knot nontidl ebb, and line C the effect
of a 1 .0-knot nontidal ebb. With the condition shown at C there is only one flood each

tidal day. If the nontidal ebb were to increase to approximately 2 knots, there would
be no flood, two maximum ebbs and two minimum ebbs occurring during a tidal day.

3121. Relation between time of tidal current and time of tide.--At many places
where current and tide are both semidiurnal, there is a definite zelation between times
of current and times of -high and low water in the locality. Current atiases and notes on
nautical charts often make use of this relationship by presenting for particular locations
the direction and speed of the current at each succeeding'hour after high and low water

at a place for which tide predictions are available.
In localities where there is considerable diurnal inequality in tide or current, or

where the t-pe of current differs from the type of tide, the relationship is not constant,

and it may be hazardous to try to predict the times of current from times of tide. j
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Note the current curve for Unimak Pass in the Aleutians in figure 3118a. It shows'
the current as predicted in the tidal current tables. Predictions of high andlow waters
in the tide tables might have led one to expect the current to change from flood to ebb I
in the late morning, whereas actually the current continued to run flood with someI
strength at that time.

Since the relationship between ti-.-s of tidal current and tide is not everywhere
the same, and may be variable at the same place, one should exercise extreme caution
in using general rules. The belief that slacks occur at local high and low tides and that
the maximum flood and ebb occur when the tide is rising or falling most rapidly may be.
approximately true at the seaward entrance to, and in the upper reaches of, an inland
tidal waterway. But generally this is not true in other parts of inland waterways.
When an inland waterway is extensive or its entrance constricted, the slacks in some
parts of the waterway often occur midway between the times of high and low tide.
Usually in such waterways the relationship ehanges from place to place as one pro-
gresses upstream, slack water getting progressively closer in time to the local tide
maximum until at the head of tidewater (the inland limit of water affected by a tide)
the slacks occur at about the times of high and low tide.

3122. Relation between speed of current and range of tide.-The variation in
the speed of the tidal current from place to place is not necessarily consistent with the I
range of tide. It may be the reverse. For example, currents are weak in the Gulf of I
Maine where the tides are large, and strong near Nantucket Island and in Nantucket
Sound where the tides are small.

At any one place, however, the speed of the current at strength of flood and I
ebb varies during the month in about the same proportion as the range of tide, and
one can use this relationship to determine the relative strength of currents on any day.

3123. Variation across an estuary.-In inland tidal waterways the time of tidal
current varies across the channel from shore to shore. On the average, the current
turns earlier near shore than in midstreum, where the speed is greater. Differences of o
half an hour to an hour are not uncommon, but the difference varies and the relationship "
may be nullified by the effect of nontidal flow.

The speed of the current also varies across the channel, usually being greater in
midstream or midehannel than near shore, but in a winding river or channel the strongest
currents occur near the concave shore. Near the opposite (convex) shore the currents
are weak or may eddy.

3124. Variation with depth.--In tidal rivers the subsurface current acting on the
lower portion of the hull may differ considerably from the surface current. An ap-
preciable subsurface current may be present when the surface movement appears to be
practically slack, and the subsurface current may even be flowing with appreciable
speed in the opposite direction to the surface current.

In a tidal estuary, particularly in the lower reaches where there is considerable
difference in density from top to bottom, flood usually begins earlier near the bottom
than at the surface. The differences may be an hour or two or as little as a few minutes,
depending upon the estuary, the location in the estuary, and freshet conditions. Even
when the freshwater runoff becomes so great as to prevent the surface current from 4
flooding, it may still flood below the surface. The difference in time of ebb from surface
to bottom is normally small but subject to variation with time and location. A

The ebb speed at strength usually decreases gradually from top to bottom, but
the speed of flood at strength often is stronger at subsurface depths than at the surface.

3125. Observations.--Observations of the current are made by means of a current
meter or current pole and log line. In the past, most successful meters required a vessel
and observers in continual attendance, as is necessary with the pole and line. Because

Ix .-. -
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of the difficulty and expense of such observations, they usually covered only a period
of a day or two at a place. Observations of a month are the exception, and longer
series were obtained only where ship and observers were available because of other
duties, such as at lightships, where observations have been continued over a number of
years.

Newer meters have been and are being developed that are suspended from a buoy
and that record either in the buoy or send yZ eed and direction impulses by radio to a
base station on ship or land. With them, the period of observation has been increased
so that in some recent surveys of United States harbors, the minimum period of ob-
servation was 1 week, with observations at several stations being continued over a
period of 1 to 6 months.

3126. Tidal current tables and other sources of information.-The navigator
should not attempt to predict currents without specific information for the locality in
which he is interested. Such information is contained in various forms in many navi-
gational publications.

Tidal current tables, issued annually, list daily predictions of the times and
strengths of flood and ebb currents, and of the timas of intervening slacks or minima.
Due to lack of observational data, coverage is considerably more limited than for the
tides. The tidal current tables do include supplemental data by which tidal current
predictions can be determined for many places in addition to those for which daily
predictions are given. The predictions are made by computers, using current harmonic
constants that are obtained by analyzing current observations in the same manner as

* for tides (art. 3113). The use of tidal current tables is explained in articles 1207-1210.
Sailing directions and coast pilots issued by maritime nations include general

descriptions of current behavior in various localities throughout the world.
Tidal current charts. A number of important harbors and waterways are covered

by sets of tidal current charts showing graphically the hourly current movement.
Tidal Current Diagrams are a series of monthly diagrams used with the tidal

current charts. The diagrams directly indicate the chart to use and the speed correction
factor to apply to each chart.

The use of tables and charts for tide and current predictions is discussed in chapter
XII.
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CHAPTER XXXII

OCEAN CURRENTS

3201. Introducion.--The movement of water comprising the oceans is one of the
principal sources of discrepancy between dead reckoning and actual positions of vessels.
Water in essentially horizontal motion is called a current, the direction toward which it
moves being the set, and its speed the drift. A well-defined current extending over a
considerable region of the ocean is called an ocean current.

A periodic current is one the speed or direction of which changes cyclically atl
somewhat regular intervals, as a tidal current,. A seasonal current is one which has'
large changes in speed or direction due to seasonal wvinds. A permanent current is one
which experiences relatively little periodic or seasonal change.

A coastal current flows roughly parallel to a coast, outside the surf zone, while a i
longshore current is one parallel to a shore, inside the surf zone, and generated by waves j
striking the beach at an angle. Any current some distance from the shore may be "
called an offshore current, and one close to the shore an inshore current.

*A surface current is one present at the surface, particularly one that does not ex-
tend more than a relatively few feet below the surface. A subsurface current is one
which is present below the surface only.

There is evidence to indicate that the strongest ocean currents consist of relatively
narrow, high-speed streams that follow winding, shifting courses. Often associatedI
with these currents are secondary countercurrents flowing adjacent to them but in the
opposite direction, and somewhat local, roughly circular, eddy currents. A relatively
narrow, deep, fast-moving current is sometimes called a stream current, and a broad,
shallow, slow-moving one a drift current.

3202. Causes of ocean currents.-Although man's knowledge of the processes
which produce and maintain ocean currents is far from complete, he does have a
general understanding of the principal factors involved. The primary generating forces
are wind and the density differences in the water. In addition, such factors as depth of
water, underwater topography, shape of the basin in which the current is running,
extent and location of land, and deflection by the rotation of the earth all affect the
oceanic circulation.

3203. Wind currents.-The stress of wind blowing across the sea causes the surface
layer of water to move. This motion is transmitted to each succeeding layer belowI
the surface, but due to internal friction within the water, the rate of motion decreases I -"
with depth. The current is called Ekman wind current or simply wind current. Although
there are many variables, it is generally true that a steady wind for about 12 hours is,
needed to establish such a current.

A wind-driven current does not flow in the direction of the wind, being deflected by
Coriolis force. (art. 3803), due to rotation of the earth. This deflection is toward the
right in the Northern Hemisphere, and toward the left in the Southern Hemisphere. The
Coriolis force is greater in higher latitudes, and is more effective in deep water. In gen-
eral, the difference between wind direction and surface wind-current direction varies -

from about 15' along shallow coastal areas to a maximum of 450 in the deep oceans. I
As the motion is transmitted to successiv6 deeper layers, the Coriolis forcA con-

• - r inues to deflect the current. At several hundred fathoms the current may flow in the
778
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opposite direction to the surface current. This shift of current directions with depth
combined with the decrease in velocity with depth is called the Ekman spiral.

.The speed of the current depends upon the speed of the wind, its constancy, the
length of time it has blown, and other factors. In general, however, about 2 percent
of the wind speed, or a little less, is a good average for deep water where the wind has
been blowing steadily for at least 12 hours.

3204. Currents related to density differences.&-As indicated in article 3009, the
density of water varies with salinity, temperature, and pressure. At any given depth,
the differences in density are due to differences in temperature and salinity. When
suitable information is available, a map showing geographical density distribution at
a certain depth could be drawn, with lines connecting points of equal density. These
isopycnic lines, or lines connecting points at which a given density occurs at the same
depth, would be similar to isobars on a weather map (art. 3827), and would serve
an analogous purpose, showing areas of high density and those of low density. In an
area of high density, the water surface is lower than in an area of low density, the max-
imum difference in height being of the order of 1 to 2 feet in 40 miles. Because
of this difference, water tends to flow from an area of higher water (low density) to
one of lower water (high density), but due to rotation of the earth, it is deflected
toward the right in the Northern Hemisphere, and toward the left in the Southern
Hemisphere. Thus, a circulation is set up similar to the cyclonic and anticyclonic
circulation in the atmosphere. The greater the density gradient (rate of change with
distance), the faster the related current.

3205. Oceanic circulation.-A number of ocean currents flow with great persist-
ence, setting up a circulation that continues with relatively little change throughout

* the year. Because of the influence of wind in creating current (art. 3203), there is a -
relationship between this oceanic circulation and the general circulation of the atmos-
phere (art. 3804). The oceanic circulation is shown in figure 3205, with the names of
the major ocean currents. Some differences in opinion exist regarding the names and
limits of some of the currents, but those shown are repr.sentative. The spacing of the
lines is a general indication of speed, but conditions vary somewhat with the season.
This is particularly noticeable in the Indian Ocean and along the South China coast,
where currents are influenced to a marked degree by the monsoons (art. 3810).

3206. Atlantic Ocean currents.-The trade winds (art. 3806), which blow with
great persistence, set up a system of equatorial currents which at times extends over
as much as 50' of latitude, or even more. There are two westerly flowing currents
conforming generally with the areas of trade winds, separated by a weaker, easterly
flowing countercurrent.

The North Equatorial Current originates to the northward of the Cape Verde
Islands and flows almost due west at an average speed of about 0.7 knot.

The South Equatorial Current is more extensive. It starts off the west coast of
Africa, south of the Gulf of Guinea, and flows in a generally westerly direction at an
average speed of about 0.6 knot. However, the speed gradually increases until it may
reach a value of 2.5 knots or more off the east coast of South America. As the current
approaches Cabo de Sao Roque, the eastern extremity of South America, it divides, the

southern part curving towarO the south along the coast of Brazil, and the northern
part being deflected by the ccntinent of South America toward the north.

Between the North and South Equatorial Currents a weaker Equatorial Counter-
J. current sets toward the cast in the general vicinity of the doldrums (art. 3805). This

is fed by water from the two westerly flowing equatorial currents, particularly the
South Equatorial Current. The extent and strength of the Equatorial Countercurrent
changes with the seasonal variations of the wind. It reaches a maximum during July

LI
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and August, when it extends from about 500 west longitude to the Gulf of Guinea.
During its minimum, in December and January, it is of very limited extent, the western
portion disappearing altogether.

That part of the South Equatorial Current flowing along the northern coast of
South America which does not feed the Equatorial Countercurrent unites with the North
Equatorial Current at a point west of the Equatorial Countercurrent. A large part of
the combined current flows through various passages between the Windward Islands,
into the Caribbean Sea. It sets toward the west, and then somewhat north of west,
finally arriving off the Yucatan peninsula. From here, some of the water curves toward
the right, flowing some distance off the shore of the Gulf of Mexico, and part of it
curves more sharply toward the east and flows directly toward the north coast of
Cuba. These two parts reunite in the Straits of Florida to form the most remarkable
of all ocean currents, the Gulf Stream. Off the southeast coast of Florida this current
is augmented by a current flowing along the northern coasts of Puerto Rico, Hispaniola,
and Cuba. Another current flowing eastward of the Bahamas joins the stream north
of these islands.

The Gulf Stream follows generally along the east coast of North America, flowing
around Florida, northward and then northeastward toward Cape Hatteras, and then
curving toward the east and becoming broader and slower. After passing the Grand
Banks, it turns more toward the north and becomes a broad drift current flowing across
the North Atlantic. That part in the Straits of Florida is sometimes called the Florida

* Current.
; A tremendous volume of water flows northward in the Gulf Stream. It can be

distinguished by its deep indigo-blue color, which contrasts sharply with the dull
green of the surrounding water. It is accompanied by frequent squalls. When the
Gulf Stream encounters the cold water of the Labrador Current, principally in the
vicinity of t.e Grand Banks, there is little mixing of the waters. Instead, the junction
is marked by a sharp change in temperature. The line or surface along which this
occurs is cal ed the cold wall. When the warm Gulf Stream water encounters cold air,
evaporation i.j so rapid that the rising vapor may be visible as frost smoke (art. 3815).
The stream cairies large quantities of gulfweed from the Tropics to higher latitudes.

Recent investigations have shown that the current itself is much narrower and
faster than previously supposed, and considerably more variable in its position and
speed. The maximum current off Florida ranges from about 2 to 4 knots. To
the northward the speed is generally less, and decreases further after the current passes,
Cape Hatteras. As the stream meanders and shifts position, eddies sometimes break
off and continue as separate, circular flows until they dissipate. Boats in the Bermuda
Race have been known to be within sight of each other and be carried in opposite
directions by different parts of the same current. As the current shifts position, its
extent does not always coincide with the area of warm, blue water. When the sea is 4
relatively smooth, the edges of the current are marked by ripples.

Information is not yet available to permit prediction of the position and speed of
the current at any future time, but it has been found that tidal forces apparently
influence the current, which reaches its daily maximum speed about 3 hours after
transit of the moon. The current generally is faster at the time of neap tides than at

, ~spring tides. hen the moon is over the equator, the stream is narrower and faster :_

than at maximum northerly or southerly declination. Variations in the trade winds
(art. 3806) alo affect the current.

As the Gulf Stream continues eastward and northeastward beyond the Grand

Banks, it gradually widens and decreases speed until it becomes a vast, slow-moving
drift current known as the North Atlantic Current, in the general vicinity of the pre-
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vailing westerlies (art. 3808). In the eastern part of the At, tic it divides into the II-
Northeast Drift Current and the Southeast Drift Current.

The Northeast Drift Current continues in a generally northeasterly direction
toward the Norwegian Sea. As it does so, it continues to widen and decrease speed.
South of Iceland it branches to form the Irminger Current and the Norway Current-.l
The Irminger Current curves toward the north and northwest to j oin the East Greenland I
Current southwest of Iceland. The Norway Current continues in a northeasterly
direction along the coast of Norway. Part of it, the North Cape Current, rounds North
Cape into the Barents Sea. The other part curves toward the north and bccomes known
as the Spitsbergen Current. Before reaching Svalbard (Spitsbergen), it curves toward
the west and joins the cold East Greenland Current flowing southward in the Greenland'
Sea. As this current flows past Iceland, it is further augmented by the Irminger Current.

Off Kap Farvel, at the southern tip of Greeniand, the East Greenland Current
curves sharply to the northwest following the coastline. As it does so, it becomes known
as the West Greenland Current. This current continues along the west coast of Green-
land, through. Davis Strait, and into Baffin Bay. Both East and West Greenland 1
Currents are sometimes known by the single name Greenland Current.

In Baffin Bay the Greenland Current follows generally the coast, curving westward
off Kap York to form the southerly flowing Labrador Current. This co!d current flows'
southward off the coast of Baffin Island, through Davis Strait, along the coast of -

Labrador and Newfoundland, to the Grand Banks, carrying with it large quantities
of ice (ch. XXXVI). Here it encounters the warm water of the Gulf Stream, creating
the "cold wall." Some of the cold water flows southward along the east coast of North
America, inshore of the Gulf Stream, as far as Cape Hatteras. The remainder curves
toward the east and flows along the n- -them edge of the North Atlantic and Northeast
Drift Currents, gradually merging with hem.

The Southeast Drift Current curves toward the east, southeast, and then south
as it is deflected by the coast of Europe. It flows past the Bay of Biscay, toward south-
eastern Europe and the Canary Islands, where it continues as the Canary Current.
In the vicinity of the Cape Verde Islands, this current divides, part of it curving toward
the west to help form the North Equatorial Current, and part of it curving toward the j
east to follow the coast of Africa into the Gulf of Guinea, where it is known as the 2
Guinea Current. This current is augmented by the Equatorial Countercurrent and, in 3
summer, i .is strengthened by monsoon winds. It flows in close proximity to the South j
Equatoriid Current, but in the opposite direction. As it curves toward the south, !
still follo ving the African coast, it merges with the South Equatorial Current.

The clockwise circulation of the North Atlantic leaves a large central area having j
no wvell-defined currents. This area is known as the Sargasso Sea, from the large
quantities of sargasso or gulfweed encountered there.

That branch of the South Equatorial Current which curves toward the south ofl
the east coast of South America follows the coast as the warm, highly-saline Brazil
Current, which in some respects resembles the Gulf Stream. Off Uruguay, it encounters I
the colder, less-salty Falkland Current and the two curve toward the east to form the
broad, slow-moving South Atlantic Current, in the general vicinity of the prevailing I
westerlies (art. 38L8). This current flows eastward to a point west of the Cape of Good i
Hope, where it curves northward to follow the west coast of Africa as the strong Ben-
guela Current, augmented somewhat by part of the Agulhas Current flowing around the
southern part of Africa frcm the Indian Ocean. As it continues northward, the current
gradually widens and slows. At a point e. st of St. Helena Island it curves westward to
continue as part of the South Equatorial Current, thus completing the counterclockwise - 7
circulation of the South Atlantic. The Benguela Current is augmented somewhat by the

Ii
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West Wind Drift, a current which flows easterly around Antarctica. As the West Wind
Drift flows past Cape Horn, that part in the immediate vicinity of the cape is called the
Cape Horn Current. This current rounds the cape and flows in a northerly and north-
easterly direction along the coast of South America as the Falkland Current.

3207. Pacific Ocean currents follow the general pattern of those in the Atlantic.
The North Equatorial Current flows westward in the general area of the northeast
trades, and the South Equatorial Current follows a similar path in the region of the
southeast trades. Between these two, the weaker Equatorial Countercurrent sets toward
the east, just north of the equator.After passing the Mariana Islands, the major part of the North Equatorial Current

curves somewhat toward the northwest, past the Philippines and Formosa. Here it is
deflected further toward the north, where it becomes known as the Kuroshio, and then
toward the northeast past the Nansei Shoto and Japan, and on in a more easterly
direction. Part of the Kuroshio, called the Tsushima Current, flows through Tsushima
Strait, between Japan and Korea, and the Sea of Japan, following generally the north-
west coast of Japan. North of Japan it curves eastward and then southeastward to
rejoin the main part of the Kuroshio. The limits and volume of the Kuroshio are in-
fluenced by the monsoons (art. 3810), being augmented during the season of southwest-
erly winds, and diminished when the northeasterly winds are prevalent.

The Kuroshio (Japanese for "Black Stream") is so named because of the dark
color of its water. It is sometimes called the Japan Stream. In many respects it is
similar to the Gulf Stream of the Atlantic. Like that current, it carries large quantities
of warm tropica' water to higher latitudes, and then curves toward the east as a major
part of the general clockwise circulation in the Northern Hemisphere. As it does so,
it widens and slows. A small part of it curves to the right to form a weak clockwise
circulation west of the Hawaiian Islands. The major portion continues on between
the Aleutians and the Hawaiian Islands, where it becomes known as the North Pacific
Current.

As this current approaches the North American continent, most of it is deflected
toward the right to form a clockwise circulation between the west coast of North
America and the Hawaiian Islands. This part of the current has become so broad that
the circulation is generally weak. A small part near the coast, however, joins the
southern branch of the Aleutian Current, and flows southeastward as the California
Current. The average speed of this current is about 0.8 knot. It is strongest near
land. Near the southern end of Baja (Lower) California, this current curves sharply
to the west and broadens to form the major portion of the North Equatorial Current.

During the winter, a weak countercurrent flows northwestward along the west
coast of North America from southern California to Vancouver Island, inshore of the
southeasterly flowing California Current. This is called the Davidson Current.

Off the west coast of Mexico, south of Baja California, the current flows south-
eastward, as a continuation of part of the California Current, during the winter. During
the summer, the current in this area is northwestward, as a continuation of the
Equatorial Countercurrent, before it turns westward to help form the North Equatorial
Current.

As in de Atlantic, there is in the Pacific a counterclockwise circulation to the
north of the clockwise circulation. Cold water flowing southward through the western
part of Bering Strait between Alaska and Siberia is joined by water circulating counter-
clockwise in the Bering Sea to form the Oyashio. As the current leaves the strait, it

-- curves toward the right and flows southwesterly along the coast of Siberia and the
Kuril Islands. This current brings quantities of sea ice, but no icebergs. When it
encounters the Kuroshio, the Oyashio curves southward and then eastward, the greater

curvesgreate
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portion joining the Kuroshio and North Pacific Current. The northern portion continues
eastward to join the curving Aleutian Current.

As this current approaches the west coast of North America, west of Vancouver
Island, part of it curves toward the right and is joined by water from the North Pacific
Current, to form the California Current. The northern branch of the Aleutian Current
curves in a counterclockwise direction to form the Alaska Current, which generally
follows the coast of Canada and Alaska. When it arrives off the Aleutian Islands, it
becomes known as the Aleutian Current. Part of it flows along the southern side of
these islands to about the 180th meridian, where it curves in a counterclockwise
direction and becomes an easterly flowing current, being augmented by the northern
part of the Oyashio. The other part of the Aleutian Current flows through various
openings between the Aleutian Islands, into the Bering Sea. Here it flows in a general
counterclockwise direction, most of it finally joining the southerly flowing Oyashio,
and a small part of it flowing northward through the eastern side of the Bering Strait,
into the Arctic Ocean.

The South Equatorial Current, extending in width between about 40N latitude
and 10*S, flows westward from South America to the western Pacific. After this current
crosses the 180th meridian, the major part curves in a counterclockwise direction,
entering the Coral Sea, and then curving more sharply toward the south along the
east coast of Australia, where it is known as the East Australia Current. In the Tasman
Sea, northeast of Tasmania, it is augmented by water from the West Wind Drift, I
flowing eastward south of Australia. It curves toward the southeast and then the east, I
gradually merging with the easterly flowing West Wind Drift, a broad, slow-moving
current that circles Antarctica. I

Near the southern extremity of South America, most of this current flows east- ,
ward into the Atlantic, but part of it curves toward the left and flows generally north- I
ward along the west coast of South America as the Peru Current or Humboldt Current. I
Occasionally a set directly toward land is encountered. At about Cabo Blanco, where the
coast falls away to the right, the current curves toward the left, past the Galapagos
Islands, where it takes a westerly set and constitutes the major portion of the South 1
Equatorial Current, thus completing the counterclockwise circulation of the South I
Pacific.

During the northern hemisphere summer, a weak northern branch of the South I

Equatorial Current, known as the Rossel Current, continues on toward the west and
northwest along both the southern and northeastern coasts of New Guinea. The
southern part flows through Torres Strait, between New Guinea and Australia, into
the Arafura Sea. Here, it gradually loses its identity, part of it flowing on toward the
west as part of the South Equatorial Current of the Indian Ocean, and part of it fol-
lowing the coast of Australia and finally joining the easterly flowing West Wind Drift.
The northern part of the Rossel Current curves in a clockwise direction to help form I
the Pacific Equatorial Countercurrent. During the northern hemisphere winter, the
Rossel Current is replaced by an easterly flowing current from the Indian Ocean.

3208. Indian Ocean currents follow generally the pattern of the Atlantic and
Pacific but with differences caused principally by the monsoons (art. 3810) and the
more limited extent of water in the Northern Hemispheie. During the northern hemi-
sphere winter, the North Equatorial Current and South Equatorial Current flow toward
the west, with the weaker, easterly flowing Equatorial Countercurrent flowing between
them, as in the Atlantic and Pacific (but somewhat south of the equator). But during the
northern hemisphere summer, both the North Equatorial Current and the Equatorial
Countercurrent are replaced by the Monsoon Current, which flows eastward and ,
southeastward across the Arabian Sea and the Bay of Bengal. Near Sumatra, this
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current curves in a clockwise direction and flows westward, augmenting the South
Equatorial Current and setting up a clockwise circulation in the northern part of the
Indian Ocean.

As the South Equatorial Current approaches the coast of Africa, it curves toward
the southwest, part of it flowing through the Mozambique Channel between Madagascar
and the mainland, and part flowing along the east coast of Madagascar. At the southern
end of this island the two join to form the strong Agulhas Current, which is analogous
to the Gulf Stream.

A small part of the Agulhas Current rounds the southern end of Africa and helps
form the Benguela Current. The major portion, however, curves sharply southward and
then -- tward to join the West Wind Drift. This junction is often marked by a broken
and confused sea. During the northern hemisphere winter the northern part of this
current curves in a counterclockwise direction to form the West Australia Current,
which flows northward along the west coast of Australia. As it passes Northwest Cape,
it curves northwestward to help form the South Equatorial Current. During the north-
ern hemisphere summer, the West Australia Current. is replaced by a weak current
flowing around the western part of Australia as an extension of the southern branch
of the Rossel Current.

3209. Polar currents.-The waters of the North Atlantic enter the Arctic Ocean
between Norway and Svalbard. The currents flow easterly north of Siberia to the
region of the Novosibirskiye Ostrova, where they turn northerly across the North Pole
and continue down the Greenland coast to form the East Greenland Current. On the
American side of the arctic basin, there is a weak, continuous clockwise flow centered
in the vicinity of 80 0 N, 150 0W. A current north through Bering Strait along the
American coast is balanced by an outward southerly flow along the Siberian coast,
which eventually becomes part of the Oyashio. Each of the main islands or island
groups in the Arctic, as far as is known, seems to have a clockwise nearshore circulation
around it. The Barents Sea, Kara Sea, and Laptev Sea each have a weak counter-
clockwise circulation. A similar but weaker counterclockwise current system appears
to exist in the East Siberian Sea.

In the Antarctic, the circulation is generally from west to east in a broad, slow-
moving current extending completely around Antarctica. This is called the West Wind
Drift, although it is formed partly by the strong westerly wind in this area and partly
by density differences. This current is augmented by the Brazil and Falkland Cur-
rents in the Atlantic, the East Australia Current in the Pacific, and the Agulhas Cur-
rent in the Indian Ocean. In return, part of it curves northward to form the Cape Horn,
Falkland, and most of the Benguela Currents in the Atlantic, the Peru Current in the
Pacific, and west Australia Current in the Indian Ocean.

3210. Ocean currents and climate.-Many of the ocean currents exert a marked
influence upon the climate of the coastal regions along which they flow. Thus, warm
water from the Gulf Stream, continuing as the North Atlantic, Northeast Drift, and
Irminger Currents, arrives off the southwest coast of Iceland, warming it to the extent
that Reykjavlk has a higher average winter temperature than New York City, far to the
south. Great Britain and Labrador are about the same latitude, but the climate of
Great Britain is much milder because of the difference of temperature of currents. The
west coast of the United States is cooled in the summer by the California Current, and
warmed in the winter by the Davidson Current. As a result of this condition, partly,
the range of monthly average temperature is comparatively small. - 5

Currents exercise other influences besides those on temperature. The pressure -
pattern is affected materially, as air over a cold current contracts as it is cooled, and
that over a warm current expands. As air cools above a cold ocean current, fog is

- -
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likely to form. Frost smoke (art. 3815) is most prevalent over a warm current which

flows into a colder region. Evaporation is greater from warm water than from cold
water.!

In these and other ways, the climate of the earth is closely associated with the

ocean currents, although other factors, such as topography and prevailing winds, are I
also important.
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CHAPTER XXXIII

OCEAN WAVES

3301. Introduction.-Undulations of the surface of the water, called waves, are
perhaps the most widely observed phenomenon at sea, and possibly the least under-
stood by the average seaman. The mariner equipped with a knowledge of the basic
facts concerning waves is able to use them to his advantage, and either avoid hazardous
conditions or operate with a minimum of danger if such conditions cannot be avoided.

"f- 3302. Causes of waves.-Waves on the surface of the sea are caused principally
by wind, but other factors, such as submarine earthquakes, volcanic eruptions, and the
tide, also cause waves. If a breeze of less than 2 knots starts to blow across smooth
water, small wavelets called ripples form almost instantaneously. When the breeze
dies, the ripples disappear as suddenly as they formed, the level surface being restored
by surface tension of the water. If the 'wind speed exceeds 2 knots, more stable
gravity waves gradually form, and progress with the wind.

While the generating wind blows, the resulting waves may be referred to as sea.
When the wind stops or changes direction, the waves that continue on without relation
to local winds are called swell.

Unlike wind and current, waves are not deflected appreciably by the rotation of ,
the earth, but move in the direction in which the generating wind blows. When this
wind ceases, friction and spreadirg cause the waves to be reduced in height, or at-
tenuated, as they move across the surface. However, the reduction takes place so
slowly that swell continues until it reaches some obstruction, such as a shore.

The Fleet Numerical Weather Central, Monterey, California, produces synoptic
analyses and predictions of ocean wave heights using a spectral numerical model.
The wave information consists of heights and directions for different periods and
wavelengths. The model generates and propagates wave energy. Verification has
been very good. Information from the model is provided to the U. S. Navy on a routine
basis and is a vital input to the Optimum Track Ship Routing program (ch. XXIV).

3303. Wave characteristics.-Ocean waves are very nearly in the shape of an
inverted cycloid, the figure formed by a point inside the rim of a wheel rolling along
a level surface. This shape is shown in figure 3303a. The highest parts of waves are
called crests, and the intervening lowest parts, troughs. Since the crests are steeper
and narrower than the troughs, the mean or still water level is a little lower than half-
way between the crests and troughs. The vertical distance between trough and crest is
called wave height, labeled H in figure 3303a. The horizontal distance between succes-
sive crests, measured in the direction of travel, is called wavelength, labeled L. The

-- time interval between passage of successive crests at a stationary point is called wave
period (P). Wave height, length, and period depend upon a number of factors, such
as the w-ind speed, the length of time it has blown, and its fetch (the straight distance
it has traveled over the surface). Table 3303 indicates the relationship between wind

WATR VL

FIGURE 3303a.-A typical sea wave.
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speed, fetch, length of time the wind blows, wave height, and wave period it, deep
water.

If the water is deeper than one-half the wavelength (L), this length in feet is
theoretically related to period (P) in seconds by the formula

L=5.12P.

The actual value has been found to be a little less than this for swell, and about two-
thirds the length determined by this formula for sea. When the waves leave the generat-

ing area and continue as free waves, the wavelength and period continue to increase,
while the height decreases. The rate of change gradually decreases.

The speed (S) of a free wave in deep water is nearly independent of its height or
steepness. For swell, its relationship in knots to the period (P) in seconds is given by the
formula

S=3.03P.

The relationship for sea is not known.
The theoretical relationship between speed, wavelength, and period is shown in

figure 3303b. As waves continue on beyond the generating area, the period, wavelength,
and speed remains the same. Because the waves of each period have d"ifferent speeds they
tend to sort themselves by periods as they move away from the generating area. The
longer period waves move at a greater speed and move ahead. At great enough distances
-from a storm area the waves will have sorted themselves into packets based on period.

All the waves are attenuated as they propagate but the short period waves attenuate
faster so that at a long distance from a storm only the longer waves remain.

The time needed for a wave system to travel some distance is double that which
would be indicated by the speed of individual waves. This is because the front wave
gradually disappears and transfers its energy to succeeding waves. Tne process is I

60 . -"
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, FIGURE 3303b.-Relationship between speed, length, and period of waves in deep water, base upon
- = the theoretical relationship between period and length.
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followed by each front wave in succession, at such a rate that the wave system advances
at a speed which is just half that of individual waves. This process can be seen in the
bow wave of a vessel. The speed at which the wave system advances is called group
velocity.

Because of the existence of many independent wave systems at the same time
the sea surface acquires a complex and irregular pattern. Also, since the longer wave
outrun the shorter ones, the resulting interference adds to the complexity of the pattern.
The process of interference,' illustrated in figure 3303c, is duplicated many times in the
sea, being the principal reason that successive waves are not of the same height. The
irregularity of the surface may be further accentuated by the presence of wave systems
crossing at an angle to each other, producing peak-like rises.

In reporting average wave heights, the mariner has a tendency to neglect the lower
ones. It has been found that the reported value is about the average for the highest
one-third. This is sometimes called the "significant" wave height. The approximate
relationship between this height and others, is as follows:

Wave Relative height

Average 0.64
Significant 1.00
Highest 10 percent 1.29
Highest 1.87

3304. Path of water particles in a wave.-As shown in figure 3304, a particle of
water on the surface of the ocean follows a somewhat circular orbit as a wave passes,
but moves very little in the direction' of motion of the wave. The common wave pro-
ducing this action is called an oscillatory wave. As the crest passes, the particle moves
forward, giving the water the appearance of moving with the wave. As the trough
passes, the motion is in the opposite direction. The radius of the circular orbit decreases
with depth, approaching zero at a depth equal to about half the wavelength. In shallower
water the orbits become more elliptical, and in very shallow water, as at a beach, the
vertical motion disappears almost completely.

Since the speed is greater at the top of the orbit than at the bottom, the particle
is not at exactly its original point following passage of a wave, but has moved slightly

A

VV vvv V V

Aa=4 LNa A nA
V V V V

v v v V VV V

FIGURE 3303c.-Intererence. The upper part of A shows two FIGURE 3304.-Orbital motion
waves of equal height and nearly equal length traveling in and displacement, s, of a parti-
the same direction. Tile lower part of A shows the resulting cle on the surface of deep water
wave pattern. In B similar information is shown for short during two wave periods.
waves and long swell.
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in the direction of motion of the wave. However, since this advance is small in relation
to the vertical displacement, a floating object is raised and lowered by passage of a
wave, but mov d little from its original position. If this were not so, a slow moving
vessel might experience considerable difficulty in making way against a wave train.
In figure 3304 the forward displacement is greatly exaggerated.

3305. Effects of currents on waves.-A following current increases wavelengths
and decreases wave heights. An opposing current has the opposite effect, decreasing
the length and increasing the height. A strong opposing current may cause the waves
to break. T' - extent of wave alteration is dependent upon the ratio of the still-water
wave speed to the speed of the current.

Moderate ocean currents running at oblique angles to wave directions appear to
have little effect, but strong tidal currents perpendicular to a system of waves have
been observed to completely destroy them in a short period of time.

3306. The effect of ice on waves.-When ice crystals form in seawater, internal1friction is greatly increased. This results in smoothing of the sea surface. The effect
of pack ice is even more pronounced. A vessel following a lead through such ice may
be in smooth water even when a gale is blowing and heavy seas are beating against the
outer edge of the pack. Hail is also effective in flatteninmg the sea, even in a high wind.

3307. Waves and shallow water.-When a wave encounters shallow water, the
movement of the individual particles of water is restricted by the bottom, resulting
in rEduced wave speed. In deep water wave speed is a function of period. In shallow
water, the wave speed becomes a function of depth. The shallower the water the slower
is the wave speed. As the wave speed slows, the period remains the same so the wave-
length becomes shorter. Since the energy in the waves remains the same, the shortening
of wavelengths results in increased heights. This process is called shoaling. If the wave
approaches the shoal at an angle, each part is slowed successively as the depth decreases.
This causes a change in direction of motion or refraction, the wave tending to become
parallel to the depth curves. The effect is similar to the refraction of light and other
forms of radiant energy (art. 1606).

As each wave slows, the next wave behind it, in deeper water, tends to catch up.
As the wavelength decreases, the height generally becomes greater. The lower part of
a wave, being nearest the bottom, is slowed more than the top. This may cause the
wave to become unstable, the faster-moving top falling or breaking. Such a wave is
called a breaker, and a series of breakers, surf. This subject is covered in greater detail
in chapter XXXIV.

Swell passing over a shoal but not breaking undergoes a decrease in wavelength
and speed, and an increase in height. Such ground swell may cause heavy rolling if
it is on Lhe beam and its period is the same as the period of roll of a vessel, even though
the sea may appear relatively calm. Figure 3307 illustrates the approximate alteration
of the characteristics of waves as they cross a shoal.

3308. Enery of waves.-The potential energy of a wave is related to the vertical
distance of each particle from its still-water position, and therefore moves with the
wave. In contrast, the kinetic energy of a wave is related to the speed of the particles,
being distributed evenly along the entire wave.

The amount of kinetic ei.ergy in even a moderate wave is tremendous. A 4-
foot, 10-second wave striking a coast expends more than 35,000 horsepower per mile
of beach. For each 56 miles o coast, the energy expended equals the power generated
at Hoover Dam. An increase in temperature of the water in the relatively narrow
surf zone in which this energ is expended would seem to be indicated, but no pro-

* nounced increase has been measured. Apparently, any heat that may be generated is
dissipated to the deeper water beyond the surf zone.

:-I -
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3309. Wave measurement atboard ehip.---With suitable equipment and adequate j
~training, one can make reasonably reliable measurements of the height, length, period, II , and speed of waves. However, the mariner's estimnates of height and length usually

contain relatively large errors. Theze is a tendency to underestimate the heights .of
' low waves, and overestimate the heights of high ones. There are numerous accountsI

of waves 75 to 80 feet ligh, or even higher, although waves more than 55 feet high are
very rare. Wavelength is usually underestimated. The motions of the vessel from
which measurements are made perhaps contribute to such errors.

Height. Measurement of wave height is particularly difficult. A microbarograph
(art. 3705) can be used if the wave is long enough to permit the vessel to ride u p and
down with it. If the waves are approaching from dead ahead or dead astern, this re-j
quires a wavelength at least twice the length of the vessel. For most accurate results
the instrument should be placed at the center of roll and pitch, to minimize the effects

~of these motions. Wave height ean often be estimated with reasonable accuracy by

comparing it with freeboard of the vessel. This is less accurate as wave height and
vessel motion increase. ]'f a point of observation can be found at which the top of a
wave is in line with : ie horizon when the observer is in the trough, the wave height
is equal to height cf eye. However, if the vessel is rolling or pitching, this height at the *

i= moment of observatio~i may be difficult to determine. The highest wave ever reliably j
reported was 112 feet observed from the USS Ramapo in 1933. J

Length. The dimensions of the vessel can be used to determine wavelength. Errorsi
are introduced by perspective and disturbance of tihe wave pattern by the vessel.

.,- . These errors are minimized if observations are made from maximum .height. Besti
results are obtained if the sea is from dead ahead or dead astern.

i ° Period. If allowance is made for the motion of the vessel, wave period can be
: ~determined by measuring tihe interval between passages of wave crests past the ob-i|  . .

server. The correction for the motion of the vessel can be eliminated by timing the
! , passage of successive wave crests past a patch of foam or a floating object at some --

~distance from the vessel. Accuracy of results can be improved by averaging several
~observations.
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Speed can be determined by timing the passage of the wave between measured

points along the side of the ship, if corrections are applied for the direction of travel of
the wave and the speed of the ship.

The length, period, and speed of waves are interrelated by the relationships indi-

cated in article 3303. There is no definite mathematical relationship between wave
height and length, period, or speed.

3310. Tsunamis are ocean waves produced by sudden, large-scale motion of a por-
tion of the ocean floor or the shore, as by volcanic eruption, earthquake (sometimes
called seaquake if it occurs at sea), or landslide. If they are caused by a submarine earth-
quake, they are usually called seismic sea waves. The point directly above the di
turbance, at which the waves originate, is called the epicenter. Either a tsunami or a.
storm tide (art. 3311) that overflows the land is popularly called a tidal wave, although
it bears no relation to the tide.

If a volcanic eruption occurs below the surface of the sea, the escaping gases cause
a quantity of water to be pushed upward in the shape of a dome or mound. The same
effect is caused by the sudden rising of a portion of the bottom. As this water settles
back, it creatps a wave which travels at high speed across the surface of the ocean.

Tsunamis are a series of waves. Near the epicenter, the first wave may be the
highet. At greater distances, the highest wave usually occurs later in the series, com-
monly between the third and the eight!, wave. Following the maximum, they again
become smaller, but the tsunami may be detectable for several days.

In deep water the wave height of a tsunami is probably never greater than 2 or
3 feet. Since the wavelength is usually considerably more than 100 miles, the
wave is not conspicuous at sea. In the Pacific, where most tsunamis occur, the wave
period varies between about 15 and 60 minutes, and the speed in deep water is more than
400 knots. Th-. approximate speed can be computed by the formula

where S is the speed in knots, g is the acceleration due to gravity (32.2 feet per second
per second), and d is the depth of water in feet. This formula is applicable to any wave
in water having a depth of less than half the wavelength. For most ocean waves it
applies only in shallow water, because of the relatively short wavelength.

When a tsunami enters shoal water, it undergoes the same changes as other waves.
The formula indicates that speed is proportional to depth of water. Because of the great
speed of a tsunami when it is in relatively deep water, the slowing is relatively much
greater than that of an ordinary wave crested by wind. Therefore, the increase in
height is also much greater. The size of the wave depends upon the nature and intensity
of the disturbance. The height and destructiveness of the wav arriving at any place
depend upon its distance from the epicenter, topography of the ocean floor, and the -

coastline. The angle at which the wave arrives, the shape of the coastline, and the
topography along the coast and offshore all have their effect. The position of the shore
is also a factor, as it may be sheltered by intervening land, or be in a position where
waves have a tendency to converge, either because of refraction or reflection, or both.

Tsunamis 50 feet in height or higher have reached the shore, inflicting widespread
damage. On April 1, 1946, seismic sea waves originating at an epicenter near the Aleu-
tians spread over the entire Pacific. Scotch Cap Light on Unimak Island, 57 feet above
sea level, was completely destroyed. Traveling at an average speed of 490 miles per
hour, the waves reached the Hawaiian Islands in 4 hours and 34 minutes, where they
arrived as waves 50 feet above the high water level, and flooded a strip of coast more *4%_

than 1,000 feet wide at some places. They left a death toll of 173, and property damage

A"
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of $25,000,000. Less destructive waves reached the shores of North and South America,
and Australia, 6,700 miles from the epicenter.

After this disaster, a tsunami warning system was set up in the Pacific, even though I
destructive waves are relatively rare (averaging about one in 20 years in the Hawaiian
Islands).

In addition to seismic sea waves, earthquakes below the surface of the sea may
produce a longitudinal wave that travels upward toward the surface, at the speed of
sound. When a ship encounters such a wave, it is felt as a sudden shock which may
be of such severity that the crew thinks the vessel has struck bottom. Because of.
sach reports, some older charts indicated shoal areas at places where the depth is now
known to be a thousand fathoms or more.

3311. Storm tides.-In relatively tideless seas like the Baltic and Mediterranean,
winds cause the chief fluctuations in sea level. Elsewhere, the astronomical tide usually
masks these variations. However, under exceptional conditions, either severe extra-
tropical storms or tropical cyclones can produce changes in sea level that exceed the
normal range of tide. Low sea level is of little concern except to shipping, but a rise above
ordinary high-water mark, particularly when it is accompanied by high waves, can
result in a catastrophe.

Although, like tsunamis, these storm tides or storm surges are popularly called .
tidal waves, they are not associated with tne tide. They consist of a single wave crest
and hence have no period or wavelength.

Three effects in a storm induce a rise in sea level. The first is wind stress on the
sea surface, which results in a piling-up of water (sometimes called "wind set-up'
The second effect is the convergence of wind-driven currents, which elevates the sea
surface along the convergence line. In shallow water, bottom friction and the effects
of local topography cause this elevation to persist and may even intensify it. The low
atmospheric pressure that accompanies severe storms causes the third effect, which is
sometimes referred to as the "inverted barometer." An inch of mercury is equivalent
to about 13.6 inches of water (art. 3115) and the adjustment of the sea surface to the
reduced pressure can amount to several feet at equilibrium (art. 3911).

All three of these causes act independently, and if they happen to occur simul-
taneously, their effects are additive. In addition, the wave can be intensified or ampli-
fled by the effects of local topography. Storm tides may reach heights of 20 feet or
more, and it is estimated that they cause three-fe irths of the deaths attributed to
hurricanes.

3312. Standing waves and seiches.-Previous articles in this chapter have dealt
with progressive waves which appear to move regularly with time. When two systems
of progressive waves having the same period travel in opposite directions across the
same area, a series of standing waves may form. These appear to remain stationary.

Another type of standing wave, called a seiche (sash), sometimes occurs in a .
confined body of water. It is a long wave, usually having its crest at one end of the
confined space, and its trough at the other. Its period may be anything from a few
minutes to an hour or more, but somewhat less than the tidal period. Seiches are

r usually attributed to strong winds or differences in atmospheric p'essure.
3313. Tide waves.-As indicated in chapter XXXI, there are, in general, two

regions of high tide separated by two regions of low tide, and these regions move pro-
gressively westward around the earth as the moon revolves in its orbit. The high tides
are the crests of these tide waves, and the low tides are the troughs. The wave is not A- 19
noticeable at sea, but becomes apparent along the coasts, particularly in funnel-shaped I
estuaries. In certain river mouths or estuaries of particular configuration, the incoming

,3m .-
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wave of high water overtakes the preceding low tide, resulting in a high-crested, roaring
wave which progresses upstream in one mighty surge called a bore.

3314. Internal waves.--Thus far, the discussion has been confined to waves on
the surface of the sea, the boundary between air and water. Internal waves, or boundary
waves, are created below the surface, at the boundaries between water strata of different
densities. The density differences between adjacent water strata in the sea are con-
siderably less than that between sea and air. Consequently, internal waves are much
more easily formed than surface waves, and they are often much larger. The maximum
height of wind waves on the surface is about 60 feet, but internal wave heights as
great as 300 feet have been encountered.

Internal waves are detected by a number of observations of the vertical temperature
distribution, using recording devices such as the bathythermograph (art. 3007). They
have periods as short as a few minutes, and as long as 12 or 24 hours, these greater
periods being associated with the tides.

A slow-moving ship operating in a freshwater layer having a depth approximating
the draft of the vessel may produce short-period internal waves. This may occur off
rivers emptying into the sea or in polar regions in the vicinity of melting ice. Under
suitable conditions, the normal propulsion energy of the ship is expended in generating
and maintaining these internal waves and the ship appears to "stick" in the water,
becoming sluggish and making little headway. The phenomenon, known as dead water,

Sdisappears when speed is increased by a few knots.
The full significance of internal waves has not been determined, but it is known

that they may cause submarines to rise and fall like a ship at the surface, and they
may also affect sound transmission in the sea.

3315. Waves and ships.-The effects of waves on a ship vary considerably with
the type ship, its course and speed, ar. J the condition of the sea. A short vessel has a
tendency to ride up one side of a wave and down the other side, while a larger vessel
may tend to ride through the wav - on an even keel. If the waves are of such length
that the bow and stern of a vessel are alternately in successive crests and successive

troughs, the vessel is subject to heavy sagging and hogging stresses, and under extreme
conditions may break in two. A change of heading may reduce the danger. Because of
the danger from sagging and hogging, a small vessel is sometimes better able to rideI ,out a storm than a large one.

If successive waves strike the side of a vessel at the same phase of successive rolls,
relatively small waves can cause heavy rolling. The effect is similar to that of swinging
a child, where the strength of the push is not as important as its timing. The same
effect, if applied to the bow or stern in time with the pitch, can cause heavy pitching. b
A change of eithei heading or s,)eed oan reduce thb effect.

A wave having a length twice that of a ship places that ship in danger of falling
off into the trough of the sea, particularly if it is a slow-moving vessel. The effect is
especially pronounced if the sea is broad on the bow or broad on the quarter. An increase

- - of speed reduces the hazard.
3316. Use of oil for modifying the effects of breaking waves.--Oil has proved

effective in modifying the effects of breaking waves, and has proved useful to vessels
at sea, whether making way or stopped, particularly when lowerng or hoisting boats.

k, Its effect is greatest in deep water, where a small quantity suffices if the oil Carl be made
to spread to windward. in shallow water wl ere the water is in motion over the bottom,
oil is less effective but of some value.

The heaviest oils, notably animal anu vegetable oils, are the most effective. Crude
petroleum is useful, but its effectiveness can be improved by nmZcing it with animal and

m 1j
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vegetable oils. Gasoline or kerosene are of little value. Oil spreads slowly. In cold
weather it may need some thinning with petroleum to hasten the process and produce
the desired spread before the vessel is too far away for the effect to be useful.

At sea, best results can be expected if the vessel drifts or runs slowly before the'
wind, with the oil being discharged on both sides from waste pipes or by other con-
venient method. If a sea anchor is used, oil can be distributed from a container inserted
within it, for this purpose. If such a container is not available, an oil bag can be fastened
to an endless line iove through a block on the sea anchor. This permits distribution of
oil to windward, aii rovides a means for hauling the bag aboard for refilling. If an-
other vessel is being t red, the oil should be distributed from the towing vessel, forward
and on both sides, so that both vessels will be benefited. If a drifting vessel is to be
approached, the oil might be distributed from both sides of the drifting vessel or by the
approaching vessel, which should distribute.it to leeward of the drifting vessel so that
that vessel will drift into it. If the vessel being approached is aground, the procedure best
suiting the circumstances should be used.

If oil is needed in crossing a bar to enter a harbor, it can be floated in ahead of
the vessel if a flood current is running. A considerable amount may be needed. During
slack water a hose might be trailed over the bow and oil poured freely through it if no
more convenient method is Pvailable. With an ebb current oil is of little use, unless it
can be distributed from another vessel or in some other manner from the opposite side "
of the bar.

F
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CHAPTER XXXIV

BREAKERS AND SURF

3401. Introduction.-The purpose of this chapter is to acquaint the navigator
with the oceanographic factors affecting the safe navigation through the surf zone to
the beach.

3402. Refraction.-As explained in article 3307, wave speed is slowed in shallow
water, causing refraction if the waves approach the beach at an angle. Along a per-
fectly straight beach, with uniform shoaling, the wave fronts tend to become parallel to
the shore. Any irregularities in the coastline or bottom contours, however, affect the
refraction, causing irregularity. In the case of a ridge perpendicular to the beach, for
instance, the shoaling is more rapid, causing greater refraction towards the ridge. The
waves tend to align themselves with the bottom contours. Waves on both sides of the
ridge have a component of motion toward the ridge. This convergence of wave energy
toward the ridge causes an increase in wave or breaker height. A submarine canyon or
valley perpendicular to the beach, on the other hand, produces divergence, with a
decrease in wave or breaker height. These effects are illustrated in figure 3402. Bends
in the coa:line have a similar effect, convergence occuring at a point, and divergence
if the coast is concave to the sea. Points act as focal areas for wave energy and experience

.large breakers. Concave bays have small breakers because the energy is spread out as
the waves approach the beach.

Under suitable conditions, currents a!- ause refraction. This is of particular
importance at entrances of tidal estuaries. When waves encounter a current running

-in the opposite direction, they become higher and shorter. This results in a choppy

SUBMARINE CANYCON

"°"r
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FiGURE 3402.-The effect of bottom topography in causing wave convergence and wave divergence.
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798 BREAKERS AND SURF

sea, often with breakers. When waves move in the same direction as current, they
decrease in height, and become longer. Refraction occurs when waves encounter a ,

current at an angle.
Refraction diagrams, useful in planning amphibious operations, can be preparedf

with the aid of nautical charts or aerial photographs. When computer facilities are
available, complex computer programs are used to determine refraction diagrams,
quickly and accurately.

3403. Breakers and surf;-In deep water, swell generally moves across the surface
as somewhat regular, smooth undulations (ch. XXXIII). When shoal wF'ter is reached,
the wave period remains the same, but the speed decreases. The amount of decrease
is negligible until the depth of water becomes about one-half the wavelength, when the
waves begin to "feel" bottom. There is r slight decrease in wave height, followed ly
a rapid increase, if the waves are traveling perpendicular to a straighu coast with a;
uniformly sloping bottom. As the waves become higher and shorter, they also becomei
steeper, and the crest becomes narrower. When the speed of individual particles at
the crest becomes greater than that of the wave, the front face of the wave becomes
steeper than the rear face. This process continues at an accelerating rate as the depth
of water decreases. At some point the wave may become unstable, toppling forward j
to form a breaker.

There are three general classes of breakers. A spilling breaker breaks gradually!
over a considerable distance. A plunging breaker tends to curl over and break with a
single crash. A surging breaker peaks up, but surges up the beach without spilling or
plunging. It is classed as a breaker even though it does not actually break. The type of
breaker is determined by the steepness of the beach and the steepness of the wavebefore it reaches shallow water, as illustrated in figure 3403.Longer waves break in deeper water, and have a greater breaker height. The

effect of a steeper beach is also to increase breaker height. The height of breakers is
less if the waves approach the bea.il at an acute angle. With a steeper beach slope
there is gieater tendency of the breakers to plunge or surge. F~ollowing the uprushI of water onto a beach after the breaking of a wave, the seaward backrush occurs. The
returning water is called backwash. T" tends to further slow the bottom of a wave,
thus increasing its tendency to break. This effect is greater as either the speed or
depth of the backwash increases. The still water depth at the point of breaking is
approximately 1.3 times the average breaker height.

Surf vr:ies with both position along the beach and time. A change in position
often means a change in bottom contour, with the refraction effects discussed in article
3402. At the same point, the height and period of waves vary considerably from wave
to wave. A group of high waves is usually followed by several lower ones. Therefore,
passage through surf can usually be made most easily immediately following a series of
higher waves.

Since surf conditions are directly related to height of the waves approaching a beach,I
and the configuration of the bottom, the state of the surf at any time can be predicted.
if one has the necessary information and knowledge of the principles involved. Height!
of the sea and swell can be predicted from wind data, and information on bottom con- I
figuration can generally be obtained from the nautical chart. In addition, the area
of lightest surf along a beach can be predicted if details of the bottom configuration are

| o available.!"

3404. Currents in the surf zone.-In and adjacent to the surf zone, currents are
generated by waves approaching the bottom contours at an angle, and by irregularities
in the bottom. I

i "
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SPILLING BREAKER SKETCH SHOWING THE GENERAL CHARACTER
OF SPILLING BREAKERS
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________________________________OF SURGING BREAKERS

GoUTLayofRobert L. Wegd, CbUrseiOn Ware Research, Untursil (If CoN!ornia.

FIGURE 3403.-The three types of breakers.

Waves approaching at an angle produce a longshore current parallel to the beach,
within the-surf Zone. Longshore currents are most common along straight beaches.

Their speeds increase with increasing breaker height, decreasing wave period, increasing
angle of breaker line with the beach, and increasing beach slope. Speed seldom exceeds
1 knot, but sustained speeds as high as 3 knots have been recorded. Longshore zurrents
are usually constant in direction. They increase the danger of landing craft broaching to.
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800 BREAKERS AND SURF

As explained in article 3402, wave fronts advancing over nonparallel bottoni
contours are refracted to cause convergence or divergence of the energy of the wai es,
Energy concentrations, in areas of convergence, form barriers to the returning back!
wash, which is deflected along the beach to areas of less resistance. Backwash accumu-
lates at weak points, and returns seaward in concentrations, forming rip currenits
through the surf. At these points the large volume of returning water has a retarding
effect upon the incoming waves, thus adding to the condition causing the rip current.
The waves on one or both sides of the rip, having greater energy and not being retarded
by the concentration of backwash, advance faster and farther up the bs.th. From
here, they move along the beach as feeder currents. At some point of low resistance,
the water flows seaward through the surf, forming the neck of the rip current. Outside
the breaker line the current idens and slackens, forming the head. The various parts
of a rip current are shown in figure 3404.

- . Rip currents may also be caused by irregularities in the beach face. If a beach
indentation causes an uprush to advance farther than the average, the backrush is

)/ , HEAD

FEEDER CURRENT

- - --. ~ EACH

- IDEALIZED RIP CURRENT

Courtesy of Roiert L. Wli'kd, Council on Wave Rumci, Unirttsit of California.

FIGURE 3404.-A rip current (left) and a diagram of its parts (right).

delayed and this in turn retards the next incoming foam line (the front of a wave as
it advances shoreward after breaking) at that point. The foam line on each side of
the retarded point continues in its advance, however, and tends to fill in the retarded
area, producing a rip current.

3405. Beach sediments.--In the surf zone, large amounts of sediment are suspended
in .Ie water. When the water motion decreases, the sediments are deposited as sand:
The water motion can be either waves or currents. Promontories or points are rockY-
because the large breakers scour the points and small sediments are suspended in the
water and carried away. Bays have sandy beaches because of the small wave conditions.

In the winter when storms create larger breakers and surf, the waves erode the
beaches and carry the particles offshore where offshore sand bars form; sandy beaches
tend to be narrower. In the summer the waves gradually move the sand back to the
beaches and the offshore bars decrease; sandy beaches tend to b-. wider.

Longshore currents move large amounts of sand along tie coast. These currents
deposit sand on the upcurrent side of a jetty and erode the beach on the downcurrent
side.
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CHAPTER XXXV

SOUND IN THE SEA

3501. Underwater sound and the navigator.-The clarity with which the noises
associated with weighing anchor, propelling a ship, and other underwater motions are
heard below the waterline and near the skin of a vessel is an indication of the high
sound-transmitting qualities of seawater. Water is a better conductor of sound than
is air because it absorbs less energy from the sound. There are several ways in which
underwater sound can be used in navigation.

The direction of travel of sound waves can be measured either by means of binaural
hearing (hearing with two "ears"), or by equipment which has directional character-
istics similar to those of a directional antenna used in radio (art. 4112). Either method
can be used for determining the direction from which general noise is coming, but

-Ionly the latter is used in active sonar equipment for determining direction and dis-
tance by reception of an echo from a directional signal, in a manner similar to radar
(art. 4301).

Distance can be determined by (1) measuring the elapsed time between trans-
mission of a signal and return of its echo, (2) measuring the elapsed time between

L transmission of a signal and its receipt at a second station, (3) measuring the time
ME difference between reception of a signal transmitted through water and one transmitted

Tthrough air, (4) measuring the difference in phase between two signals or change of
phase of a signal when it returns as an echo, or (5) measuring the angle at which an
echo is received from a signal produced at another place. The first method is used in

active sonar and echo sounding equipment (art. 619). The fourth and fifth methods
were used in early forms of echo sounders.

3502. Sources of sound in the ocean.--Underwater sounds intended for navigational
use are produced in one of three basic ways: (1) by percussion, as the striking of a
bell, gong, or the bottom of the vessel; (2) by oscillator, as the vibration of a diaphragm;
(3) by explosion, as by small bomb or depth charge. Certain man-made noises ordi-
narily produced in water, such as those due to operation of the main engines of a vessel,
can be detected by an appropriate listening device.

In addition, many noises are made by animals living in the ocean. Certain
shrimp, great numbers of which inhabit some areas, make a snapping noise with their
claws. Some fish make a noise by stridulating (scraping). When shellfish are being
eaten, a sound is emitted as the shells are broken by the teeth of the fish which are
feeding. Grunting noises are made by many kinds of fish, usually by means of their

swim bladders. Porpoises produce sounds of a high pitch. Sounds of various frequency
and amplitude are produced by other forms of marine life. Where sound-producing
marine life is very abundant, it interferes with detection of man-made sounds, requiring
a high signal-to-noise ratio. The effect is similar to that of a high atmospheric noise
level in radio.

3503. Speed of sound in seawater.-Three variables govern the speed (S) of sound
in a fluid. They are density (p), compressibility (,), and the ratio between the specific
heats of the fluid at constant pressure and at constant volume (f). The following formula
is sufficiently accurate for most navigational purposes: 801

g .
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Density and specific heat are discusseu in articles 3009 and 3012, respectively. Corn-I
pressibility refers to the relative change in volume for a given change in pressure.j
The compressibility of water is low, and consequently the speed of sound in water is!!
high. The specific heat ratio enters the formula because the energy of a sound impulse'
is briefly transformed into heat, and then reconverted (with slight loss) into kinetic
energy. The ratio rarely exceeds 1.02 in seawater and is commonly taken as unity.

For atmospheric pressure 29.92 inches of mercury, temperature 60 *F, and salinity.
34.85 parts per thousand, the density of seawater is 64 pounds per cubic foot and the,
compressibility approximately 0.0000435 per atmosphere (one atmosphere equals
14.696 pounds per square inch). Using these values and 32.174 feet per second per
second (the acceleration of gravity at latitude 450) and 144 square inches per square
foot, and taking y equal to unity, one obtains:

41.0 X32.174fX.14.696X 144 sec

The same formula can be used to determine the speed of sound in air. For atmos-jI pheric pressure 29.92 and temperature 60°F, the density of air is 0.0764 pound per
cubic foot and, since air is a gas, the compressibility is the reciprocal of the pressure.
Taking -y equal to 1.4, one obtains:

.4X32.174X 14.696X 144 ..
S=' 00 " X-I-1117 ft./se.

The speed of sound in water is approximately 4.5 times its speed in air.
An increase in temperature decreases both density and compressibility, resulting

in an increase in the speed of sound. In seawater, an increase in pressure or salinitI
produces a slight increase in density and a larger decrease in compressibility, resultini,I in a net increase in the speed of sound. Thus, in seawater, an increase in temperaiure,1
prp_sure, or salinity results in greater speed of sound. Of the three, temperature has.
the greatest influence on the speed of sound in seawater in the upper layers. At depth,
pressure, and in coastal areas, changes in salinity, may have the greatest effect.

Normally, the change of these three elements is much more rapid in a vertical
direction than in a horizontal direction. The change with depth varies with location.;
With respect to temperature, much of the ocean is considered to consist of three laers,
a mixed layer influenced greatly by the temperature of the air above it, a thermocline.
of rapidly decreasing temperature, and a nearly uniform deep-water layer. Typical,
curves showing change of temperature and salinity with depth are shown in figure 3503a. I
The increase of pressure with depth is almost uniform, the pressure at 10,000 feet'
being approximately twice that at 5,000 feet. and 10 times that at 1,000 feet. A typical]

- . curve of speed of sound with depth is shown in figure 3503b. In this case there is lit.e
or no mixed layer and the temperature decreases rapidly from the surface; therefore,
the sound velocity also decreases rapidly. Below the range of temperature decirease,
the pressure effect becomes the primary factor and sound velocity starts to increase.
Note that the minimum sound velocity is at. 2,409 feet. This would be the depth of the
deep sound channel.. al-

: - _i _=,, v.. ,, _ ,. -_a
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Study of transmission of sound from underwater explosions indicates the, near 1
the explosion the speed of sound may be somewhat higher than expected, pidbabiy due i
to increased pressure caused by the disturbance. This effect extends over such a shorti
distance that it is insignificant in ordinary underwater sound transmission.

3504. Reflection of underwater sound watves.-In water, as in air, sound is re- i
flected by obstructions in the form of solid objects or sharp discontinuities. Thus,
sound is reflected from the bottom, the shoe, hulls of ships, the surface of the water,
etc. It is this reflecting energy that is used in echo sounders (art. 619) to determine
depth, and in sonar equipment used for echo ranging.

Reflecting properties of various substances differ markedly. Rock reflects almost
all of the sound that strikes its surface, while soft mud absorbs or is penetrated by
sound. Thus, in echo sounding, a layer of soft mud over rock may result in two echoes,
indicating two depths.

Fish and even tiny sea animals also reflect sound. As a result, echo sounders are
widely used among fishermen to locate schools of fish. In deep water it is not unusual
for an echo sounder to receive an echo from a depth of about 200 fathoms, although the
depth is shallower somewhat at night. This phantom bottom or deep scattering layer,
which is undoubtedly the source of many erroneous shoal sounding reports, is due to
large numbers of tiny marine animals, or other marine life.

A sharp discontinuity within the water causes reflection of sound. Thus, an echo
sounder may detect the boundary between a layer of freshwater overlying saltwater,
a condition which might occur near the mouth of a river. _

Sharp, distinct echoes denoting precise depths are difficult to obtain over rough-
surfaced bottoms. Thcrefore, considerable discretion should be exercised in evaluating
soundings taken over bottoms possessing a high degree of relief.

3505. Refraction of underwater sound waves.-The laws of refraction as applied I
to light 'art. 161i) and radio waves (a 't. 4106) apply also to sound. Because of dif-
ferences of velocity of sound in seawater, an advancing sound wave is refracted toward
the area of slower sound velocity. If sound is traveling vertically downward, as in echo
sounding, the effect of refraction is relatively slight because the layers of water in which
velocity differs are approximately horizontal, and when the direction of travel of the i
sound is normal to the refracting surface or layer, there is no refraction.

If a sound beam is transmitted outward from a source, it will start at a particular
sound velocity but Lhe sound velocity will either increase or decrease as the beam

moves into water of different temperatures, salinity, or pressure. The beam will refract
toward the region where the sound velocity is slower. In a mixed surface layer the
temperature is isothermal so the sound velocity increases with depth due to the pressure
effect. A sound beam in that layer would be refracted upward to the surface where it

would reflect off the surface. Sound beams can be trapped in the mixed layer and create
a "surface sound duct." If a beam penetrates below the mixed layer into the thermocline
it is in a region where sound velocity decreases rapidly with depth due to the temperature I
decrease. In the thermocline sound beams are refracted sharply downward. Sonar -
ranges can be very short in the thermocline layer This is the region of the 'shadow !

-- zone."
With typical distribution of sound velocity with depth, as shown in figure 3503b,

sound velocity decreases with depth until a minimum is reached at some level below
the surface, and below this it increases. In figure 3503b minimum velocity occurs at

j about 2,400 feet. In the Tropics this level of minimum velocity may be as deep as 6,000 V
feet, and in polar regions it may be at the surface. This level is referred to as the deep
sound channel. Sound produced at any level tends to be refracted to the level of mini-
mum speed, and to remain there, for as it attempts to leave this level, it is refracted

K'.|
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back toward it, as shown in figure 3505. This, of course, does not refer to sound traveling
vertically. If a sound is produced at this hvel, as by the explosion of a bomb or depth
charge, the sound waves start to move outward as expanding spheres, but most of the
rays are refracted back toward the minimum speed level. Because of this effect, such a
sound may travel great distances with relatively little decrease in intensity. Listening
gear placed at this level has detected sounds produced thousands of miles away.

SOUND RAYS

----------- IMP -- N-- ----

P

Fiouni 3505.- Transnission of sound rays along the minimum sound level.

Sound beams that penetrate the deep sound channel without being trapped con-
tinue on to regions of increased sound velocity. If the water is deep enough these
beams will be refracted upwards towards the surface. If this occurs, the energy con-
verges near the surface at ranges of about 30 nautical miles. This is the convergence
zone. Convergence zone detection is significant in modern sonar applications.

3506. Attenuation of sound.-As sound is transmitted from a source, the energy
is lost or attenuated due to reflection, spreading, and absorption. A sound beam reflected
from the bottom or surface loses energy; although the sound energy is concentrated
near the source, as the range increases the same energy is spread over a sphere whose
radius is the range. The rate of absorption is a function oi frequency; high frequency
sound is absorbed more than sound of lower frequency.

iI
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CHAPTER XXXVI r
ICE IN THE SEA

3601. Ice and th." navigator.-Sea ice has posed a problem to the polar navigator !
since antiquity. Pytheas of Massalia (art. 104) sighted a strange substance which h i
described as "neither land nor air nor water" floating upon and covering the northern I
sea over which the summer sun barely set. Pytheas named this lonely region Thule, I
hence Ultima Thule (farthest north or land's end). Thus began over 20 centuries of !
polar exploration.

Ice is of direct concern to the navigator because it restricts and sometimes controls p
his movements, it affects his dead reckoning by forcing frequent and sometimes inac- I
curately determined changes of course and speed, it affects his piloting by altering the
appearance or obliterating the features of landmarks and by rendering difficult the
establishment and maintenance of aids to navigation, it affects his use of electronics
by its effect upon propagation of radio waves and the changes it produces both in sur-
face features and radar returns from such features, it affects his celestial navigation by 
altering the refraction and obscuring his horizon and celestial bodies either directly or

by the weather it influences, and it affects his charts by introducing various difficulties
to the hydrographic surveyor. U.

Because of his direct concern with ice, the prospective polar nuvigator will do well
to acqu.int himself with its nature and extent in the area he expects to navigate. To
this end he should consult the sailing directions for the area, and whatever other j
literature may be available to him, including reports of previous operations in the same 
area.

3602. Formation of ice.-As it cools, water contracts until the temperature of max-
imum density is reached. Further cooling results in expansion. The maximum density i
of freshwater occurs at a temperature of 4?OC (39?2F), and freezing takes place at
0* 0 (32'F). The addition of salt lowers both the temperature of maximum density
and, to a lesser extent, that .of freezing. The relationships are shown in figure 3602. The
two lines meet at a salimnity of 24.7 parts per thousand, at which maximum density
occurs at the freezing temperture of - 1?3C (29?61F). At thin and greater salinities,
the density increases right do, 'm: to the freezing point. At a salinity of 35 parts per thou- ,
sand, the approximate averge for the oceans, the fr-ezin point i. -1088C (28?6F).

A- u hu, ", A(c seawater increases with decreasing temperature, density
currents are induce'4 binging warner, less dense water to the surface. If the polar seas
consisted of water with constant salinity, the entire water column would have to be
cooled to the freezing point in this manner before ice would begin to form. This is not
the case, however, in the polar regions where the vertical salinity distribution is such
that the surface waters are underlaid at shallow depth by waters of higher salinity. In
this instance density currents form a shallow mixed layer which subsequently cannot
mix with the deep la3 ur of warmer but saltier water. Ice will then begin forming at
the water surface when density currents cease and the :urface water reaches its freezing
point. In shoal water, however, the mixing process can be sufficient to extend the
freezing temperature from the surface to the bottom. Ice crystals can, therefore, form
at any depth in this case. Because of their decreased density, they tend to rise to the

806
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surface unless they form at iie bottom and attach themselves there. This ice, called
anchor ice, may continue to grow as additional ice freezes to that already formed.
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FIGUni 3602.-Relationship between temperature of maximum density and freezing point for water~of varying salinity.

3603. Ice of land origin is formed on land by the freezing of freshwater or the
compacting of snow as layer upon laver adds to the pressure on that beneath.

Under great pressure ice becomes slightly plastic and is forced outward and down-
ward along an inclined surface. If a large area is relatively flat, as on the antarctic
plateau, or if the outward flow is obstructed, as on Greenland, an ice cap forms and

vremains winter and summer. The thickness of these ice caps range from nearly 1
kilometer on Greenland to as much as 4.5 kilometers on the Ant otic Continent. 4
Where ravines or mcuntain passes permit flow of the ice, a glacier is formed. This

is a mass of snow and ice which continuously flows to lower levels, exhibiting many of
the characteristics of rivers of water. The flow may be more than 30 meters per day,
but is generally much less. When a glacier reaches a comparatively level area, it spreads
out. When a glacier flows into the sea, the buoyant force of the water breaks off pieces
from time to time, and these float away as icebergs. Icebergs may be described as

V- ' dome shaped, sloping or pinnacled (fig. 3603a), tabular (fig. 3603b), glacier, or weath-
!. ered.
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An iceberg seldom melts uniformly because of lack of uniformity in the ice itself,
differences in the temperature above and below the waterline, exposure of cne side to
the sun, strains, cracks, mechanical erosion, etc. The inclusion of rocks, silt, and other
foreign matter further accentuates the differences. As a result. changes in equilibrium
take place, which may cause the berg to tilt or capsize. Parts of it may break off or
calve, forming separate smaller bergs. A relatively large piece of floating ice generally
extending 1 to 5 meters above the sea surface and normally about 100 to 300 square
meters in area is called a bergy bit. A smaller piece of ice but one large enough to inflict
serious damage to a vessel is called a growler because of the noise it. sometimes makes as
it bobs up and down in the sea. Growlers extend less than 1 meter above the sea surface
and normally occupy an area of about 20 square meters. Bergy bits and growlers are
usually pieces calved from icebergs, but they may be formed by the melting of an ice-
berg. The principal danger from icebergs is their tendency to break or shift positi-n,
and possible underwater extensions, called rams, which are usually formed dme to the
more intensive melting or erosion of the vinsubmerged portions. Rams may also extend
from a vertical ice cliff, also known as an ice front, which forms the seaward face of a
massive ice sheet or floating glacier; or from an ice wall which is the ice cliff forbling the
seaward margin of a glacier which is aground.

As strange as it may seem, icebergs may be helpful to the mariner in some ways.
The melt water found on the surface of icebergs is a source of freshwater, and in the
past some daring seamen have made their vessels fast to icebergs which, because they I
are affected more by currents than the wind, have proceeded to tow them out of the
ice pack.

3604. Sea ice forms by the freezing of seawater and accounts for 95 percent of all
ice encountered. The first indication of the formation of new sea ice (up to 10 centi-
meters in thickness) is the development of small individual, needlelike crystals of ice,
called spicules, which become suspended in tue top few centimeters of seawater. j
These spicules, also known as frazil ice, give the sea surface an oily appearance. Grease
ice is formed when the spicules coagulat3 to form a soupy layer on the surface giving :
the sea a matte appearance. The next stage in sea ice formation occurs when shuga, j
an accumulation of spongy white ice lumps a few centimeters across, develops from
grease ice. Upon further freezing, and depending upon wind exposure, seas, and salinity, !
shuga and grease ice develop into nilas, an elastic crust of high salinity up to 10 centi-
meters in thickness with a matte surface or into ice rind, a brittle, shiny crust of low
salinity with a thickness up to approximately 5 centimeters. A layer of 5 centimeters of I
freshwvater ice is brittle but strong enough to support the weight of a heavy man. In
contrast, the same thickness of newly formed sea ice will support not more than about
10 percent of this weight, although its strength varies with the temperatures at which
it is formed; very cold ice supports a greater weight than warmer ice. As it ages, sea
ice becomes harder and more brittle.

New ice may also develop from slush which is formed when snow falls into sea-
water which is near its freezing point, but colder than the melting point of snow. The
snow does not melt but floats on the surface, drifting with the wind into beds. If the

.- temperature then drops below the freezing point of the seawater, the slush freezes
quickly into a soft ice similar to shuga.

Sea ice is exposed to several forces, including currents, wave motion, tides, wind,
and temperature differences. In its early stages, its plasticity permits it to conform
readily to virtually any shape required by the forces acting upon it. As it becomes
older, thicker, more brittle, and exposed to the influence of wind and wave action,
new ice usually separates into circular pieces from 30 centimeters to 3 meters in diameter .

AlD
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810 ICE IN THE SEA

Fiun, 3603b.-A taMbular iceberg.

and up to approximately 10 centimeters in thickness with raised edges due to individual

[1 pieces striking against each other. These circular pieces of ice are called pancake ice

FIGURE 3604a.-Pancake ice, with an iceberg in the background.,

(fig 364a)and ay rea ino smaller pieces with strong wave motion. Any single €

pice of relatively flat sea ice less than 20 meters across is called an ice cake. With con-
tinued low temperatures individual ice cakes and pancake ice will, depending on wind

- :-or wave motion, either freeze together to form a continuous sheet or uni.te into pieces of

ice 20 meters or more across. These larger pieces are then called ice floes which may
further freeze together to form an ice covered area greater than 10 kilomPeers across

, known as an ice field. In w~ind sheltered areas thickening ice usually forms a continuous
i !.sheet before it can develop into the charpteristic ice cake form. When sea ice reaches a

thickness of between 10 to 30 centimeters it is referred to as grey and grey-white ice,,
or collectively as young ice, and is the transition stage between nilas and first-year ice.

i, ~ First-year ice usually attains a thickness of between .30 centiimeters andt 2 meters in its .

• first winter's gro-wthi. '
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Sea ice may grow to a thickness of 10 to 13 centimeters within 48 hours, after which
it acts as an insulator between the ocean and the atmosphere progressively slowing its
further growth. However, sea ice may grow to a thickness of between 2 to 3 meters in
its first winter. Ice which has survived at least one summer's melt is classified as old ice.
If it has survived only one summer's melt it is referred to as second-year ice. Because
it is thicker and less dense than first-year ice, it stands higher out of the water. Old ice T
which has attained a thickness of 3 meters or more and has survived at least two sum-
mers' melt is known as multiyear ice and is almost salt free. Old ice may often be recog-
nized by a bluish tone to its surface color in contrast to the greenish tint of first-year ice.

Greater thicknesses in both first and multiyear ice are attained through the de-
formation of the ice resulting from the movement and interaction of individual floes.
Deformation processes occur after the development of new and young ice and are the
direct consequence of the effects of winds, tides, and currents. These processes trans-
form a relatively flat sheet of ice into pressure ice which has a readily observed rough-
ness in its surface. Bending, which is the first stage in the formation of pressure ice, is
the upward or downward motion of thin and very plastic ice. Tenting occurs when bend-
ing produces an upward displacement of ice forming a flat sided arch with a cavity
beneath. More frequently, however, rafting takes place as one piece of new and young
ice overrides another. When pieces of fist-year ice are piled haphazardly over one
another forming a wall or line of broken ice, referred to as a ridge, the process is known as
ridging. Pressure ice with topography consisting of numerous mounds or hillocks is
called hummocked ice, each mound being called a hummock.

The motion of ad.acent floes is seldom equal. The rougher the surface, the greater
is the effect of wind, since each piece extending above the surface acts as a sail. Some
ice floes are in rotary motion as they tend to trim themselves into the wind. Since ridges
extend below as well as above the surface, the deeper ones are influenced more by deep
water currents. When a strong wind blows in the same direction for a considerable period,
each floe exerts pressure on the next one, and as the distance increases, the pressure be-
comes tremendous. Ridges on sea ice are generally about 1 meter high and 5 meters
deep, but under considerable pressure may attain heights of 30 meters and depths of
150 meters in extreme cases.

The alternate melting and growth of sea ice, combined with the continual motion
of various floes that results in separation as well as consolidation, causes widely varying
conditions within the ice cover itself. The mean areal density, or concentration, of
pack ice in any given area is expressed in okras (eighths). Concentrations range from:
open water (total concentration of all ice does not exceed %), very open pack (% to
less than % concentration), open pack (% to less than Is concentration), close pack
(N to less than - concentr-tion), very close pack (' to less than % concentration), to
compact or consolidated pack (% or complete coverage). The extent to which an ice j
cover of varying concentrations can be penetrated by a vessel varies from place to
place and with changing weather conditions. With a concentration of 1 to 2 oktas in a
given area, an unreinforced vessel can generally navigate safely, but the danger of
receiving heavy damage is always present. When the concentration increases to
between 2 and 4 oktas, the area becomes only occasionally accessible to an unreinforced
vessel depending upon the vagaries of wind and current. With concentrations of 4 to
6 oktas, the area becomes accessible only to ice strengthened vessels which on occasion
will require icebreaker assistance. Navigation in areas with concentrations of 6 oktas
or more should only be attempted by modern icebreakers.

Within the ice cover, openings may develop resulting from a number of defor-
mation processes. Long, jagged cracks may appear first in the ice cover or through a

,' "single floe. When these cracks part and reach lengths of a few meters to many kilo-

- _.
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meters, they are referred to as fractures. If they widen further to permit passage of a
ship, they are called leads. In winter, a thin coating of new ice may cover the water.
within a lead, Sut in summer the water usually remains ice-free until a shift in the'
movement forces the two sides together again. Before this occurs, lateral motion',
generally occurs between the floes, so that they no longer fit and unless the pressure'
is extreme, numerous large patches of open water remain. Those nonlinear shaped
openings enclosed in ice are called polynyas Polynyas may contain small fragments
of floating ice and may be covered with miles of new and young ice.

Sea ice which is formed in situ from seawater or by the freezing of pazk ice of any
age to the shore and which remains attached to the coast, to an ice wall, to an ice
front, or between shoals is called fast ice. The width of this fast ice varies considerably
and may extend for a few meters or several hundred kilometers. In bays and other
sheltered areas, fast ice, often augmented by annual snow accumulations and the
seaward extension of land ice, may attain a thickness of over 2 meters above the sea
surface. When a floating sheet of ice grows to this or a greater thickness and extends
over a great horizontal distance, it is called an ice shelf. Massive ice shelfs where the
ice thickness reaches several hundred meters are found in both the Arctic and Antarctic.

The majority of the icebergs found in the Antarctic do not originate from glaciers
as those found in the Arctic, but are calved from the outer edges of broad expanses
of shelf ice. Icebergs formed in this manner are called tabular icebergs, having a boxlike
shape with horizontal dimensions measured in kilometers, and heights aLove the sea 1
surface approaching 60 meters. The largest antarctic ice shelves are found in the Ross
and Weddell Seas. The expression "tabular iceberg" is not, applied to bergs which
break off from arctic ice shelves; similar formations there are called ice islands. These
originate when shelf ice, such as that found on the northern coast of Gi eenland and in the 1
bays of Ellesmere Island, breaks up. As a rule, arctic ice islands are not as large as
the tabular icebergs foutd in the Antarctic. They attain a thickness cf up to 55 meters
and on the average extend 5 to 7 meters above the sea surface. Both tabular icebergs
and ice islands possess a nearly level, but gently rolling surface. Because of their deep
draft, they are influenced much more by current than wind. Both the United States
and the U.S.S.R. have used arctic ice islands as floating scientific platforms from which
polar research has been conducted.

3605. Thickness of sea ice.-Sea ice has been observed to grow to a thickness of
almost 3 meters during its first year. However, the thickness of first-year ice that has
not undergone deformation does not generally exceed 2 meters. In coastal areas where
the melting rate is less than the freezing rate, the thickness ma "ncrease during sue- 1
ceeding winters, being augmented by compacted and frozen snow, until a maximum
thickness of about 3.5 to 4.5 meters may eventually be reached. Old sea ice may also
attain a thickness of over 4 meters in this manner, or when summer melt water from its.
surface or from snow cover runs off into the sea and refreezes under the ice where the
,.eawater temperature is below the freezing point of the fresher melt water.

The growth of sea ice is dependent upon a number of meteoroloical and oceano-
graphic parameters. Such parameters include air temperature, initial ice thickness,
snow depth and density, wiln speed, seawater salinity and density, and the specific,
heats of sea ice! ad seawater. Investigations, however, have shown that the most influ-
ential parameters affecting sea ice growth are air temperature, wind speed, snow depth
and density, and initial ice thickness. Many complex equations have been formulated
to predict ic. growth using these five paramet-rs However, except for the first two,
these parameters are not routinely observed for remote polar locations.

- t
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In the early 1940's a Russian geographical scientist, N. N. Zubov, formulated an
ice growth equation as a function of air temperature alone and based on his empirical
observations of ice formation along portions of the northern Russian arctic coast. Air
temperatures art translated into accumulated frost degree days from which theoretical
ice thicknesses are calculated using the equation:

i/2500+32 E7 DDi,
Tl= - 50+ 2 Zi_,

where T, is the ice thickness in centimeters on day j and DDi is the frost degree day
accumulation in degrees Celsius on day i.

A frost degree day is defined as a day with a mean temperature of 10 below an
arbitrary base. The base most commonly used is the freezing point of freshwater (000).

* If, for example, the mean temperature on a given day is 50 below freezing, then five
frost degree days are collected for that day. These frost degree Jlays are then added to

tthose collected the very next day to obtain an accumulated value, which is then added
to the number of degree days collected the fol~wing day. Tiis process is repeated daily
throughout the ice growing season. Temperatures usualiN fluctuate above and below
freezing fc" several days before remaining below freezing. Therefore, frost degree day
accumulations are initiated on the first day of the period when temperatures remain
below heezing. The ielationsbip between frost degree day accumulations and theoretical
ice growth curves at Point Barrow, Alaska is shown in figure 3605a. Similar curves for
other arctic statio-s are contained in publications available from the U. S. Naval
Oceanographic Office. Figure 3605b graphically depicts the relationship between
accumulated frost degree (lays (00) and ice thickness in centimeters.

During the winter the ice usually becomes covered with snow which insulates the
i 3 beneath and tends to slow do'n its rate of growth. This thickness of snow cover
varies considerably from region to region as a result of differing climatic conditions.
Its depth may also vary widely within very short distances in response to variable winds

- and ice topography. While this snow cover persists, almost 90 percent of the incoming
radiation is reflected back to space. Eventually, however, the snow begins to melt as
the air temperature rises above 0' C in early summer and the resulting freshwater
forms puddles on the surface. These puddles absorb about 90 percent of the incoming
radiation and rapidly enlarge as they melt the surrounding snow or ice. Eventually the
puddles penetrate to the bottom surface of the floes and are known as thawholes.
This slow process is characteristic of ice in the Arctic Ocean and seas where movement is
restricted by the coas'line or islands. WAhere ice is free to drift into warmer waters (e.g.,
the Antarctic, East Gxcenland, and the Labrador Sea) decay is accelerated in response
to wave erosion as well as warmer air and sea temperatures.

3606. Salinity of sea ice.-Sea ice forms first as salt-free crystals near the surface
of the sea. As the process continues, these crystals are joined together and, as they
do so, small quantities of brine are trapped within the ice. On the average, new ice
15 centimeters thick contains 5 to 10 parts of salt per thousand. With lower tempera-
tures, freezing takes place faster. With faster freezing, a greater amount of salt is
trapped in the ice.

Depending upon the temperature, the trapped brine may either freeze or remain
liquid, but because its density is greater than that of the pure ice, it tends to settle
down through the pure ice. As it does so, the ice gradually freshens, becoming clearer,
stronger, and more brittle. At an age of i year, sea ice is sufficiently fresh that its
melt water, if found in puddles of sufficient size, and not contaminated by spray from
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FZGURF 3605b.-Relationship between accumulated frost degree days (0C) and ice thickness (cm).

The settling out of the brine gives sea ice a honeycomb structure which greatly
hastens its disintegration when the temperature rises above freezing. In this state,
when it is called rotten ice, much more surface is exposed to warm air and water, and
the rate of melting is increased. In a day's time, a floe of apparently solid ice several
inches thick may disappear completely.

3607. Density of ice.-The density of freshwater ice at its freezing point is 9.917.
Newly formed sea ice, due to its salt content, is more dense, 0.925 being a representative
value. The density decreases as the ice freshens (art. 3606). By the time it has shed
most of its salt, sea ice is less dense than freshwater ice, because ice formed in the sea
contains more air bubbles. Ice having no salt but containing air to the extent of 8
percent by volume (an approximately maximum value for sea ice) has a density of 0.845.

The density of land ice varies over even wider limits. That formed by freezing
of freshwater has a density of 0.917, as stated above. Much of the land ice, however,
is formed by compacting of snow. This results in the entrapping of relatively large
quantities of air. N&C-, a snow which has become coarse grained and compact through
temperature change, forming the transition stage to glacier ice, may have an air content
of as much as 50 percent by volume. By the time the ice of a glacier reaches the sea,
its density approaches that of freshwater ice. A sample taken from an iceberg on the
Grand Banks had a density of 0.899.

When ice floats, part of it is above water and part is below the surface. The per-
centage of the mass below the surface can be found by dividing the average density of
the ice by the density of the water in which it floats. Thus, if an iceberg of density
0.920 floats in water of density 1.028 (corresponding to a salinity of 35 parts per thou-
sand and a temperature of -1°C, or 30*F), 89.5 percent of its mass will be below the
surface. That is, about nine-tenths of the mass will be below the surface, and only

-* -"about one-tenth will be above *he surface.
Th- height to draft ratio for a blocky or tabular iceberg probably varies fairly

c!oselv about 1:5. This average ratio was computed for icebergs south of Newfoundland

L e
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by considering density values and a few actual measurements, and by seismic means at
a number of locations along the edge of the Ross Ice Shelf near Little America Station. 1
It was also substantiated by density measurements taken in a nearby hole drilled!
through the 256-meter thick ice shelf. The height to draft ratios of icebergs become'
significart, when determining their drift (art. 3609).

3608. Drift of ice.-Althougb surface currents have some effect upon the drift of
pack ice, the principal factor is wind. Due to Coriolis force (art. 3803), ice does not drift
in the direction of the wind, but varies from approximately 18' to as much as 900 from
this direction, depending upon the force of the surface wind and the ice thickness. In
the Northern Hemisphere, this drift is to the right of the direction toward which the
wind blows, and in the S.uthern Hemisphere it is toward the left. Although early in-
vestigators computed average angles of approximately 280 or 290 for the drift of close.
multiye-ar pack ice, large drift angles were usually observed with low rather than high
wind speeds. The relationship between surface wind speed, ice thickness, and drift!
angle, shown in figure 3608, was derived theoretically for the drift of consolidated pack;
under equilibrium (a balance of forces acting on tI e ice) conditions, and shows that the
drift angle increases ith increasing ice thickness and decreasing surface wind speed. l
A slight increase also occurs with higher latitude. i

Since the cross-isobar deflection of the surface wind over the oceans is approximately 1
200, the deflection of the ice varies from approximately along the isobars to as much as I
700 to the right of the isobars, with low pressure on the left and high pressure on the
right in the Northern Hei-isphere. The positions of the low and high pressure areas are,
of course, reversed in the Southern Hemisphere. The drift angles that are given in
figure 3608a may be used for all ice concentrations and polar latitudes.

The rate of drift, compiled from observations of ice drift along the northern Russian i
coast bordering the Chukchi Sea, is presented in table 3608. Rates are given as a '
percentagp of the surface wind speed and depend upon the roughness of the surface '
and the concentration of the ice. Percentages vary from approximately one quarter!
of 1 percent to almost 8 percent of the surface wind speed measured approximately i
G meters above the ice surface. Low concentrations of heavily ridged or hummockedi
floes drift faster than high concentrations of lightly ridged or hummocked floes with the
same wind speed. From table 3608 it can be seen that sea ice of 6 to 7 okta concentra-
tions and six tenths hummocking or close multivear ice will drift at approximately 2
percent of the surface wind speed. Additionally, the response factors of 1 and 4 okta iceI concentrations respectively, are approximately three times and twice the magnitude of

the response factor for 7 okta ice concentrations with the same extent of surface rough-
ness. Although a maximum ice drift to surface wind speed ratio of approximately 8"I percent is indicated by table 3608, isolated ice floes have been observed to drift as
fast as 10 percent to 12 percent of strong surface winds. . "The rates with which sea ice drifts have been quantified through empirical observa-

tion. The drift angle, however, has been determined theoretically for 8 okta ice concen-
trations. This relationship presently is extended to the drift of all ice concentrations
due to the lack of basic knowledge of the dynamic forces that act upon and result in
redistributions of sea ice in the polar regions.

3609. Iceberg drift.-Icebergs extend a considerable distance below the surface
and have relatively small "sail areas" compared to their subsurface mass. Therefore,
the near-surface current is thought to be primarily responsible for drift; however,
obser in tions have shown that wind can be the dominant force that governs iceberg
drift at, a particular location or time. Also, the current and wind may contribute nearly F.
equally to the resultant drift.
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ICE CONCENTRATION (OKTAS)

1 2 4 5 6 7
0 1 0.88 0.75 0.63 0.50 0.39 0.33 0.26
Z 2 1.75 1.50 1.25 1.05 0.85 0.65 0.53

3 2.64 2.33 2.05 1.75 1.44 1.13 0.85
Q 4 3.5" 3.13 2.69 2.30 1.86 1.45 1.08

5 4.40 3.90 3.40 2.90 2.40 1.90 1.40
S 6 5. 28 4.66 4.06 3.50 2.94 2.35 1.73

7 6. 66 5.48 4. 79 4. 10 3.41 2. 73 2. C-4
8 7. 03 6. 25 5. 55 4.75 3.95 3. 18 2.36

9 7. 93 7. 05 6. 10 5. 20 4.35 3. 50 2. 61

TABtF, 3608.-Rate of the wind drift of sea ice (given as a percent of the surface wind speed) for
vurying ice concentration and surface roughness.

Two other major forces which act on a drifting iceberg are the Coriolis force and,
to a lesser extent, the pressure gradient force which is caused by gravity owing to a tilt
of the sea surface and is important only for iceberg drift in a major current. Near-
surface currents are generated by a variety of factor- such as horizontal pressure gra-
dients owing to density variations in the water, rotation of the earth, gravitational
attraction of the moon, and slope of the sea surface. Wind not only acts directly on
an iceberg, but also indirectly by generating waves and a surface current in about the
same direction as the wind. Because of inertia, an iceberg may continue to move from the
influenc of wind for some time after the wind stops or changes direction.

* The relative influence of currents and winds on the drift of an iceberg varies
according to ti:e direction and magnitude of the forces acting on its sail area and sub-
surface cross-sectional area. The resultant force therefore involves the proportions of
the iceberg above and below the sea surface in relation to the velocity and depth of the
current, and the velocity and duration of the wind. Studies tend to show that, generally,
where strong currents prevail, the current is dominant.. In regions of weak currents,
however, winds that blow for a number of hours in a steady direction materially affect
the drift of icebergs. Generally, it can be stated that currents tend to have a greater
effect, on deep-drafted icebergs, while winds tend to have a greater effect on shallow-
drafted icebergs.

As icebergs waste through melting, erosion, and calving, observations indicate the
height to draft ratio may approach 1:1 during their last stage of decay when they are
referred to as valley, winged, horned, or spired iceberg . The height to draft ratios found
for icebergs i) their various stages are presented in table 3609a. Since ,.ind tends to
have a greater effect on shallow than deep-drafted icebergs, the wind can be expected
to exert increa ing influence on iceberg drift as wastage increases.

Iceberg ty Height to draft raiio

Blocky or tabular 1:5
Rounded or domed 1:4
Picturesqv, or Greenland (sloping) 1:3
Pinnacled or ridged. 1:2
Horned, winged, va1iey ,ired (weathered) 1:'

TABL P, v. a.-IHeight to draft ratios for various types of icebergs.

Simple eoations which precisely dcfine iceberg drift cannot be formulated at
present belause of the uncertainty in the water and air drag co.,fficients associated with -

!I
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iceberg motion. Values for these parameters not only vary from iceberg to iceberg,
but they probably change for the same iceberg over its period of wastage.

Present investigations utilize an analytical approach facilitated by computer
calculations in which the air and water drag coefficients are varied within reasonable
limits. Combinations of these drag values are then used in several increasingly complex
water models that try to duplicate observed icel org trajectories. The results indicate
that with a wind generated current, Coriolis force, and a uniform wind, but without a
gradient current, small and medium icebergs will drift with the percentages of the wind
as given in table 3609b. The drift will be to the right in the Northern Hemisphere and
to the left in the Southern Hemisphere.

Wind Speed

(knots) Ice Speed/ Wind Speed (percent) Drift Angle (degrees)

Small Berg Med. Berg Small Berg Med. Berg

10 3.6 2.2 12 69
20 3.8 3.1 14 55
30 4.1 3.4 17 36
40 4.4 3.5 19 33
50 4.5 3.6 23 32
60 4.9 3.7 24 31

I
TABLE 3609b.-Drift of iceberg as percentage of wind speed.

When gradient currents are introduced, trajectories vary considerably depending
on the magnitude of the wind and current and whether they are in the same or opposite
direction. When a 1-knot current and wind are in the same direction, drift is to the jI right of both wind and current with drift angles increasing linearly from approximately
50 at 10 knots to 220 at 60 knots. When the wind and a 1-knot current are in opposite
directions, drift is to the left of the current with the angle increasing from approximately
30 at 10 knots, to 20' at 30 knots, and to 730 at 60 knots. As a limiting case for in-
creasing wind speeds, drift may be approximately normal (to the right) to the wind
direction. This indicates that the wind generated current is clearly dominating the
drift. In general, the various models used demonstrated that a combination of the wind
and current was responsible for the drift of icebergs.

3610. Extent of ice in the sea.-When an area of sea :ce, no matter what form it
takes or how it is disposed, is described, it is referred to as pack ice. In both polar
regions the pack ice is a very dynamic feature with wide deviations in its areal extent
dependent upon changing oceanographic and meteorological phenomena. In winter
the arctic pack extends over the entire Arctic Ocean and for a varying distance out-
ward from it; the limits receding considerably during the warmer summer months.
Each year a large portion of the ice from the Arctic Ocean moves outward between
Greenland and Spitsbergen, into the North Atlantic, and is redplaced by new ice. Rel-
atively little of the arctic pack ice is more than 10 years old. An example of the vari-
ance possible in the outer limit of the arctic ice pack is shown in figure 3610a where
the average positions of the maximum and minimum extents of sea ice are plotted.

Ice covers a large portion of the antarctic waters and is probably the greatest
single factor contributing to the isolation of the Antarctic Continent. During the austral
winter (June through September), ice completely surrounds the continent, forming an
almost impassable barrier that extends northward on the average to about 540S in
the Atlantic and to about 620S in the Pacific. Disintegration of the pack ice during the
austral summer months of December through March allows the limits of the ice edge to
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recede considerably opening some coastal areas of the Antarctic to navigation. The mean
maximum and mean minimum positions of the antarctic ice limit are shown in figure
3610b.

Historical inforn. aticn on sea conditions for specific localities and time periods can

be found in publications of the U. S. Naval Oceanographic Office an(I the Defense
Mapping Agency Hydrographic Center. Such publications include sailing directions,
forecasting guides,, and ice atlases.

3611. Ice in the North Atlantic.--Sea level glaciers exist on a number of landmasses
bordering the northern seas, including Alaska, Grei' 'and, Svalbard (Spitsbergen),
Zemlya Frantsa-Iosifa (Franz Josef Land), Noyaya Zemlya, and Severnaya Zemlya
(Nic~holas 11 Land). Except in Greenland, the rate of calving is relatively slow, and the
few icebergs produced mnelt near their points of formation. Many of those produced
along the coasts of Greenland, however, are eventually carried into the shipping lanes of
the North Atlantic, where they constitute a major menace to ships.

Generally the majort4 of icebergs produced along the cast coast of Greenland
- remain near their source of origin. Hoxiever, a small iumber of bergy bits, growlers,

and small icebergs are transported from this region b y the East Greenland Current
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FiOuiE 3610a.-Average maximum and minimum %tent of arctic sea ice.
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around Kap Farvel at the southern tip of Greenland and then northward by the West
Greenland Current into Davis Strait to the vicinity of 67*N. Relatively few of these
icebergs menace shipping but some are carried to the south and southeast of Kap
Farvel by a counterclockwise current gyre centered near 57'N and 43'W.

The main source of the icebergs encountered in tile North Atlantic is the west coast
of Greenland between 67°N and 76°N where approximately 7,50 icebergs are formed
each year. In this area there are about 100 low lying coastal glaciers, 20 of them being
the principal producers of icebergs. Of these 20 major glaciers, 2 located in Disko
Bugt between 69°N and 700N are estimated to contribute 28 percent of all icebergs
appearing in Baffin Bay and the Labrador Sea. The West Greenland Current carries
icebergs from this area northward and then westward until they encounter the south
flowing Labrador Current. West Greenland icebergs generally spend their first winter
locked in the Baffin Bay pack ice; however, a large number can also be found within
the sea ice extending along the entire Labrador coast by late winter. During the next
spring and summer, when they are freed by the break up of the pack ice, they are
transported further southward by the Labrador Current. The general drift patterns of
icebergs that are prevalent in the eastern portion of the North American Arctic are
sh- a in figure 3611a. Observations over a 69-year period show that an average of 365
ic -gs per year reach latitudes south of 48°N, with approximately 10 percent of this

~~ ~ %AXIMU I U ~ 2

jI

\I.

FiGURE 3610b.-Average maximum and minimum extent of antarctic sea ice.
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total carried south of the Grand Banks (43*N) before they melt. Icebergs may be
encountered during any part of the year, but in the Grand Banks area they are most
numerous during spring. The maximum monthly average of iceberg sightings occur'
during April, May, and June, with May having the highest average of 124.

The variation from average conditions is considerable. More than 1,587 icebergs ihave been sighted south of latitude 48°N in a single year (1972), while in 1966 not al

single iceberg was encountered in this area. In the years of 1940 and 1958 only one1

iceberg wis observed south of 48°N. Although this variation has not been fully ex-
plained, it is apparently related to wind corditions, the distribution of pack ice ini
Davis Strait, and to the amount of pack ice off Labrador. It has been suggested that i
the distribution of the Davis Strait-Labrador Sea pack ice influences the effectiveness!
of this ice in holding back the icebergs According to this theory, when pack ice is
heavy along the Labrador coast, the icebergs are forced well offshore, where warmer
water causes them to melt before they reach the North Atlantic shipping lanes; but i
when the pack ice is not sufficient -for this, the icebergs drift closer to shore, where'
there is colder water which prolongs their existence.

Average iceberg and pack ice limits in this area during April, May, and June are

shown in figures 3611b, 3611c, and 3611d. Icebergs have been observed in the vicinity
of Bermuda, the Azores, and within 400 to 500 kilometers of Great Britain.

Pack ice may also be found in the North Atlantic, some having been brought south I
by the Labrador Current and some coming through Cabot Strait after having formed in
the Gulf of St. Lawrence.

3612. The International Ice Patrol was established in 1914 by the lnternational
Convention for the Safety of Life at Sea, held in 1913 as a result of the sinking of the's
SS Titanic in 1912. On its maiden voyage this vessel struck an iceberg and sank with I
Che loss of 1,513 lives. In accordance with the agreement reached at the convention, this
patrol is conducted by the U. S. Coast Guard, which is responsible for the observations
and dissemination of information concerning ice conditions in the North Atlantic.
Information on ice conditions for the Gulf of St. Lawrence and the coastal wa. -s of "

Newfoundland and Labrador, including the Strait of Belle Isle to west of Belle Isle
itself, is provided by the Canadian Ministry of Transport between the months of
December through late June. Ice data for these areas are obtained from the Ice Opera-
tions Officer located at Dartmouth, Nova bcotia via Sidney or Halifax marine radio.

Dtiring each ice season, aerial reconnaissance surveys are made in the vicinity
of the Grand Banks of Newfoundland to determine the southeastern, southern, and
southwestern limit of the seaward extent of icebergs. During the war years of 1916-18
and 1941-45 the patrol was suspended. Aircraft were added to the patrol force following
World War II, and today perform the majority of the work. Reports of ice sightingsPaare also requested and collected from ships transiting the Grand Banks area.' When

reporting ice, vessels are requested to detail the type of ice (icebergs or sea ice) sighted,
its position, concentration and thickness (for sea ice), and size and shape (for icebergs).

In addition to ice reports, masters who do not issue routine weather reports,
are urged to make qea surface temperature and weather reports to the Ice Patrol every
6 hours within latitudes 40' to 500N and longitudes 420 to 600W.

Operations of the Ice Patrol are directed from the U. S. Coast Guard Base, Gov-
ernors Island, New York. Regularly scheduled bulletins are issued by the Ice Patrol
twice daily during the ice season by radio and landline communications from Boston,ii Massachusetts. When icebergs are sighted outside the known limits of ice, special
broadcasts are issued from St. Johns, Newfoundland, betwnen those regularly scheduled.
Iceberg positions in the ice bulletins are updated for drift at ±2-hour irit rvals A radio-
facsimile chart is also broadcast once a day throughout the ice season. The Ice Patrol,
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FIGUIXE 3'ilib.-Average iceberg and pack ice limits during the month of April.

A A
in addition to patrolling pos.sible iceberg areas, conducts oceanographic surveys, main-
tains up-to-date records of the currents in its area of operation to aid in predicting
the drift of icebergs, studies sea ice conditions in general, and offers assistance, if the
need arises, to ships within the limits of its operation.

i 3613. Ice deteetion.-Snfe navigation in the polar seas depends on a number of i
i factors, not the least of which is accurate knowledge of the location and amount of sea I
i ice that lies between the mariner and his destination. Sophisticated electronic equip- ! i

ment such as radlar, sonar, and the visible, infrared, and microwave radiation remote
sensors on board earth orbiting satellites have joined forces with the polar traveler's
own eyesight and, in some cases, hearing to aid him in dletecting ice in the sea.

As a ship pr.oceeds into higher latitudes, the first ice it encounters is likely to be
''" ii the form of icebergs, because such large pieces require a longer time to disintegrate.

Icebergs can easily be avoided if (detected soon e~ouigh. The distance at which an
iceberg can be see,, visually dependls upon mneteorological visibility, height of the ice-

, ~berg, source and condition of lighting, and the observer. On a clear day with excellent --
. visibility, a large iceberg, (le to its brilliant lustc., might be sigitted at a distance of

almost 35 kilometers. With a low-lying haze around the horizop. this distance may be
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FGuRE 361 lc.-Average iceberg and pack ice limits during the month of Alay.

reduced by one-half. In light fog or drizzle this distanze is further reduced from 1,850
meters to 5.5 kilomete,3.

In a dense fog an iceberg may not be perceptible at a distance of over 100 meters
or until it is close aboard where it will appear in the form of a luminous, white object
if the sun is shining; or as a dark, somber mass with a narrow streak of blackness at the
waterline if the sun is not shining. If the layer of fog is not too thick, an iceberg may be
sighted from aloft sooner than from a point lower in the vessel, but this fact should not
be considered justification for omitting a bow lookout. The diffusion of light in a fog
will produce a blink, or area of whiteness, above and at the sides of an iceberg which
will appear to increase the apparent. size of its mass.

On dark, clear nights icebergs may be seen at a distance of from 1,850 meters to 4
kilometers, appearing either as white or black objects with an occasional light spot
where a wave breaks against. it. Under such conditions of visibility growlers are a
greater menace to vessels, and the vessel's speed should be reduced and a sharp lookout
maintained.

The moon may either help or hinder, depending upon its phase and position
relative to ship and iceberg. A full moon in the direction of the iceberg interferes with

I -
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FIGUn 3611d.-Average iceberg and pack ice limits during the month of June.

its detection, while light from one in the opposite direction may produce a blink which'

renders the iceberg visible for a greater distance, possibly as mtch as .5.5 kiloneters. A*

clouded sky at night, through which the moonligh is intermittent, also renders ice'
detection difficult. A night sky with heavy passing clou(s may also dim or obscure any
object which has been sighted, and fleecy cumulus and cumulonimbus clouds oftenj
may give the appearance of blink from icebergs.

If an iceberg is in the process of disintegration, its presence may be detected by!
the cracking sound as a piece breaks off, or by the thunderous roar as a large piece falls'
into the water. The appearance of smaller pieces of ice in the water often indicates-
the presence of an iceberg nearby. In caln weather such pieces may form a curved line
with the parent iceberg on the concave side. Some of the pieces broken from an iceberg.
are themselves largc- enough to be a menace to ships.

As the ship moves closer towards areas known to contain sea ice, one of the most
reliable signs that pack ice is being approached is the absence of swell or wave motion Z
in a fresh breeze or a sudden flattening of the sea, especially from leeward. The observa- -
tion of icebergs in itself is not a good indication that pack ice will be encountered soon,
since icebergs may be found at great distances from pack ice. If the sea ice is approached

iNI
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from windward, it is usually compacted and the edge will be sharply defined. However,
df it is approached from leeward, the ice is likely to be loose and somewhat scattered,
.often in long narrow arms.

Another reliable sign of the approach of pack ice, not yet in sight. is the appearance
of a pattern, or sky map, on the horizon or on the underside of distant, extensive cloud
areas, created by the varying amounts of light reflected from different materials on the
sea or earth's surface. A bright white glare, or snow blink, will be observed above a snow
covered surface. When the reflection on the underside of clouds is catised by an accumu-
lation of distant ice, the glare is a little less bright and is referred to as an ice blink.
A relatively dark pattern is reflected on the underside ef clouds when it is over land
that is not snow covered. This is known as a land sky. The darkest pattern will occur
when the clouds are above an open water area, and is called a water sky. A mariner
experienced in recognizing the sky maps detailed ,ebove will find them useful in avoiding
ice or searching out openings which may permit his vessel to make progress while pro-
ceeding through an ice field.

Another indication of the presence of sea icc is the form ,tion of thick bands of fog
over the ice edge as moisture condenses from warni air as it passes over the colder ice.
An abrupt change in air or sea temperature or seawater salinity is not. a reliable sign
of the approach of icebergs or pack ice. However, a drop in the seawater temperature
to IIC may be an indication that a ship is within 90 kilometers of pack ice.

The presence of certain species of animals an( birds can also indicate that pack
ice is in close proximity. The sighting of walruses, seals. or polar bears in the Arctic
-should warn the mariner that pack ice is close at hand. In the Antarctic, the usual
precursors of sea ice are penguins, terns, fulmars, petrels, and skuas. The mariner will
-do well to observe the habits of all species encountered, for the information gained will
,be useful on subsequent journeys.

When visibility becomes limited, radar can prove to be an invaluable tool for theI polar mariner. Although many icebergs will be observed visually on clear days before
there is a return on the radarscope, radar under bad weather conditions will detect the
average iceberg at a range of about 15 to 18 kilometers. The intensity of the return is a
'function of the nature of the iceberg's exposed surface (slope, surface roughness);
however, i is unusual to find an iceberg which will not produce a detectable echo.I Large, vertical-sided tabular icebergs of the antarctic and arctic ice islands are
usually detected by radar at ranges of 28 to 55 kilometers, with ranges of 68.5 kilo-
meters having been reported.

Whereas a large iceberg is almost always detected by radar in time to be avoided,
a growler large enough to be a serious menace to a vessel may be lost in the sea return
and escape detection. If an iceberg or growler is detected by radar, tracking is sometimes
necessary to distinguish it from a rock, islet, or another ship.

Radar can be of great assistance to one experienced in interpreting the radarscope.
Smooth ser ice, like smooth water, returns little or no echo, but small floes of rough, j
hummocky sea ice capable of inflicting damage to a ship can be detected in a smooth
sea at a range of about 4 to 6 kilometers. The return may be similar to sea return, but the
same echoes appear at each sweep. A lead in smooth ice is clearly visible on a radarscope,

ever. though a thin c.ating of new ice may have formed in the opening. A light covering
of snow obliterating many of the features to the eye has little effect upon a radar return.
The ranges at which ice can be detected by radar are somewhat dependent upon refrac-
tion, i hich is sometimes quite abnormal in polar regions. Adequate training and ex- - _

perience are essential if full b- -fit is to be realized from radar.
Echoes from the ship's - '1:tle or horn will sometimes indicate the presence of

icebergs. Such echoes can give an indication of direction. If the time interval between the Ilk-
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sound and its echo is measured, the distance in meters can be determined by multi-i
plying the number of seconds by 168. However, echoes are not a reliable indicatiorn
because only those pieces of ice with large vertical areas facing the ship return enoughl
echo to be heard. Also, echoes might be received from land or a fog bank.

At relatively short ranges, sonar is sometimes helpful in locating ice. The initial
detection of icebergs may be made at a distance of about 5 kilometers or more, but;
usually considerably less. Growlers may be detected at a distance of 900 meters to 2.5'
kilometers, and even smaller pieces may be detected in time to avoid them. Since
one-half to seven-eighths of the mass of an iceberg may lie below the surface, the
underwater portion presents a better target than the portion above water.
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Fwv'nE, '3613a.-Exaxnple of satellite imagery with a resolution -)f 0.9 kilometer.
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Ice in the polar regions is best detected and observed hor the air either from air-
craft or by satellite remote sensing surveillance systems. Fixed-winged aircraft have
been utilized extensively for obtaining detailed aerial ice reconnaissance information
since the early 1930's and xvili no doubt continue to provide this invaluable service for
many years to come. Some ships, particularly icebreakers, proceeding into high lati-
tudes carry helicopters, which are invaluable in locating ice and determining the

- relative navigability of different portions of the ice pack. If these helicopters, their
support vessels, or aircraft flying aerial reeonnaissance can be contacted by radio,
much useful information will be obtained from them. Ice reports from personnel at
arctic and antarctic coastal shore stations can also prove valuable to the polar mariner.

The enormous ice reconnaissance capabilities of meteorological satellites were
confirmed within hours of the launch by the National Aeronautics and Space Admin-I. istration (NASA) of the first experimental meteorological satellite, TIROS I, on
April 1, 1960. Although this satellite was placed in an equatorial orbit, it was able to
detect ice covered waters in the Gulf of St. Lawrence-Newfoundland region. With the
ad vent of the polar-orbiting meteorological satellites during the mid and late 1960's,
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the U. S. Navy initiated an operational satellite ice reconnaissance program which
could, depending upon solar illumination, observe on a daily basis ice and its movement
in any region of the globe. With the further addition of improved sensors such as high
resolution infrared and visible scanning radiometers (SR); very high resolution radi-l
oreters (VHRR), also in the visible and infrared spectrum; and microwave systems; I
detailed global satellite ice data were made available under all weather and lighting
conditions with resolutions in some cases below 100 meters. Examples of satellite,
imagery of ice covered waters are shown in figures 3613a and 3613b.

Utilizing portable Automatic Picture Transmission (APT) equipment, which cani
easily be installed aboard ships or aircraft, visible and infrared radiation data trans-I
mitted from operational satellites can be collected during a satellite's passage overhead.!
In this manner ice data from the satellite's scanning radiometers can be received byj
APT stations anywhere in the polar regions during the time they are in the line of sightl
of the satellite. Portable APT equipment is generally small and inexpensive, usually!
consisting of a receiver with a camera pack, a scanning radiometer adapter, a tape,recorder for later data playback, and an omnidirectional antenna for ship and aircraft!

use. A printed display is available with the addition of a mini-computer that also en-i
hances the image and a small printer to display the digitized data. Gencrai informa-i
tion relating to operational satellites, various APT systems, types and modes of satet-
lite data available, and transmission frequencies and times can be obtained from thea
National Environmental Satellite Service, National Oceanic and Atmospheric Ad-M
ministration, Washington, D.C.

3614. Operations in ice.-Operations in the polar regions necessarily requirel-
considerable advanced planning and many more precautionary measures than those0
taken prior to a typical open ocean voyage. The crew, larm r small, of a polar-bound i
vessel should be thoroughly indoctrinated in the fundar, itals of polar operaticnsJ
utilizing the best information sources available. The subjects covered should include!
training in shiphalialing in ice, polar navigation, effects of low temperatures on materials1

and equipment, damage control procedures, communications problems inherent inj
polar regions, polar meteorology, sea ice terminology, ice observing and reporting i

procedures (including classification and codes) and polar survival. Training materials!I
should consist of reports on previous arctic and antarctic voyages, sailing directions,|
ice atlases, training films on polar operations, and U. S. Navy service manuals detailing!
the recommended procedures to follow during high latitude missions. Information relat- I
ing to sources of information can be obtained from the Director, Naval Oceanography
and Meteorology Command, Bay St. Louis, Mississippi, and from the Office of Polar
Programs, National Science Foundation, Washington, D.C.

The preparation of a vessel for polar operations is of extreme importance and the
considerable experience gained from previous operations should be drawvn upon to bring
the ship to optimum operating condition. At the very least, operations conducted in
ice infested waters require that the vessel's hull and propulsion system undergo certain.
modifications.

The bow and waterline of the forward part of the vessel should be heavily rein-.
forced. Similar reinforcement should also be considered for the propulsion spaces of
the vessel. Cast iron propellers and those made of a bronze alloy do not possess the
strength necessary to operate safely in ice. Thereore, -At is strongly recommended that
propellers made of these materials be replaced by those fabricated from steel. Other
desirable features are the absence of vertical sides, deep placement of the propellers,
a blunt bow, metal guards to protect propellers from ice damage, and lifeboats for 150
percent of personnel aboard. The complete list of desirable features depends upon the
area of operations, types of ice to be encountered, length of stay in the. vicinity of ice,,
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anticipated assistance by icebreakers, and possibly other factors. Strength require-
ments and the minimum thicknesses deemed necessary for the vessel's frames and
additional plating to be used as reinforcement, as well as other procedures needed to
outfit a vessel for ice operations, can be obtained from the American Bureau of Shipping.
For a more definitive and complete guide to the ice strengthening of ships, the mariner
may desire to consult the procedures outlined in Rules for Ice Strengthening of Ships,
from the Board of Navigation, Helsinki, Finland.

Equipment necessary to meet the basic needs of the crew and to insure the success-
ful and safe completion of the polar voyage should not be overlooked. A minimum list
of essential i'ems should consist of polar clothing and footware. food, vitamins, medical
supplies, fuel, storage batteries, antifreeze, explosives, detonators, fuses, meteorological
supplies, and survival kits containing sleeping bags. trail rations, firearms, ammuni-
tion, fishing gear, emergeiley medical supplies, and a repair kit.

Whatever the nature of the vessel, it will be subjected to various hazards which
may cause damage. Its safev depends largely upon the thoroughness of advance prep-
arations, the alertness and skill of its crew, and their ability to make repairs if damage
is incurred. Spare propellers, rudder assemblies, and patch materials, together with
the equipment necessary to effect emergency repairs of structural damage should be
carried. Examples of repair materials needed include quick setting cement, oakum,
canvas, timbers, planks, pieces of iron of varying shapes, welding equipment, clamps,
and an assortment of nuts, bolts, washers, screws, and nails.

Ice and snow accumulation on portions of the vessel poses a definite safety hazard.
Therefore, mallets, hanmers, and scrapers to aid in the renoval of heavy accumu-
lations of ice, together with a supply of snow sho-:els and stiff brooms for snow removal
should be provided.

Navigation in polar waters is, even under optimum conditions, difficult and,
during poor conditions, almost impossible. Environmental conditions encountered in
the high latitude, such as fog, storms, compass anomalies, atmospheric effects, and,
of course, ice, hinder polar operations. Also, deficiencies in the reliability and detail of
hydrographic and geographical information presented on polar navigation charts I
coupled with a distinct lack of reliable bathymetry, current, and tidal data add to the
problems of polar navigation. Much work is being carried out in the polar regions to
improve the geodetic control, triangulation, and quality of hydrographic and topographic
information necessar" for accurate polar charts; however, until this massive task is
completed, tihe only resource open to the polar navigator, especially during periods of
poor environmental conditions, is to rely upon the basic principles of navigation and
adapt them to unconventional methods when abnormal situations arise. A guide to

- polar navigation is presented in chapter XXV.
Upon the approach to pack ice, a careful decision is needed to determine the best

action. Often it is possible to go around the ice, rather than through it. Unless the pack
is quite loose, this action usually gains rather than loses time. When skidrting an ice
field or an iceberg, do so to windward, if a choice is availeble, to avoid projecting
tongues of ice or individual pieces that have been blown away from the main body of ice.

When it becomes necessary to enter pack ice, a thorough examination of the dis-
tribution and extent of the ice conditions -hould be made beforehand from the highest
possible location. Aircraft (particularly helicopters) and direct satellite readouts are
of great value in determining the nature of the ice to be encountered. The most import-
ant features to be noted include the location of open water such as leads and polynyas
which may be manifested by water sky. icebergs, and the presence or absence of both
ice under pressure and rotten ice. Some pr,.ttion may be offered the propeller and
rudder assemblies by trimmiug the vessel down by the stem slightly (at no time more
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than 60 or 90 centimeters) prior to entering the ice; however, this precaution usually
impairs the maneuvering characteristics of most vessels not specifically built for
icebreaking.

Selection of the point of entry into the pack should be undertaken with great care;
and if the ice boundary consists of closely packed ice or ice under pressure, it is advisable
to skirt the edge until a more desirable point of entry is located. Seek areas with low ice'
concentrations, areas of rotten ice or those containing navigable leads, and if possible,
enter from leeward on a course perpendicular to the ice edge. It is also advisable to take
into consideration the direction and force of the wind, and the set and drift of the pre-'
vailing currents when determining the point of entry and the course followed thereafter.
Due to wind induced wave action, ice floes close to the periphery of the ice pack will i
take on a bouncing motion which can be quite hazardous to the hull of thin-skinned
vessels. In addition, keep in mind that pack ice will drift slightly to the right of the lee
of the true wind in the Northern Hemisphere and to the loft of the lee in the Southern
Hemisphere (art. 3608), and that leads opened by the force of the wind will appear
perpendicular to the wind direction. If a suitable entry point cannot be located due to!
less than favorable conditions, one should be patient. Unfavorable conditions generally
improve over a short period of time by a change in the wind, tide, or sea state.

Having entered the pack, always work with the ice, not against it, and keep moving,
but do not rush the work of negotiating the pack. Patience mAy lMV big dividend.i
Respect the ice but do not fear it. Proceed at slow speed at first, staying in open water i
or in areas of weak ice if possible. The vessel's speed may be safely increased after it!
has been ascertained how well it handles under the varying ice conditions encountered.!
Remember that it is always better to make good progress in the general direction de-
sired than to fight large thick floes in the exact direction to be made good. However,
avoid the temptation to proceed far to one side of the intended track; it is almost alwaysi
better to back out and seek a more penetrable area. During those situations when it!

becomes necessary to back, always do so with extreme caution.
Ice conditions may change rapidly while a vessel is working in pack ice, necessitat-

ing some quick maneuvering. It must never be forgotten that conventional vessels,
even though ice strengthened, are not built for ice navigation. The vessel should be
conned to first attempt to place it in leads or polynyas, giving due consideration to wind
conditions. The age, thickness, and size of ice which can be broken depends upon the
type, size, strength, and shaft horsepower of the vessel employed. If contact with an
ice floe is unavoidable, never strike it a glancing blow. This maneuver may cause the
ship to veer off in a direction which will swing the stern into the ice. If possible seek weak
spots in the floe and hit it head-on at slow speed. Unless the ice is rotten or very y oing,
do not attempt to break through the floe, but rather make an attempt to swing it aside
as speed is slowly increased. Keep clear of corners and projecting points of ice, but do so
without making sharp turns which may throw the stern against the ice, resulting in a
damaged propeller, propeller shaft, or rudder. The use of full rudder, in non-emergency
situations, is not recommended because it may swing either the stern or mid-section of:
the vessel into the ice. Keep a sharp watch on the propellers and rudder, fending off
with long ice poles pieces of ice which might damage these vital parts. Stop the pro-:
pellers only if ice cannot be avoided.

Offshore winds may open relatively ice free navigable coastal leads, but such leads
should not be entered without benefit of icebreaker escort. If it becomes necessary to
enter coastal leads, narrow straits, or bays, an alert watch should be maintained since
a shift in the wind may force drifting ice down upon the vessel. An increase in wind on
the windward side of a prominent point, grounded iceberg, or land ice tongue extending
into the sea will similar.y endanger a vessel. It will always be wiser to seek out leads
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towatrd the wind side of the main body of the ice pack. In the event that the vessel
is under iamnent danger of being Trapped close to shore by pack ice, immediately
attempt to orient the vessel's bow seaward. This will help to take advantage of the
little manuevering room available in the open water areas found between ice floes. Work
car-fully through these areas, easing the ice floes aside while maintaining a close watch
on the gwneral movement of the ice pack.

If the vessel is completely halted by pack ice, it is best to keep the rudder amid-
ships and the propellers turning at slow speed. The wash of the propellers may help
to clear ice away from the stern, making it possible to back down safely. When th6
vessel is stuck fast as is the case when the bow is forced up onto a massive ice floe,
an attempt first should be made to free the vessel by going full speed astern. If this
manuever proves ineffective, it may be possible to get the vessel's stern to move slightly,
thereby causing the bow to shift, by shifting the rudder from one side to the other while
going full speed ahead. Another attempt at going astern should t en free the vessel.
The vessel may also be fre,.: by either transferring water from the ballast tanks causing
the vessel to list, or by alternately flooding and emptying the fore and aft tan! . Men
wielding crowbars may also be able to split the ice at the pressure points. If all these
methods fail, the utilization of deadmen (2-, o 4-meter lengths of timber buried in holes
-out in the ice and to which a vessel is moored) and ice anchors (a stockless, single-
fluked hook embedded in the ice) may be helpful. With a deadman or ice anchors
attached to the ice astern, the vessel may be warped off the ice by winching while the

-engines are going full astern. If all the foregoing methods fail, explosives placed in
holes cut nearly to the bottom of the ice approximately 10 to 12 meters off the beam
of the vessel and detonated while the engines are working full astern should succeed
in freeing the vessel. A vessel may also be sawed out of the ice if the ambient air tem-
perature is above the freezing point of seawater.

When a vessel becomes so closely surrounded by ice that all steering control is
lost and it is unable to move, it is beset. IP may then be carried by the dril.ting packI-into shallow water or areas containing thickir ice or icebergs with their accompanying

dangerous underwater projections. If ice forcibly presses itself against the hull, the
vessel is said to be nipped, whether or not damage is sustained. When this r-curs,
the gradually increasing pressure may be capable of holing the vessel's bottom. Waen a
vessel is beset or nipped, freedom may be achieved through the careful manuevering
procedures, the physical efforts of the crew, or by the use of explosives similar Lo those
previously detailed. Under severe conditions the mariner's best ally may be patience
since there will be many Limes when nothing can be done to improve the vessel's plight
until there is a change in meteorological conditions. It is a time to preserve fuel and
perform any needed repairs to the vessel and its engines. Damage to the vessel while
it is beset is usually attributable to collisions or pressure exerted between the vessel's
hull, propellers, or rud, er assembly and the sharp corners of ice flees. These collisions
can be minimized greatly by attempting to align the vessel in tuch v manner as to insure
that the pressure from the surrounding patck ice is distributed ;s evenly as possible over
the hull. This is best accomplished when medium or large ice floes encircle the vessel.

In the vicinity of icebergs, either in or outside of the pack ice, a sharp lookout
should be kept and all icebergs given a wide berth. The commanding officers and
masters of all vessels, irrespective of their size, should treat all icebergs with due respect.
The best locations for lookouts are generally in a crow's nest rigged in the foremast or P
housed in a shelter built specifically for a bow lookout in the eyes of a vessel. Telephone
communications between these sites and the navigation bridge on larger vessels will
prove invaluable. It is dangerous to approach close to an iceoerg of any size because of
the possibility of encountering underwater extensions, and because icebergs that are r%

N
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disintegrating may suddonly capsize or readjust their masses to new positions of
equilibrium. In periods of low visibility the utmost caution is needed at all times.
Vessel speed should be reduced and the watch prepared for quick maneuvering. Radar
becomes an effective tool in this case, but does not negate the need for trained lookouts.

Since icebergs may have from eight to nine-tenths of their masses below the water'
surface, their drift (art. 3809) is generally influenced more by currents than winds,
particularly under light wind conditions.'The drift of pack ice, on the other hand, is
usually dependent upon the wind. Under these conditions, cebergs within the pack
may be found moving at a different rate and in a different direction from that of thej
pack ice. In regions of strong currents, icebergs should always be given a wide berthi
because they may often travel upwind at great speeds under the influence of contrary!
currents, wreaking heavy pack in their paths and endangering those vessels that are!
unable to work clear. In these situations, open water will generally be found leeward ")fI
the iceberg, with piled up pack ice to windward. Where cu.,rents are weak and a strong'
wind predominates, similar conditions will be observed as the wind driven ice pack
overtakes an iceberg and piles up to windward with an open water area lying to leeward.

Under ice submarine operations require knowledge of prevailing and expected sea
ice conditions to ensure maximum operational efficiency and saf •ty. The most important
ice features are the frequency and extent of downward projectiohs (bummocks and ice,
keels) from the underside of the ice canopy (pack ice .and enclosed water areas from the
point of view of the submariner), the distribution of thin ice areas through which
submarines can attempt, to surface, and the probable location of the outer pack edgel
where submarines can remain surfaced during emergencies to rendezvous with surface1

ship or helicopter units.
Bummocks are the subsurface counterpart of hummocks, and ice keels are simi-

larly related to ridges. When the physical nature of these ice features is considered, it is
apparent that ice keels may have considerable horizontal extent whereas individuall
bummocks can be expected to :,ave little horizontal e.tent. In shallow water lanes ton

the Arctic Basin such as the bering Strait and the adjoining portions of the Bering Seal
and Chukchi Sea, deep bummocks and ice keels may leave little vertical leeway for,
submarine passage. Widely separated bummocks may be circumnavigated but make'
for a hazardous passage. Extensive ice areas with numerous bummocks or ice keels'
which cross the lane, however, may effectively block passage to the Arctic Basin. I

Bummocks and ice keels extend downward approximately five times their vertical'
extent above the ice surface. Therefore, observed ridges of approximately 10 meters!
may extend as much as 50 meters below sea level. Owing to the direct relation of the!
frequency and vertical extent between these surface features and their subsurface!
counterparts, aircraft reconnaissance of ice conditions over a planned submarine cruise!
track should be conducted before under ice operations are commenced.

Skylights are defined as thin places (usually less than 1 meter thick) in the icel
canopy and appear from below as relatively light translucent patches in dark sur-'
roundings. The undersurface of a skylight is usually flat; not having been subjected to'
great pressure although the ice canopy may have a concentration of nearly 8 oktas.
Skylights are called large if big enough for a submarine to attempt to surface through
them; that is, have a linear extent of at least 120 meters. Skylights smaller than 120
meters are called small. An ice canopy along a submarine's track that contains a num-:
ber of large skylights oi other features such as leads and polynyas which permit a'
submarine to surface more freqirc atly than 10 times per 56 kilometers is called friendly
ice. An ice canopy containing no large skylights or other features which permit a
submarine to surface is called hostile ice.
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For a more comprehensive guide to operations in ice, it is recommended that the
mariner refer to Polar Operations, by Captain Edwin A. MacDonald, USN (Ret.),
published by the United States Naval Institute, Annapolis, 'Maryland.

3615. Great Lakes ice.-Large vessels have been navigating the Great Lakessince the early 1760's. This large expanse of navigable water has since become one of the

world's busiest waterways. Due to the northern geographical location of the Great

Lakes Basin and its susceptibility to arctic outbreaks of polar air during winter, the
formation of ice plays a major role, albeit a disruptive one, in this region's economically
vital marine industry. Because of the relatively large size of the five Great Lakes, the
ice cover which forms on them is affected by the wind and currents to a greater degree
than that on smaller lakes. The Great Lakes northern location results in a long ice
growth season which in combination witn the effect of wind and current imparts to their
ice covers some of the characteristics and behavior of an arctic ice pack. For these
reasons, this article is being included in this chapter on ice in the sea.

Since the five Great Lakes extend over a distance of approximately 800 kilometers
in a north-south direction, eoc iake is influenced by varying degrees of meteorological
parameters. These parameters, in combination with the fact that each lake also possesses
differing hydrometeorological characteristics, materially affects the extent and dis-
tribution of their respective ice covers. The largest, deepest, and most northern of the
five Great Lakes is Lake Superior. Ice not under pressure, especially along this lake's
northern shores, can attain a thickness of between 70 to !00 centimeters which is
equivalent to medium first-year ice. Winds anti currents acting upon the ice have
been known to cause ridging with heights approaching 10 meters. The great depth of
Lake Superior, however, provides it with a large heat storage capacity which hinders
the growth of ice somewhat, particularly during the period of initial ice formation.
During a normal winter, it can be expected that 60 percent of the surface area of Lake
Superior will become covered by ice. This value increases to 95 percent during a sey'ere
winter and decreases to 40 percent during a mild winter. Under average conditions, ice
which presents an obstacle to navigation on Lake Superior appears during the last z
week of December along both the north and south shores with the maximum extent of
ice cover occurring between March 30 and April 10. ILake Michigan extends in a north-south direction for approximately 480 kilo-

meters and possesses the third largest mean depth of the Great Lakes. Its north-south
- alignment causes ice to accumulate in the northern portions of the lake initially and

then grow in a southerly direction as the winter progresses. Ice thickness ranges from
an average of 10 to 20 centimeters (grey to grey-wbite ice) in the southern portion to
50 to 80 centimeters (thin to medium first-year ice) in the north'rn portion. The ice
cover become- a hazard to navigation in the northern sector of Lake Michigan during
the last week o' December with the average date of maximum xtent of ice cover ranging
from March 10 in the Chicago area to March 28 at the northern end of Green Bay.
During a severe winter, 80 percent of Lake Michigan's surface area will be covered by
ice. This value reduces to 40 percent for a normal winter and to only 10 percent during

.. a mild winter.
Ice forma-ion on Lake Hluron generally commences along the northeastern and

western shorelines during the last week in December of each year. The deep north
central basin of the lake does not, except diring severe winters, generally acquire even a
partial ice cover. The ice on Lake Huron will on the average consist predominately of
thin first-veai ice (,0- 70 centimeters), with some medium firs-.-year ice (70-120 centi-
meters) forming during a severe winter. The time interval between dates of the average -

maximum ice cover extent for this lake ranges from March 11 in tb . extreme southern
portion to March 28 in the northern sector. The percent of lake surface area that will

A'
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become ice covered is 60 percent for a normal winter, 40 percent for a mild winter, and
80 percent for a severe winter.

Lake Eric is the shallowest of tihe Great Lakes with a mean depth of just under'
20 meters. Because of its shallowness, this lake is greatly influenced by seasonal tempera-

ture changes and will accumulate a considerable ice cover over a short period of time.
Ice will begin to form first in the very shallow western portion of the lake during mid-
December. During its growth period, the lake ice is acted upon by the prevailing winds
and currents which concentrate it at the northeastern end of the lake. Generally, Lake
Erie's ice cover is made up of a combination of grey-white ice (15-30 centimeters) and.
thin first-year ice (30-70 centimeters). The average dates on which the maximum extent
of ice cover is attained on Lake Erie varies from March 5 in the western sector to
March 15 for the northeastern portion of the lake. Since it reacts rapidly to the change
in the seasons, Lake Erie will attain an ice cover that blankets 95 to 100 percent of its
surface area during a normal winter. During a mild winter, the ice will occupy an area
covering 50 percent of the surface area.

Lake Ontario has the smallest ,urface area of the five Great Lakes, 1. the second
greatest mean depth, second only to Lake Superior. Like Lake Superior, its large Ii:ean.
depth gives Lake Ontario a large heat storage capacity which, in combination with its!
small surface area, causes the lake tj respond slowly to changing meteorological con-iditions. This, in turn, producc the smallest amount of ice cover found on the Greati

Lakes. Ice will begin forming during mid-December in the northeastern sectioi. of them
lake, and wind aud current conditions !itfiflar to those fodind on Lake Erie will confineI
the majority of the ice cover to that section of the lake. The majority of the ice foreed k

will consist of thin first-year ice (30-70 centimeters) with a small concentration ofi
grey-white ice (15-30 centimeters). The date at which the ice cover on Lake Ontario!
reaches its maximum extent varies on the average from March 10 to March 20. Duringi
a mild winter only 8 percent of the lake surface area will be covered by ice. This value ]
increases to 15 percent for a normal winter and to 25 percent for a severe N nter. -

The maximum ice cover distribution attained by each of the Great Lakes for a
normal, mild, and severe winter are shown in figures 3615a, 3615b, and 3615c. It should i
be noted that although the average maximum ice cover distributions for all ive lakes
appear on a single chart, they occur during the average tine periods detailed above for
each lake.

Information concerning analyses, forecasts, and climatology of Great Lakes ice I
can be obtained from the Gr,.at Lakes Environmental Research Laboratory or the
National Weather Ser% ice Forecast Office, both located in Ann Arbor, Mich .gan.

3616. Ice observing, reporting, and forecasting.-Advance knowledge of ice
conditions to be encountered and knowledge of how these conditions will change over
specified time periods are invaluable in both the planning and operational phases of
a voyage undertaken in polar regions. Typical ice support services offered to the polar i
navigator generally include analyses of current ice conditions; short-range (24 to 4
hour), weekly (5 to 7 day), and long range (15 to 30 day) ice forecasts; seasonal long-
range (60 to 90 day) ice outlooks which are ordinarily updated by 15 to 30 day fore-
casts as the season progresses; and ship weather routing service (oh. XXIV) through
ice infested waters. Generally an ice analysis or forecast will depict the ,urrent or
expected configuration and location of the pack ice edge, ice concentrations within the
pack itself, and the locations of features such as leads, polynyas, fast ice, and areas of
open water.

The single most important input into an ice forecast of any duration is an accurate,
current, ice analysis based on the latest ice observations available. As stated previously, * ,4
ice in the sea can be observed from vessels, fixed winged aircraft, helicopters, and by

sVa
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earth orbiting satellites, as well as by personnel at arctic and antarctic coastal shore
stations. By means of modern communications networks, the reports of these observa- I
tions are relayed to the offices of both federal government agencies and private com-

mercial companies.
Federal agencies providing both ice observing and forecasting services on an

operational basis include the Department of Defense, the Department of Transporta-
tion, and the Department of Commerce. The Department of Defense, principally
through its Department of the Navy, provides ice support services to all U. S. and
allied military units. Additional support may be provided to commercial concerns in
some instances with the prior approval of the Chief of Naval Operations. Specific
information relating to ice observation; forecasting freeze-up, ice growth, movement,
concentration, and break-up; ship weather routing services; as well as the methods
used to disseminate ice information can be obtained from Director, Naval Ocean-
ography and Meteorology Command, Bay St. Louis, Mississippi. The Department of
Transportation, through the U. S. Coast Guard, provides ice breaker support for polar:
operations, and the International Ice Patrol provides the ice support services detailed!
in article 3612. Ice forecasts for Alaskan waters are provided to commercial interests
by the National Weather Service Forecast Offices in Anchorage and Fairbanks, Alaska.
Inquiries concerning assistance available from the Coast Guard while conducting
programs in ice should be sent to Commandant, U. S. Coast Guard Headquarters,
Washington, D.C.

A network of polar orbiting meteorological satellites and a worldwide communica-
L tions system provide the National Oceanic and Atmospheric Administration (NOAA)

with great quantities of detailed ice information from all areas of the world. Inquiries
concerning the products and services available to the polar navigator should be directed
to either the National Weather Service or the National Environmental Satellite Service,
NO.AA, Department of Commerce, Washington, D.C. Listings of consulting meteorolo-
gists and oceanographers, and firms employing such personnel, that provide ice support
services to individuals or commercial organizations can be usually located in the
professional directories of the leading meteorology and oceanography journals.

Mariners operating in and around sea ice can do much to contribute to the overall
effectiveness of many of the services provided them. To assist these programs it is
essential that all vessels and aircraft operating in ice areas submit as detailed an ice
report as possible to interested agencies. Several codes are now available for reporting
ice conditions. The code normally used by those trained to nmke meteorological obser-
vations, but not specifically sea ice observations, consists of a five-character group
appended to the World 'Meteorological Organization (WMC) weather reporting codes
FM 21-V, FM 22-V, and FM 23-V. These codes are completely described in volume I of
World Meteorological Organization, Manual on Codes, WMO No. 306, available from I
the Secretariat of the W.,rld Meteorological Organization, Geneva, Switzerland. A It
more complete and detailed reporting code. (ICEOB) has been in use in the United
States since 1972. This code and the procedures for its use are contained in the Ice
Observers Manual, U. S. Naval Oceanographic Office Technical Note 3700-49-76
(unpublished manuscript).

These codes make use of spccial nomenclature which has been precisely defined by
the World Meteorological Organization in several languages. Sea-Ice Nomenclature,
(WMO No. 259.TP.145) contains the nomeiclature along with photography of most
ice features. This publication is very useful for those who plan to submit ice condition
reports.

A,
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In addition, Guide to Meteorologiai Instruments and Observing Practices (WMO
No. 8.TP.31) contains a chapter on ice development, dynamic processes, and observing
procedures and should also prove extremely useful.

The mariner who regularly sends as complete an ice report as possible contributes
substantially to an increase in the knowledge of synoptic ice conditions and therefore
to the accuracy and timeliness of subsequent ice analyses and forecasts.
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CHAPTER XXXVII

WEATHER OBSERVATIONS

3701. Introduction.-Weather forecasts are generally based upon information
acquired by observations made at a large number of stations. Ashore, these stations
are located so as to provide adequate coverage of the area of interest. Most observa-
tions at sea are made by mariners, wherever they happen to be. Since the number
of observations at sea is small compared to the number ashore, marine observations
are of importance in areas where little or no information is available from other sources.
Results of these observations are recorded in the deck log (art. 3719), or other appro-
priate form. Data recorded by designated vessels are sent by radio to centers ashore,
where they are plotted, along with other observ,-",ns, to provide data for drawing
synoptic charts (art. 3826). These charts are used to make forecasts. Complete weather
information gathered at sea is mailed to the appropriate meteorological services for
use in the preparation of weather atlases and in marine climatological studies.

A special effort should be made to provide routine synoptic reports when transiting
those areas where few ships are available to make and report weather observations.

- Such effort is particularly important when vessels are transiting the tropical regions. A1
vessel's synoptic weather report may be the first indication of a developing tropical
cyclone.

In many instan-c:, the analysis of the surface weather map and subsequent
forecasts can be no better than the weather reports received.

A knowledge of weather elements and the instruments used to measure them is there-
fore of importance to the mariner who hopes to benefit from weather broadcasts.

3702. Atmo~aherie pressure measurement.--Tlie sea of air surrounding the eart.
exerts a pressure i about 14.7 pounds per square inch on the surface of the earth. This
atmospheric pressure, sometimes called barometric pressure, varies from place to
place, and at the same place it varies with time.

Atmospheric pressure is one of the basic elements of a meteorological observation.
When the pressure at each station is plotted on a synoptic chart, lines of equal at-
mospheric pressure, called isobars, are drawn to indicate the areas of high and low
pressure and their centers. These are useful in making weather predictions, because
certain types of weather are characteristic of each type area, and the wind patterns
over large areas are deduced from the isobars.

Atmosph: ic l)ressure is measured by means of a barometer. A mercurial barom-
eter does this by balancing the weight of a column of air against that of a column of
mercury. The aneroid barometer has a partly evacuated, thin-metal cell which is
comiressed by atmospheric pressure, the amount of the compression being related to

Early mercurial barometers were calibrated to indicate the height, usually in inches
or millimeters, of the column of mercury needed to balance the column of air above the

J. . point of mre.surement. While the units inches of mercury and millimeters of mercury
are still widely used, many modern barometers are calibrated to indicate the centimeter-
gram-second unit of pressure, the millibar, which is equal to 1,000 dynes per square
centimeter. A dyne is the force required to accelerate a mass of one gram at the rate
of one centimeter per second per second. A reading in any of the three units of measure-
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ment can be converted to the equivalent reading in either of the other units by means
of table 14, or the conversion factors given in appendix D. However, the pressure read-5
ing should always be reported in millibars.

3703. The mercurial barometer was invented by Evangelista Torricelli in 1643. In
its simplest form it consists of a glass tube a little more tha- 30 inches :n length and of1
uniform internal diameter; one end being closed, the tube is filled nith mercury, and'
inverted into a cup of mercury. The mercury in the tube falls until the column is just1
supported by the pressure of the atmosphere on the open cup, leaving a vacuum at the'
upper end of the tube. The height of the column indicates atmospheric pressure, greater!
pressures supporting higher coiumns of mercury.

The mercurial barometer L subject to rapid variations in height, called pumping, i

due to pitch and roll of the vessel and temporary changes in atmospheric pressure ini
the vicinity of the barometer. Because of this, the care required in the reading of the;
instrument, its bulkiness, and its vulnerability to physical damage, the mercurial
barometer has been replaced at sea by the aneroid barometer.

3704. The aneroid barometer (fig. .3704) measures atmospheric pres ure by means'
of the force exerted by the pressure on a partly evacuated, thin-metal element called a
sylphon cell (aneroid capsule). A small spring is used, either internally or externally, to i
partly counteract the tendency of the atmospheric pressure to crush tie cell. Atmos-
pheric pressure is indicated directly by a scale and a pointer connected to the cell by a
combination of levers. The linkage provides considerable magnification of the slight
motion of the cell, to permit readings to higher precision than could be obtained withoutit.

An aneroid barometer should be mounted permanently. Prior to instalation, the E34
barometer should be carefully set to station pressure (art. 3706). An adjustment screw M
is provided for ihis purpose. The error in the reading of the instrument is determined
by comparison with a mercurial barometer or a standard precision aneroid barometer.
If a qualified meteorologist is not available to make this adjustment, it is good practice
to remove only one-half the apparent error. The case should then be tapped gently to .
assist the linkage to adjust itself, and the process repeated. If tne remaining error is

not more than half a mil!ibar (0.015 inch), no attempt should be made to remove it by I
further adjustment. Instead, a correction should be applied to the readings. The
accuracy of this correction should be checked from time to time.i. ,3705. The barograph (fig. 3705) is a recording barometer. Basically, it is the

asame as a nonrecording aneroid barometer except that the pointer carries a pen u, its
i outer end, and the scale is replaced by a slowly rotating cylinder around which a

prepired chart is wrapped. A clock mechanism inside the cylinder rotates the cylinder
so that a continuous line is traced on the chart to indicate the pressure at any time.

A marine microbarograph is a precision barograph with greater magnification of
deformtions due tc pressure changes, and a corresponlingly expanded chart. It is
designed to maintain its precision through the varied and exactu-g conditions en-
countered in shipboard use. Two sylphon cells are used, one iieing mounted over theI other in tandem. Minor fluctuations due to shocks or vibrations are eliniiratefC by
damping. Since oil-filled dashpots are used for this purpose, the instrument should not
be inverted.

Ship motions are compensated by damping and spring loading which make it_
pIossible for the microbarograph to be tilted up to 220 without varying more than 0.3 -

millibars from true reading.
The barograpl is usually mounted on a shelf or desk in a room open to Lie atmos- .%..

phere, and in a location which minimizes the effect of the ship's vibration. Shock-

-,".
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purpose. The adjustment should be made in stages, eliminating half the apparent!
error, tapping the case to insure linkage adjustment to the new setting, and then
repeating the process.

3706. Adjustment of barometer readings.-Atmospherie pressure as indicated by
a barometer or barograph may be subject to several errors, as follows:

Instrument error. Any inaccuracy due to imperfection or incorrect adjustment
of the instrument can be determined by comparison with a precision instrument. The
National Weather Service provides a comparison service. In certain U. S. ports a
Port Meteorological Officer carries a portable pecision aneroid. barometer for barometer
compariz as on board ships which participate in the cooperative observation program
of the National Weather Service. The portable barometer is compared with station.
barometers before and after each ship visit. If a barometer is taken to a Naticaal;
Weather Service shore station, the comparison can be made there. The correct sea-'
level pressure can be obtained by telephone. The shipboard barometer should be cor-.
rected for height, as explained below, before comparison with this telephoned value.
If there is reason to believe that the barometer is in error, it should be compared with -

a standard, and if an error is found, the barometer should be adjusted to the correct
reading, or a correction applied to all readings.

Height error. The atmospheric pressure reading at the height of the barometer
is called the station pressure and is subject to a height correction in order to make it
a sea level pressure reading. Isobars adequately reflect wind conditions and geographic
distribution of pressure only when they are drawn for pressure at constant height (or
the varying height at which a constant pressure exists). On synoptic charts it is cus- B
tonary to show the equivalent pressure at sea level, called sea level pressure. This I
is found by applying a correction to station pressure. The correction, given in table j
11, depends upon the height of the barometer and the average temperature of the air
between this height and the surface. The outside air temperature taken aboard ship is e
sufficiently accurate for this purpose. This is an important correction which should be I
applied to all readings of any type barometer.

Gravity error. Mercurial barometers are calibrated for standard sea-level gravity
at latitude 45'32'40". If the gravity differs from this amount, an error is introduced.
The correction to be applied to readings at various latitudes is given in tabie 12. This
correction does not apply to readings of an aneroid barometer or microbarograph. Gravity
also changes vith height above sea level, but the effect is negligible for the first few
hundred feet, and so is not needed for readings taken aboard ship.

Temperature error. Barometers are calibrated at a standard temperature of 32*F.
The liquid of a mercurial barometer expands as the temperature of the mercury rises, i
and contracts as it decreases. The correction to adjust the reading of the instrumen6
to the true value is given in table 13. This correction is to be applied to readings of
mercurial barometers only. Modern aneroid barometers are compensated for tempera-
ture changes by the use of different metals having unequal coefficients of linear
expansion.

3707. Wind measurement consists of determination of the direction from which
the wind is blowing, and the speed of the wind. Wind direction is measured by a wind
vane, and wind speed by an anemometer.

A wind vane consists of a device pivoted on a vertical shaft, with more surface
area on one side of the pivot than on the other, so that the wind exerts more force on one

-: -~ -side, causing the smaller end to point, into the wind. I
In its simplest form, an anemo'neter consists of a number of cups mou':- -n

- short horo,.tal arms attached to a longer vertical shaft wlich rotates as the wind M
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blows against the cups. The speed at N hicli the shaft rotates is directly proportional
to the wind speed.

Several types of wind speed and direction recorders are available.
If no anemometer is available, wind speed can be estimated by its effect upon the

sea and objects in its path, as explained in article 3709.
3708. True and apparent wind.-An observer aboard a vessel proceeding through

still air experiences an apparent wind which is from (lead ahead and has an apparent
speed equal to the speed of the vessel. Thus, if the actual or true wind is zero and
the speed of the vessel is 10 knots, the apparent wind is from dead ahead at 10 knots.
If the true wind is from (lead ahead at 15 knots, and the speed of the vessel is 10 knots,
the apparent wind is 15+10=25 knots from dead ahead. If the vessel makes a 1800
turn, the apparent wind is 15-10=5 knots from dead astern.

*.In any case, the apparent wind is the vector sum (art. 118, vol. II) of the true wind
and the reciprocal of the vessel's course and speed vector. Since wind vanes and anemom-
eters measure apparent wind, the usual problem aboard a vessel equipped with an
anemometer is to convert this to true wind. There are several ways of doing this.
Perhaps the simplest is by the graphical solution illustrated in the following example:

Example 1.-A ship is proceeding on course 150' at a speed of 17 knots. The
apparent wind is from 40' off the starboard bow. speed 15 knots.

Required.-The relative direction, true direction, and speed of the true wind.
Solution (fig. 3708a).--Starting at the center of a manuevering board (art. 4212)

or other suitable form, draw a line in the relative direction from which the apparent
wind is blowing. Locate point 1 on this line, at a distance from the center equal to
the speed of the apparent wind (2:1 scale is used in figure 3708a). From point 1, draw
a line vertically downward. Locate point 2 on this line at a distance from point I equal
to the speed of the vessel in knots, to the same scale as the first line. The relative direction
Of the true wind isfrom point 2 (1200) toward the center, and the speed of the true wind
is the distance of point 2 from the center, to the same scale used previously (11 kn.).
The true direction of the wind is the relative direction plus the true heading, or 1200
+ 150'2700.

Ansiers.-True wind from 1200 relative, is 2700 true, at 11 knots.
A quick solution can be made without an actual plot, in the following manner:

On a maneuvering board, label the circles 5, 10, 15, 20, etc., from the center, and draw
vertical lines tangent to these circles. Cut out the 5:1 scale and discard that part having
graduations greater than the maximum speed of the vessel. Keep this equipment for
all solutions. (For durability, the two parts can be mounted on cardboard or other
suitable material.) To find true wind, spot in point 1 by eye. Place the zero of the 5:1
scale on this point and align the scale (inverted) by means of the vertical lines. Locate
point 2 at the speed of the vessel as indicated on the 5:1 scale. It is always vertically
below point 1. Read the relative direction and the speed of the true wind using eye
interpolation if needed. The National Weather Service distributes a wind vector
computer called a Shipboard Wind Plotter (fig. 3708b). Solution by means of this
plotter is illustrated in the following example:

Example 2.-A ship is proceeding on course 2700 at a speed of 14.5 knots. The
apparent wind is from 400 off the starboard bow, speed 20 knots.

Required.-The relative direction, true direction, and speed of the true wind by
Shipboard Wind Plotter.

Solution (fig. 3708b).-The true direction of the apparent wind is determined by
adding the apparent wind direction to the ship's heading if the wind is from off the
starboard bow and subtracting the apparent wind direction if the wind is from off the

.__ __ port bow. In this example, the true direction of the apparent wind is 3100. In this
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solution the red arrowhead is considered the top of the plotter. St ship's course, 270' , _

to the top of the plotter by rotating the protractor disk to set 2700 at the red arrow.
Using a convenient linear scale, measuire vertically downward from the center peg of the -1
plotting board a distance equivalent to 14.5 knots. Mark this point "S" for ship. i=

Rotate the protractor disk of the plotting board until 310' is at the red arrowhead at I
the top of the plotting board. Using the same linear scale as for ship's speed, plot"

vertically downward from the center peg of the plotting board a distance equivalent to _ -
:' & 20 knots. Mlark this point "W." Rotate the protractor disk until the ""is vrically

i ~ ~above the "W," using the vertical lines on the plotting board to line up the two point.-,.i "-

• ~Read the true wind direction at the top of the plotting board. The distance betweeni
I ~ ~~points "S" and "W" is the trule wifnd speed, using the same scale as in plotting points -:

t. "S" and ".

Ansivers.-True wind direction is 337' , true wind speed is 13 knots€.
Such problems can be solved by the u~se of true directions and a regular rector

~~solution, but the use of relative directions simplifies the plot because that component --

A'

T-:t 
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~FImURE 3708b.-Finding true wind by Shipboard Wind Plotter. !

~of the apparent wind due to the vessel's mnotion is always parallel (but reversed) to
the vessel's motion, and the apparent wind is always forward of the true wind.

A tabular solution based upon the same principle can be made by means of table
10. The entering values for this table are the apparent wind speed in units of ship'si
speed, and the difference between the heading and the apparent wind direction. The o.

- ~values taken from the table are the relative direction (right or left) of the true wind, ::
and the speed of the true wsind in units of ship's speed. If a vessel is proceeding at 12 ".=
knots, 6 knots constitutes one-half (0.5) unit, 12 knots one unit, 18 knots 1.5 units, 24 __

-knots two units, etc. _
_=_ Example 8.-A ship is proceeding on course 2700 at a speed of 10 knots. The

~~apparent wind is from 100 off the port bow, speed 30 knots. .
~~Required .-- The relative direction, true direction, and speed of the true wind by ° -

~table 10.--S30
-'-* Solution.-The apparent wind speed is y- =3 .0 ship's speed units. Enter table

AA

1-,- 1
0
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10 with 3.0 and 100 and find the relative direction of the true wind to be 150 off the
port bow (3450 relative), and the speed to be 2.02 times the ship's speed, or 2.02X 10=20
knots, approximately. The true direction is 3450+2700=255P.

Answers.-True wind from 3450 relative, 2550 true, at 20 knots.
By variations of this problem, one can find the apparent wind from the true wind, I

the course or speed required to produce an apparent wind from a given direction or
speed, or the course and speed to produce an apparent wind of a given speed from a
given direction. Such problems arise in aircraft carrier operations.

Wind speed determined by appearance of the sea (art. 3709) is the speed of the true
wind. The sea also provides an indication of the direction of the true wind, because
waves move in the same direction as the generating wind, not being deflected by earth
rotation (art. 3302). If a wind vane is used, the direction of the apparent wind thus
determined can be used with the speed of the true wind to determine the direction of
the true wind by vector diagram. If-a maneuvering board is used, draw a circle about
the center equal to the speed of the true wind. From the center, plot the ship's vector
(true course and speed). From the end of this vector draw a line in the direction in
which the apparent wind is bloning (reciprocal of the direction from which it is blowing)
until it intersects the speed circle. This line is the apparent wind vector, its length de-
notes the speed. A line from the center of the board to the end of the apparent wind
vector is the true wind vector. The reciprocal of this vector is the direction from which
the true wind is blowing. If the true wind speed is less than the speed of the vessel, two
solutions are possible. If solution is by table 10, the true speed, in units of ship's speed,
is found in the column for the direction of the apparent wind. The number to the left is
the relative direction of the true wind. The number on the same line in the side.columns
is the speed of the apparent wind in units of ship's speed. Again, two solutions are pos-~sible if true wind speed is less than. ship's speed.

3709. Wind and the sea.-The action of the wind in creating ocean currents and
waves is discussed in chapters XXXII and XXXIII, respectively. There is a relation-
ship between the speed of the wind and the state of the sea in the immediate vicinity
of the wind. This is useful in predicting the sea conditions to be anticipated when future
wind speed forecasts are available. It can also be used to estimate the speed of the wind,
which may be desirable v-hen an anemometer is not available.

Wind speeds are usually grouped in accordance with the Beaufort scale named after
Admiral Sir Francis Beaufort, who devised it in 1806. As adopted in 1838, Beaufort
numbers ranged from 0, caln, to 12, hurricane. The Beaufort scale, with certain other
pertinent information, is given in appendix V. The appearance of the sea at different
Beaufort scale numbers from 0 through 10 is shown in appendix W.

3710. Temperature is the intensity or degree of heat. It is measured in degrees.
Several different temperature scales are in use.

On the Fahrenheit (F) scale pure water freezes at 320 and boils at 2120.
On the Celsius (C) scale commonly used with the metric system, the freezing t - 4

point of pure water is 00 and the boiling point is 100'. This scale, has been known by
various names in different countries. In the United States it was formerly called the
centigrade scale. The Ninth General Conference of Weights and Measures, held in
France in 1948, adopted the name Celsius to be consistent with the naming of other
temperature scales after their inventors, and to avoid the use of different names in
different countries. On the original Celsius scale, invented in 1742 by a Swedish as-
tronomer named Anders Celsius, the numbering was the reverse of the modern scale,
00 representing the boiling point of water, and 1000 its freezing point.

Absolute zero is considered to be the lowest possible temperature, at which there
is no molecular motion and a body has no heat. For some purposes, it is convenient to -.

.'h

! . ... K
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express temperature by a scale at which 0' is absolute zero. This is called absolute
temperature. If Fahrenheit degrees are used, it may be called Rankine (R) temperature;
and if Celsius, Kelvin (K) temperature. The Kelvin scale is more widely used than
the Rankine. Absolute zero is at (-) 459769F or (-) 273716C.

Temperature by one scale can be converted to that at another by means of the
relationship that exists between the scales. Thus,

C5§=(F-32),

9
F=C+32,

and
K=C+273?16C.

-. A temperature of (-) 400 is the same by either the Celsius or Fahrenheit scale. Similar
formulas can be made for conversion of other temperature scale readings. Table 15
gives the equivalent values of Fahrenheit, Celsius, and Kelvin temperatures.

The intensity or degree of heat (temperature) should not be confused with the
amount of heat. If the temperature of air or some other substance is to be increased
(the substance made hotter) by a given number of degrees, the amount of heat that
must be added is dependent upon the amount of the substance to be heated. Also,
equal amounts of different substances require the addition of unequal amounts of heat
to effect equal increase in temperature because of their difference of specific heat
(art. 3012). Units used for measurement of amount of heat are the British thermal
unit (BTU), the amount of heat needed to raise the temperature of 1 pound of water
S* Fahrenheit; and the calorie, the amount of heat needed to raise the temperature
of 1 gram of water Io Celsius.

3711. Temperature measurement is made by means of a thermometer. Most
thermometers are based upon the principle that materials expand with increase of tern-
perature, and contract as temperature decreases. In its most usual form a thermometer
consists of a bulb filled with mercury and connected to a tube of very small cross-
sectional area. The mercury only partly fills the tube. In the remainder is a vacuum
created during construction of the instrument. The air is driven out by boiling the
mercury, and the top of the tube is then sealed by a flame. As the mercury expands
or contracts with changing temperature, the length of the mercury column in the tube
changes. Temperature is indicated by the position of the top of the column of mercury
with respect to a scale etched on the glass tube or placed on the thermometer support.

Temperature measuring equipment should be placed in a shelter which protects
it from mechanical damage and direct rays of the sun. The shelter should have louvered
sides to permit free access of air. Aboard ship, the shelter should be placed in an
exposed position as far as practicable from metal bulkheads. On vessels where shelters
are not available, the temperature measurement should be made in shade at an exposed
position on the windward side.

Sea surface temperature observations are used in the forecasting of fog and furnish r
important information about the development and movement of tropical cyclones.
Commercial fishermen are interested in the sea surface temperature as an aid in locating
certain species of fish. There are several methods of determining seawater temperature.
These include engine room intake readings, condenser intake readings, thermister probes
attached to the hull, and readings from buckets recovered from over the side. Although
the condenser intake method is not a true measure of surface water temperature, the
error is generally small. Measurement should be made near the entrance of the intake.

NS
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If the temperature of the water at the surface is desired, a sample should be ob-
tained by bucket, preferably a canvas bucket, from a forward position well clear of any
discharge lines. The sample should be taken immediately to a place where it is shel-
tered from wind and sun. The water should then be stirred with the thermometer,
keeping the bulb submerged, until an essentially constant reading is obtained.

A considerable variation in sea surface temperature can be experienced in a rela-
tively short distance of travel. This is especially true when crossing major ocean cur-
rents such as the Gulf Stream and the Kuroshio. Significant variations also occur where
large quantities of freshwater are discharged from rivers.

3712. Humidity is the condition of the atmosphere with reference to its water
vapor content. Relative humidity is the ratio (stated as a percentage) of the pressure of
water vapor present in the atmosphere to the saturation vapor pressure at the same
temperature.

As air temperature decreases, the relative humidity increases. At some point,
saturation takes place, and any further cooling results in condensation of some of the
moisture. The temperature at which this occurs is called the dew point, and the moisture
deposited upon natural objects is called dew if it forms in the liquid state, or frost if it
forms in the frozen state.

The same process causes moisture to form on the outside of a container of cold
liquid, the liquid cooling the air in the immediate vicinity of the container until it
reaches the dew point. When moisture is deposited on man-made objects, it is usually
called sweat. It occurs whenever the temperature of a surface is lower than the dew
point of air in contact with it. It is of particular concern to the mariner because of its
effect upon his instruments, and possible damage to his ship or its cargo. Lenses of
optical instruments may sweat, usually with such small droplets that the surface has
a "frosted" appearance. When this occurs, the instrument is said to "fog" or "fog up,"
and is useless until the moisture is removed. Damage is often caused by corrosion or
direct water damage when pipes sweat and drip, or when the inside of the shell plates
of a vessel sweat. Cargo may sweat if it is cooler than the dew point of the air. One of
the principal problems of preserving ships of the reserve fleet is the protection against
moisture. An important step is the draining of all water, sealing of compartments, and
drying of the air.

Clouds and fog form by "sweating" of minute particles of dust, salt, etc., in the air.
Each particle forms a nucleus around which a droplet of water forms. If air is completely

free from solid particles on which water vapor may condense, the extra moisture remains
in the vapor state, and the air is said to be supersaturated.

Relative humidity and dew point are measured by means of a hygrometer. The
most common type, called a psychrometer, consists of two thermometers mounted
together on a single strip of material, as show n in figure 3712a. One of the thermometers -is mounted a little lower than the other, and has its bulb covered with muslin. When

WOOD LINK

GRIP lJ,1

FiGuR. 3712a.-A sling psychrometer.
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the muslin covering is thoroughly moistened and the thermometer well ventilated,
evaporation cools the bulb of the thermometer, causing it to indicate a lower reading
than the other. A sling psychrometer, illustrated in figure 3712a, is ventilated by
whirling the thermometers. Dry-bulb temperature is indicated by the uncovered
dry-bulb thermometer, and wet-buib temperature is indicated by the muslin-covered
wet-bulb thermometer. The difference between these two temperatures, and the
dry-bulb temperature, are used to enter psychrometric tables to find the relative
humidity (tab. 16) and dew point (tab. 17). If the wet-bu!b temperature is above
freezing, reasonably accurate results can be obtained by a psychrometer consisting of
wet- and dry-bulb thermometers mounted so that air can circulate freely around
them without special ventilation. This type of installation is common aboard ship.

Example.-The dry-bulb temperature is 65 0F and the wet-bulb temperature is
61 0F.

Required.-(1) Relative humidity, (2) dew point.
Solution.--The difference between readings is 4 Entering tabi3 16 with this

value and a dry-bulb temperature of 650, the relative humidity is found to be 80
percent. From table 17 the dew point is found to be 580.

Answers.-(1) Relative humidity 80 percent, (2) dew point 580.
Also in use aboard many ships is the electric psychrometer (fig. 3712b). This is

a handheld, battery operated instrument with two mercury thermometers for obtaining
dry- and wet-bulb temperature readings. It consists of a plastic housing that holds the
thermometers, batteries, motor, and fan. Although the electric psychrometer is con-
structed primarily of non-corrodible materials, prolonged exposure to the marine
environment will shorten the life of the instrument.

3713. Clouds are visible assemblages of numerous tiny droplets of water, or ice
crystals, formed by condensation of water vapor in the air, with the bases of the '

assemblages above the surface of the earth. Fog is a similar assemblage in contact with
the surface of the earth.

The shr pe, size, height, thickness, and nature of a cloud depend upon the conditions
under whic), it is formed. Therefore, clouds are indicators of various processes occurring
in the atmosphere. The ability to recognize different types and a knowledge of the
conditions associated with them are useful in predicting future weather.

Although the variety of clouds is virtually endless, they may be classified according ,

to general type. Clouds are grouped generally into three "families" according to some
common characteristic. High clouds are those having a mean lower level above 20,000
feet. They are composed principally of ice crystals. Middle clouds have a mean level
between 6,500 and 20,000 feet. They are composed largely of water droplets, although
the higher ones have a tendency to-ward ice particles. Low clouds have a mean lower
level of less than 6,500 feet. These clouds are composed entirely of water droplets.

Within these 3 families are 10 principal cloud types. The names of these are com-
posed of various combinations and forms of the following basic words all from Latin:

Cirrus, meaning "curl, lock, or tuft of hair."
Cumulus, meaning "heap, a pile, an accumulation."
Stratus, meaning "spread out, flatten, cover with a layer."
Alto, meaning "high, upper air."
Nimbus, meaning "rainy cloud."

Individual cloud types recognize certain characteristics, variations, or combinations
of these. The 10 principal cloud types are:

High douds. Cirrus (Ci) are detached high clouds of delicate and fibrous appear-
ance, without shading, generally white in color, and often of a silky appearance (figs.
3713a and 37!3d). Their fibrous and feathery appearance is due to the fact that they

!
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FIGURE 3712b.-Electric psychrometer.

are composed entirely of ice crystals. Cirrus appear in varied forms such as isolated.
tufts; long, thin lines across the sky; branching, feather-like plumes; curved wisps which
may end in tufts, etc. These clouds may be arranged in parallel bands which cross the
sky in great circles and appear to converge toward a point on the horizon. This may
indicate, in a general way, the direction of a low pressure area. Cirrus may be brilliantly
colored at sunrise and sunset. Because of their height, they become illuminated before
other clouds in the morning, and remain lighted after others at sunset. Cirrus are - 4 -

generally associated with fair weather, but if they are followed by lower and thicker 'E
clouds, they are often the forerunner of rain or snow.

Cirrocumulus (Cc) are high clouds composed of small white flakes or scales, or of
very small globular masses, usually without shadows and arranged in groups or lines, .
or more often in ripples resembling those of sand on the seashore (fig. 3713b). One -

form of cirocumulus is popularly known as "mackerel sky" because the pattern re-
sembles the scales on the back of a mackerel. Like cirrus. cirrocumulus are composed
of ice crystals and are generally associated with fair weather, but may precede a storm
if they thicken and lGwer. They may turn gray and appear hard before thickening.

Cirrostratus (Cs) are thin, whitish, high clouds (fig. 3713c) sometimes covering the
sky completely and giving it a milky appearance and at other times presenting, more

T .- "
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or less distinctly, a formation like a tangled web. The thin veil is not sufficiently dense
to blur the outline of sun or moon. However, the ice crystals of which the cloud is
composed refract the light passing through in such a way that halos (art. 3818) may

form with the sun or moon at the center. Figure 3713d shows cirrus thickening and
changing into cirrostratus. In this form it is popularly known as "mares' tails." If it
continues to thicken and lower, the ice crystals melting to form water droplets, the
cloud formation is known as altostratus. When this occurs, rain may normally be ex-
pected within 24 hours. The more brushlike the cirrus when the sky appears as in
figure 3713d, the stronger the wind at the level of the cloud.

FIGURE 3713a.-Cirrus.

Ii

I-

FIGURE 3713b.-Cirrocumulus.

FIGURE 3713c.-Cirrostraus.

FIOURE 3713&-Cirrus and cirrosatus.

U1
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Middle clouds. Altocumulus (At) are middle clouds consisting of a layer of large,
ball-like masses that tend to merge together. The balls or patches may vary in thick-
ness and color from dazzling white to dark gray, but they are more or less regularh-
arranged. They may appear as distinct patches (fig. 3713e) similar to cirrocumulus
(fig. 3713b) but can be distinguished by the fact that individual patches are generally
larger, and show distinct shadows in some places. They are often mistaken for stra-
tocumulus (fig. 3713i). If this form thickens and lowers, ht may produce thundery i
weather and showers, but it does not bring prolonged bad weather. Sometimes the
patches merge to form a series of big rolls that resemble ocean waves, but with streaks

of blue sky (fig. 3713f). Because of perspective, the rolls appear to run together near
the horizon. These regular parallel bands differ from cirrocumulus in that they occur
in larger masses with shadows. These clouds move in the direction of the short dimen-
sion of the rolis, is do ocean waves. Sometimes altocumulus appear briefly in the form I
shown in figure 3713g, usually before a thunderstorm. They are generally arranged in I
a line with a fiat horizontal base, giving the impression of turrets on a castle. The
turreted tops may look like miniature cumulus and possess considerable depth and great I
length. These clouds usually indicate a change to chaotic, thunderv skies.

FIGunRE 3713e.-Altocumulus in pdtchms

FIGUnR 3713f.-Altocuznulus in ban&. i :

!i

__FIGURE 3713g. -Toumreted pltcum'l.j
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Fxazui 3713h.-Altostratus.

Altostratus (As) are middle clouds having the appearance of a grayish or blish,
fibrous veil or sheet (fig. 371311). The sun or moon, when seen through these clouds,
appears as if it were shining through ground glass, with a corona (art. 3819) around it.
Halos are not formed. If these clouds thicken and lower, or if low, ragged "scud" or
rain clouds (nimbostratus) form below them, continuous rain or snow may be expected

- within a few hours.
Low clouds. Stratocumulus (Sc) are low clouds composed of soft, gray, roll-shaped

masses (fig. 3713i). They may be shaped in long, parallel rolls similar to altocumulus
(fig. 3713f), moving forward with the wind. The motion is in the direction of their
short dimension, like ocean waves. These clouds, l Lich vary greatly in altitude,
are the final )roduct of the characteristic daily change that takes place in cumulus
clouds. They are usually followed by clear skies during the night.
the base is not more than 1,000 . o high. A veil of thin stratus gives the sky a hazy

appearance. Stratus is often quite thick, permitting so little sunlight to penetrate
that it appears (lark to an observer below it. From above, it looks white. Light mist
may descend from stratus. Strong wind sometimes breaks stratus into shreds called
"fractostratiis."

Nimbostratus (Ns) is a low, dark, shapeless cloud layer, usually nearly uniform, -A
but sometimes with ragge d, wet-looing bases. Nimbostratus is the typical rain cloud.
The precipitation which falls from this cloud is steady or intermittent, but not showery.

Cumulus (Cu) are dense clouds with vertical development (clouds formed by rising
air which is cooled as it reaches greater heights, They have a horizontal base and
dole-shaped upper surface, with protuberances extending above the dome. Cumulus
appear in small patches, and never cover the entire sky. When the vertical develop-
ment is not great, the clouds appear in ).atches resembling tufts of cotton or wool,
being popularly calledl "woolpack' clouds (fig. 3713k). The horizontal bases of such
clouds nay not be noticeable. These are called "fair weather" cumulus because they
al' ays I.ccompany good weather. However, they may merge with altocumulus, or
may grow to cumulonimbus before a thunderstorm. Since cumulus are formed by

FicLB 3713i.-Stratocmulus.
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FIGURE 3713j.-Stratus.

FiouaE 3713k.-Cumulusj

FioUni 37131-Cumulonimbus.

updrafts, they are accompanied by turbulence, causing "bumpiness" in the air. The
extent of turbulence is proportional to the vertical extent of the clouds. Cumulus are
marked by strong contrasts of light and (lark.

Cumulonimbus (Cb) is a massive cloud with great vertical development, rising in
mountainous towers to great heights (fig. 37131). The upper part consists of ice crys-
tals, and often spreads out in the shape of an anvil which may be seen at such distances
that the base may be below the horizon. Cumulonimbus often produces showers of
rain, -now, or hail, frequently accompanied by thunder. Because of this, the cloud is
often popularly called a "thundercloud" or "thunderhead." The base is horizontal,
hut as showers occur it lowers and becomes ragged.

3714. Cloud height measurement.-At sea, cloud heights are often determined by
estimate. This is a difficult task, particularly at night.

'The height of the base of clouds formed by vertical development (any form of
cumulus), if formed in air that has risen from the surface of the earth, can be deter-
Ifmined by psychrometer, because the height to which the air must rise before condensa-
tion takei place is proportional to the difference between surface air temperature and Ir- .
the dew point. At sea, this difference multiplied by 236 gives the height in feet. That
is, for every degree difference between surface air temperature and the dew point, the
air must rise 236 feet before condensation will take place. Thus, if the dry-bulb tempera- -
ture is 80'F, and the wet-bulb temperature is 77°F, the dew point (from tab. 17) is
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'- --- =- - - ---. - ..- -



WEATHER OBSERVATIONS 861

76*F, or 40 lower than the surface air temperature. The height of the cloud base is
4X236=944 feet.

3715. Visibility measurement.-Visibility is the extreme horizontal distance at
which prominent objects can be seen and identified by the unaided eye. It is usually
measured dire-ctly by the human eye. Ashore, the distances of various buildings, trees,
lights, and other objects are measured and used as a guide in estimating the visibility.
At sea, however, such an estimate is difficult to make with accuracy. Other ships and the
horizon may be of some assistance.

Ashore, visibility is sometimes measured by a transmissometer, a device which
measures the transparency of the atmosphere by passing a beam of light over a known
short distance, and comparing it, with a reference light.

3716. Upper air observations.-Upper air information provides the third dimension
to the weather map. Unfortunately, the equipment necessary to obtain such information
is quite expensive, and the observations are time consuming. Consequently, the network
of observing stations is quite sparse compared to that for surface observations, partic-
ularly over the oceans and in isolated land areas. Where facilities exist, upper air ob-
servations are made by means of unmanned balloons in conjuction with theodolites,
radiosondes, radar, and radio direction finders.

3717. Storm detection radar.-During World War II, it was found that certain
radar equipment gave an indication of weather fronts (art. 3811) and precipitation
areas. It was of particular value near hurricanes and typhoons. Since the close of that
war a great amount of work has been done in perfecting radar equipment for use in
weather observation. It has proved of immense value in detecting, tracking, and inter-
preting weather activity out to a distance of as much as 400 miles from the observing
station.

3718. Automated weather stations and buoy systems provide regular transmissions -

of meteorological and oceanographic information by radio. They are generally used
at isolated and relatively inaccessible locations from which weather and ocean data
are of great importance. Depending on the type of system used, the elements usually
measured include wind direction anl speed, atmospheric pressure, air and sea surface
temperature, spectral wave data, and a temperature profile from the sea surface to a
predetermined depth.

3719. Recording observations.-lnstructions for recording weather observations
aboard vessels of the U. S. Navy are given in OPNAV Instruction 3140.37C, Manualfor
Ship's Surface WFeather Observations. Instructions for recording observations aboard
merchant vessels are given in Weather Service Observing Handbook No. 1, Marine
Surface Observations.

Problems
3708a. A ship is proceeding on course 1800 at a speed of 22 knots. The apparent

wind is from 700 off the port bow, speed 20 knots.
Required.-The relative direction, true direction, and speed of the true wind by

maneuvering board or the National Weather Service plotter.
Answers.-True wind from 2310 relative, 0510 true, at 24.3 knots.
3708b. A ship is proceeding on course 0500 at a speed of 13.5 knots. The apparent

wind is from broad on the starboard bow, speed 20 knots.
Required.-2The relative direction, true direction, and speed of the true wind by

table 10.
Answers.-True wind from 0860 relative, 1360 true, at 14.3 knots.
3708c. A ship is proceeding on course 0200 at a speed of 16 knots. The true wind

is estimated to be from 110' on the port bow, speed 10 knots.
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Required.-The relative direction, true direction, and speed of the apparent wind
by maneuvering board or the National Weather Service plotter.

Answers.-Apparht wind from 3230 relative, 3430 true, at 15.6 knots.
3708d. A ship is proceeding on course 1900 at a speed of 14 knots. The true wind is

estimated to be from broad on the starboard quarter, speed 20 knots.
Required.--'rhe relative direction, true direction, and speed of tie apparent wnd

by table 10.
Answers.-Apparent wind from 0900 relative, 2800 true, at 14.0 knots.
3708e. The true wind has been determined to be from 2100, speed 12 knots. The

captain of an aircraft carrier desires an apparent wind of 30 knots from 100 on the port
bow for launching aircraft.

Required.-The course and speed of the aircraft carrier.
Answers.-C 2350, S 18.6 kn. (The required apparent wind could also be produced

by C 0050, S 40.5 kn.)
3708f. A ship is proceeding on course 2550 at a speed of 15 knots. The wind vanej

indicates the apparent wind is broad on the starboard beam. From the appearance of j
the sea the navigator estimates the speed of the true wind as Beaufort 5 (19 knots).

Required.-(l) Relative and true directions of the true wind, (2) speed of the -
apparent wind. Use the maneuvering board.

* 11.6Answers.-(1) True wind from 1420 relative, 0370 true; (2) apparent wind speed
11.6knots.

3708g. A ship is proceeding on course 1350 at a speed of 18 knots. The wind vane
indicates the apparent wind is 400 on the starboard bow. From the appearance of the
sea the navigator estimates the speed of the true wind as Beaufort 6 (24.5 knots).

Required.-(l) Relative and true directions of the true wind, (2) speed of the ap-I parent wind. Use table 10.
Answers.-(1) True wind from 0690 relative, 2040 true; (2) apparent wind speed

.tial 36 knots.
3708h. A ship is proceeding on course 3300 at a speed of 20 knots. The wind vane

indicates the apparent wind is 300 on the port bow. From the appearance of the sea
the navigator estimates the speed of the true wind as Beaufort 4 (13.5 knots).

Required.-(1) Relative and true directions of the true wind, (2) speed of the
apparent wind. Solve first by maneuvering board and then by table 10.

Answers.-Graphical solution: (1) true wind rrom 1990 relative, 1690 true or from
2820 relative, 2520 true; (2) apparent wind speed 8.5 knots or 26.3 knots. Table 10
solution: (1) true wind from 1970 relative, 1670 true or from 2830 relative, 2530 true;
(2) apparent wind speed 8.0 knots or 26.0 knots.

3712. The dry-bulb temperature is 41 °F and the wet-bulb temperature is 35OF.
Required.-(1) Relative humidity, (2) dew point.
Answers.-(1) Relative humidity 53 percent, (2) dew point 260.
3714a. The dry-bulb temperature is 72 0 F and the wet-bulb temperature is 58 0 F.
Reguired.-Height of the base of cumulonimbus clouds formed in air which has -

risen from the surface of the sea.
Answer.-Height 5,900 feet.
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CHAPTER XXXVIII

WEATHER ELEMENTS

3801. Introduction.-Weather is the state of the earth's atmosphere with respect
to temperature, humidity, precipitation, visibility, cloudiness, etc. In contrast, the
term climate refers to the prevalent or characteristic meteorological conditions of a
place or region.

All weather may be traced ultimately to the effect of the sun on the earth, including
the lower portions of the atmosphere. Most changc- in weather involve large-scale,
approximately horizontal, motion of air. Air in such motion is called wind. This motion
is produced b-' differences of atmospheric pressure, which are attributable both to

- differences of temperature and the nature of the motion itself.
The weather is of considerable interest to the mariner. The wind and state of the

sea affect dead reckoning. Reduced horizontal visibility limits piloting. The state of the
atmosphere" affects electronic navigation and radio communication. If the skies are
overcast, visual celestial observations are not available; and under certain conditions
refraction and dip are disturbed. When wind was the primary motive power, knowledge
of the areas of favorable winds was of great importance. This consideration led Matthew
Fontaine Maury, more than a century ago, to seek information from ships' logs to es-
tablish speed and direction of prevailing winds over the various trade routes of the world.Ii The information thus gathered was shown on pilot charts. By means of these charts,
the mariner could select a suitable route for a favorable passage. Even power vessels

are affected considerably by wind and sea. Less fuel consumption and a more corn-
fortable passage are to be expected if wind and sea are moderate and favorable. Pilot
charts are useful in selecting suitable routes. J --

Optimizing ship speed and safety by taking advantage of favorable wind and sea
conditions has become practicable with the advent of extended range forecasting tech-
niues. These techniques and the procedures used in ship weather routing are discussed
in chapter XXIV.

3802. The atmosphere is a relatively thin shell of air, water vapor, dust, smoke,
etc., surrounding the earth. The air is a mixture of transparent gases and, like any
gas, is elastic and highly compressible. Although extremely light, it has a definite
weight which can be measured. A cubic foot of air at standard sea-level temperature
and pressure weighs 1.22 ounces, or about 1/817th part of the weight of an equal
volume of water. Because of this weight, the atmosphere exerts a pressure upon the
surface of the earth, amounting to about 15 pounds per square inch.

As altitude increases, less atmosphere extends upward, and pressure decreases.
With less pressure, the density decreases. More than three-fourths of the air is con-
centrated within a layer averaging about 7 statute miles thick, called the tropo-
sphere. This is the region of most "weather," as the term is commonly understood.

The top of the troposphere is marked lv a thin transition zone called the tropopause,
immeh'ately above which is the stratosphere. Beyond this lie several other layers
having distinctive characteristics. The average height of the tropopause ranges from
about 5 miles or less at high latitudes to about 10 miles at low latitudes.

.. The standard atmosphere is a conventional vertical structure of the atmosphere
characterized by a standard sea-level pressure of 29.92 inches of mercury (1013.25
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millibars) and a sea-level temperature of 59°F (150C), the rate of temperature decreases
with height (i.e., standard lapse rate) being a uniform 3?6F (20) per thousand feeti
to 11 kilometers (36,089 feet) and thereafter a constant temperature of (-)69?7Fi
(-56?5).

With the aid of weather satellite observations, meteorologists are continually learn-
ing more of the atmospheric processes in the troposphere and stratosphere as they
affect weather at sea. In recent years research has indicated that the jet stream is an
important entity in relation to the sequence of weather. The jet stream refers to rela-
tively strong ( _60 knots) quasi-horizontal winds usually concentrated within a re-
stricted layer of the atmosphere. Although jet stream winds can occur at any level and
geographic location and from any direction, the term is most often associated with
mid-latitude winds with maximum speeds from 2700 (-45°). Such winds, called
polar jet stream winds, average 90 knots maximum, but speeds up to 200 knots may
occur in the winter season.

J" 3803. General circulation of the atmosphere.-The heat requi ed for warming the i
air is supplied originally by the sun. As radiant energy from the sun arrives at the 1
earth, about 29 percent is reflected back into space by ihe earth and its atmosphere, i
19 percent is absorbed by the atmosphere, and the remainin-. 52 percent is absorbed by "
the surface of the earth, much of which is reradiated back into space. This earth radia- 'tion is in comparatively long waves relative to the short-wave radiation from the sun, -

since it emanates from a cooler body. Long-wave radiation, being readily absorbed by
the water vapor in the air, is primarily responsible for the warmth of the atmosphere!
near the earth's surface. Thus, the atmosphere acts much like the glass on the roof of a
greenhouse. It allows part of the incoming solar radiation to reach the surface of the -
earth, but is heated by the terrestrial radiation passing outward. Over the entire earth -
and for long periods of time, the total outgoing energy must be equivalent to the incom-
ing energy (minus any converted to another form and retained), or the temperature of M
the earth, including its atmosphere, would steadily increase or decrease. In local areas, I
or over relatively short periods of time, such a balance is not required, and in fact does I
not exist, resulting in changes such as those occurring from one year to another in j
different seasons and in different parts of the day.

As shown in figure 1419b, the more nearly perpendicular the rays of the sun strike
the surface of the earth, the more heat energy per unit area is received at that place.f
Physical measurements show that in the Tropics more heat per unit area is received 1
than is radiated away, and that in polar regions the opposite is true. Unless there were
some process to transfer heat from the Tropics to polar regions, the Tropics would be -
much warmer than they are, and the polar regions would be much colder. Atmospheric
motions bring about the required transfer of heat. The oceans also participate in the.
process, but to a lesser degree.

If the earth had a uniform surface and did not rotate on its axis, with the sun'
following its normal path across the sky (solar heating increasing with decreasing lati-
tude), a simple circulation would result, as shown in figure 3803a. However, the surface
of the earth is far from uniform, being covered with an irregular distribution of land of
various heights, and water; the earth rotates about its axis once in approximately 24
hours, so that the portion heated by the sun continually changes; and the axis of rota-
tion is tilted so that as the earth moves along its orbit about the sun, seasonal changes
occur in the exposure of specific areas to the sun's rays, resulting in variations in the
heat balance of these areas. These factors, coupled with others, result in constantly
changing large-scale movements of air. For example, the rotation of the earth exerts an
apparent force, known as Coriolis force, which diverts the air from a direct path between
high and low pressure areas. The diversion of the air is toward the right in the Northern
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I FIURB 3803a.-Ideal atmospheric circulation for a uniform and nonrotating earth.
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Hemisphere and toward the left in the Southern Hemisphere. At some distance above
the surface of the earth, the wind tends to blow along the isobars, being called the
geostrophic wind if the isobars are straight (great circles), and gradient wind if they are
curved. Near the surface of the earth, friction tends to divert the wind from the isobars I
toward the center of low pressure. At sta, where friction is less than on land, the wind
follows the isobars more closely.

A simplified diagram of the general circulation pattern is shown in figure 3803b.
Figures 3803c and 3803d give a generalized picture of the world's pressure distribution,
and wind systems as actually observed.

The change in pressure with horizontal distance is called pressure gradient.,
It is maximum along a normal (perpendicular) to the isobars. A force results which
is called pressure gradient force and is always directed from high to low pressure.;
Speed of the wind as illustrated in figures 3803c and 3803d is approximately propor-!

tional to this pressure gradient.
3804. The Doldrums.-The belt of low pressure at the surface near the equator'

occupies a position approximately midway between high pressure belts at about latitude
30' to 350 on each side. Except for significant intradiurnal changes, the atmospheric
pressure along the equatorial low is almost uniform. With minimal pressure gradient, ,
wind speeds are light and directions are variable. Hot, sultry days are common. Thel
sky iq often overcast, and showers and thundershowers are relatively frequent; in these:

disturbed areas, brief periods of strong wind occur.
The area involved is a thin belt near the equator, the eastern part in both the ,

Atlantic and Pacific being wider than the western part. However, both the position and
extent of the belt vary with longitude and season. During all seasons in the Northerns
Hemisphere, the belt is centered in the eastern Atlantic and Pacific; however, there arem
wide excursions of the doldrums regions at longitudes with considerable landmass. On
the average, the position is at 50N, frequently called the meteorological equator.

3805. The trade winds at the surface blow from the belts of high pressure toward fl
the equatorial belts of low pressure. Because of the rotation of the earth, the moving'.
air is deflected toward the west. Therefore, the trade winds in the Northern Hemis- M

phere are from the northeast and are called the northeast trades, while those in the I
Southern Hemisphere are from the southeast and are called the southeast trades. The
trade-wind directions are best defined over eastern ocean areas.

The trade winds are generally considered among the most constant of winds, blow- -

ing for days or even weeks with little change of direction or speed. However, at times
they weaken or shift direction, and there are regions where the general pattern isj
disrupted. A notable example is found in the island groups of the South Pacific, where,

the trades are practically nonexistent during January and February. Their best develop-
went is attained in the South Atlantic and in the South Indian Ocean. In general, they
are stronger during the winter than during the summer season. "

In July and August, when the belt of equatorial low pressure moves to a position
some distance north of the equator, the southeast trades blow across the equator, into

- the Northern Hemisphere, where the earth's rotation diverts them toward the right,
causing them to be southerly and southwesterly winds. The "southwest monsoons "

1 -
of the African and Central American coasts have their origin partly in such diverted4
.outheast trades.

Cyclones (art. 3812) from the middle latitudes rarely enter the regions of thee
trade winds, although tropical cyclones (ch. XXXIX) originate within these areas.

3806. The horse latitudes.-Along the poleward side of each trade-wind belt, and
corresponding approximately with the belt of high pressure in each hemisphere, is
another region with weak pressure gradients and correspondingly light, variable winds. 1% .
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These are called the horse latitudes. The weather is generally good although low clouds
are common. Compared to the doldrums, periods of stagnation in the horse latitudes
are less persistent, being of a more iptermittent nature. The difference is due primarily
to the fact that rising currents of warm air in the equatorial low carry large amounts of
moisture which condenses as the air cools at higher levels, while in the horse latitudes
the air is apparently descending and becoming less humid as it is warmed at lower
heights.

3807. The prevailing westerlies.-On the poleward side of the high pressure belt
in each hemisphere the atmospheric pressure again diminishes. The currents of air set
in motion along these gradients toward the poles are diverted by the earth's rotation
toward the east, becoming southwesterly winds in the Northern Hemisphere and north-
westerly in the Southern Hemisphere. These two wind systems are known as the
prevailing westerlies of the temperate zones.

In the Northern Hemisphere this relatively simple pattern is distorted considerably
by secondary wind circulations, due primarily to the presence of large landmasses.
In the North Atlantic, between latitudes 400 and 500, winds blow from somo direction
between south and northwest durin', 74 percent of the time, being somewhat more
persistent in winter than in summer. They are stronger in winter, too, averaging about
25 knots (Beaufort 6) as compared with 14 knots (Beaufort 4) in the summer.

In the Southern Hemisphere the westerlies blow throughout the year with a steadi-
ness approaching that of the trade winds (art. 3805). The speed, though variable, is
generally between 17 and 27 knots (Beaufort 5 and 6). Latitudes 40'S to 50'S (or550S) where these boisterous winds occur, are called the roaring forties. These winds

are strongest at about latitude 50 0S. ".>
The greater speed and persistence of the westerlies in the Southern Hemisphere are

due to the difference in the atmospheric pressure pattern, and its variations, from that
of the Northern Hemisphere. In the comparatively landless Southern Hemisphere,
the average yearly atmospheric pressure diminishes much more rapidly on the poleward
side of the high pressure belt, and has fewer irregularities due to continental interference,
than in the Northern Hemisphere.

3808. Winds of polar regions.-Partly because of the low temperatures near the
geographical poles of the earth, the surface pressure tends to remain higher than in
surrounding regions. Consequently, the winds blow outward from the poles, and are -

deflected westward by the rotation of the earth, to become northeasterlies in the Arctic,
and southeasterlies in the Antarctic. Where the polar easterlies meet the prevailing
westerlies, near 50°N and 50'S on the average, a discontinuity in temperature and
wind exists. This discontinuity is called the polar front. Here the warmer low-latitude
air ascends over the colder polar air creating a zone of cloudiness and precipitation.

In the Arctic, the general circulation is greatly modified by surrounding land-
masses. Winds over the Arctic Ocean are somewhat variable, and strong surface winds
are rarely encountered.

In the Antarctic, on the other hand, a high central landmass is surrounded by
water, a condition which augments, rather than diminishes, the general circulation.
The high pressure, although weaker than in the horse latitudes, is stronger than in
the Arctic, and of great persistence especially in eastern Antarctica. The cold air from
the plateau areas moves outward and downward toward the sea and is deflected toward

J. the west by the earth's rotation. The katabatic winds (art. 3813) remain strong through-
out the year, frequently attaining hurricane force near the base of the mountains.
These are some of the strongest surface winds encountered anywhere in the world,
with the possible exception of those in well-developed tropical cyclones (ch. XXXIX).

I o
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3809. Modifications of the general ciidlatio £7he goner.l circulation of theF
atmosphere as described in articles 3803-3808 Ls gr atly modified 'y various conditions.

The high pressure in the horse latitudes is not uniformly .Astributed around the
belts, but tends to be accentuated at several pointi, 1:s s. figures 3803b and 3803c.
These semipermanent highs remain at about the saiw. .,ace with great persistence.

Semipermanent lows also occur in various places, the most prominent ones being I
west of Iceland, and over the Aleutians (wrinter only) in the Northern Hemisphere, and |
in the Ross Sea and Weddell Sea in the antarctic areas. The regions occupied by these
semipermanent lows are sometimes .. ied the graveyards of the lows, since many lows
move directly into these areas and lose their identity as they merge with and reinforce
thp semipermanent lows. The low pressure in these areas is maintained largely by
the migratory lows which stall there, with topography also important, especially in
Antarctica.

Another modifying influence is land, which undergoes greater temperature changes
than does the sea. During the summer, a continent is warmer than its adjacent oceans.
Therefore, low pressures tend to prevail over the land. If a climatological belt of high
pressure encounters a continent, its pattern is distorted or interrupted, whereas a belt
of low pressure is intensified over the same area. In winter, the opposite effect takes
place, belts of high pressure being intensified over land and those of low pressure
being weakened.

The most striking example of a wind system produced by the alternate heating
and cooling of a landmass is the monsoons (seasonal wind) of the China Sea and
Indian Ocean. A portion of this effect is shown in figures 3809a and 3809b. In the
summer (fig. 3809a), low pressure prevails over the warm continent of Asiu, and
relatively higher pressure prevails over the adjacent sea. Between these two systems
the wind blow'- in a nearly steady direction. The lower port'on of the pattern is in the
Southern Hemisphere, extending to about 10" south latitude. Here the rotation of
the earth causes a deflection to the left, resulting in southeasterly winds. As they cross
the equator, the deflection is in the opposite direction, causing them to curve toward the
right, becoming southwesterly winds. In the winter (fig. 3809b), the positions of high
and low pressure areas are interchanged, and the direction of flow is reversed.

In the China Sea the summer monsoon blows from the southwest, usually from
May to September. The strong winds are accompanied by heavy squalls and thun-
derstorms, the rainfall being much heavier than during the winter monsoon. As the
season adv.mces, squalls and rain become less frequent. In some places the wind be-
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mcomes a light breeze which is unsteady in direction, or stops altogether, while in other

places it continues almost undiminished, with changes in direction or calms being
-infrequent. The winter monsoon blows from the northeast, usually from October
to April. It blows with a steadiness similar to that of the trade winds, often attaining
the speed of a moderate gale (28-33 knots). Skies are generally clear during this sea-
son, and there is relatively little rain.

The general circulation is further modified by winds of cyclonic origin (art. 3812),
and various local winds (art. 3813).

3810. Airmasses.-Because of large differences in physical characteristics of the
earth's surface, particularly the oceanic and continental contrasts, the air overlying
these surfaces acquires differing values of temperature and moisture. The processes
of radiation and convection in the lower portions of the troposphere act in differing
characteristic manners for a number of well-defined regions of the earth. The air over-
lying these regions acquires characteristics common to the particular area, but con-
trasting to those of other areas. Each distinctive part of the atmosphere, within which
common characteristics prevail over a reasonably large area, is called an airmass.

Airmasses are named according to their source regions. Four such regions are
generally recognized: (1) equatorial (E), the doldrum area between the north and south
trades; (2) tropical (T), the trade wind and lower temperate regions; (3) polar (P),
the higher temperate latitudes; and (4) arctic or antardic (A), the north or south polar
regions of ice and snow. This classification is a general indication of relative temperature,
as well as latitude of origin.

Airmasses are further classified as maritime (m) or continental (c), depending
upon whether they form over water or land. This classification is an indication of the
relative moisture content of the airmass, Tropical air, then, might be designated f
maritime tropical (rMT) or continental tropical (cT). Similarly, polar air may be either
maritime polar (maP) or continental polar (cP). Arctic/antarctic air, due to the pre-dominance of landmasses and ice fields in the high latitudes, is rarely maritime arctic(mA). Equatorial air is found exclusively over the ocean surface and is designated neither

(cE) nor (mE), but simply (E). 
-

A third classification sometimes applied to tropical and polar airmasses indi-
cates whether the airmass ih warm (w) or cold (k) relative to the underlying surface.
Thus, the symbol m Tw indicates maritime tropical air which is warmer than the under-
lying surface, and cPk indicates continental polar air which is colder than the under-
lying surface. The to and k classifications are primarily indications of stability (i.e.,
change of temperature with increasing height). If the air is cold relative to the surface,
the lower portion of the airmass is being heated, resulting in instability (temperature
markedly decreascs with increasing height) as the warmer air tends to rise by convection.
Conversely, if the air is warm relative to the surface, the lower portion of the airmass
is cooled, tending to remain close to the surface. This is a stable condition (temperature
increases with increasing height),

Two other types of airmasses are sometimes recognized. These are .monsoon (M),
a transitional form between cP and E; and superior (S), a special type formed in the
free atmosphere by the sinking and consequent warming of air aloft.

3811. Fronts.-As airmasses move within the general circulation, they travel
from their source regions and invade other areas dominated by air having different
characteristics. Such a process leads to a zone of separatior between the two airmasses. -
The gradients of thermal and moisture properties are maximized in the zone. Since the
zone or discontinuity is so thin as to approach a sheet when viewed on a small scale
map, it is called a frontal surface. The intersection of a frontal surface and a horizontal

A,--
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F1GURt. 381a.-First stage in the development of a frontal wave (top view).
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FIGURE 3611lb.-A fully developed frontal wave (top view).
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plane in a line is called a front, although the term "front" is commonly used as a short'
expression for "fronts! surface" when this .vill not introduce an ambiguity.

Indicative of the differences in the motion of adjacent airmasses, tne front takes-
a wave like character, hence the term "frontal wave."

Before the formation of frontal waves, the isobars (lines of equal atmospheric
pressure) tend to run parallel to the fronts. As a wave is formed, the pattern is dis- -

torted somewhat, azs shown in figure 3S11a. In this illustration, colder air is north of [
warmer air. In figures 381 la-3Si id isobars are drawn at 4-niillibar intervals.

The wave 'ends to travel in the direction of the general circulation, which ;n the
temperate latitudes is usually in a general easterly and slightly poleward direction.
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Along the leading edge of the wave, warmer air is replacing colder air. This is called
the warm front. The trailing edge is the cold front, where colder air is underrunning f
and displacing warmer air.

The warm air, being less dense, tends to ride up over the colder air it is replacing.
The slope is gentle, varying between 1:100 and 1:300. "artly because of the replacement
of cold, dense air with warm, light air, the pressure decreases. Since the slope is gentle,
the upper part of a warm frontal surface may be many hundreds of miles ahead of the
surface portion. The decreasing pressure, indicated by a "falling barometer," is often an
indication of the approach of such a wave. In a slow-moving, well-developed wave,
the barometer may begin to fall several days before the wave arrives. Thus, the amount
and nature of the change of atmospheric pressure between observations, called pressure
tendency, is of assistance in predicting the approach of such a system.

The advancing cold air, being more dense, tends to cut under the warmer air at
the cold front, lifting it to greater heights. The slope here ib such that the upper-air
portion of the cold front is behind the surface position relative to its motion. The slope
generally ranges from 1:25 to 1:100, being steeper than the warm front. After a cold
front has passed, the pressure increases-a "rising barometer."

In the first stages, these effects are not marked, but as the wave continues to grow,
they become more pronounced, as shown in figure 381 1b. As the amplitude of the
wave increases, pressure near the center usually decreases, and the "low" is said to
"deepen." As it deepens, its forward speed generally decreases.

The approach of a well-developed warm front (i.e., when the warm air is mT)
is usually heralded not only by falling pressure, but also by a more-or-less regular
sequence of clouds. First, cirrus appear. These give way successively to cirrostratus,
altostratus, altocumulus, and nimbostratus. Brief showers may precede the steady rain
accompanying the nimbostratus.

As the warm front passes, the temperature rises, the wind shifts clockwise (in j -

the Northern Hemisphere), and the steady rain stops. Drizzle may fall from low-lying
- stratus clouds, or there may be fog for some time after the wind shift. During passage

of the warm sector between the warm front and the cold front, there is little change in
temperature or pressure. However, if the wave is still growing and the low deepening,
the pressure might slowly decrease., In the warm sector the skies are generally clear
or partly cloudy, with cumulus or stratocumulus clouds most frequent. The warm
air is usually moist, and haze or fog may often be present.

As the faster moving, steeper cold front passes, the wind shifts clockwise in the
Northern Hemisphere (counterclockwise in the Southern Hemisphere), the temperature
falls rapidly, and there are often brief and sometimes violent showers, frequently
accompanied by thunder and lightning. Clouds are usually of the convective type. A
cold front usually coincides with a well-defined wind-shift l;ne (a line along which the
wind shifts abruptly from southerly or southwesterly to northerly or northwesterly in
the Northern Hemisphere and from northerly or northwesterly to southerly or south-
westerly in the Southern Hemisphere). At sea a series of brief showers accompanied by
strong, shifting winds may occur along or some distance (up to 200 miles) ahead of a
cold front. These are called squalls (in common nautical use the term squall may be
additionally applied to any severe local storm accompanied by gusty winds, precipita-
tion, thunder, and lightning), and the line along which they occur is called a squall line.

Because of its greater speed and steeper slope, which may approach or even exceed
the vertical near thr earth's surface (due to friction), a cold front and its associated
weather passes more quickly than a warm front. After a cold front passes, thQ pressure
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rises, often quite rapidly, the visibility usually improves, and the clouds tend to
diminish. /

As the wave progresses and the cold front approaches the slower moving warm
front, the low becomes deeper and the warm sector becomes smaller. This is shown in
figure 3811c.

Finally, the faster mo,,ing cold front overtakes the warm front (fig. 3811d), re-
sulting in an occluded ftont at the surf -3e, and an upper front aloft (fig. 3811e). When
the two parts of the cold airmass meet, the warmer portion tends to rise above the
colder part. The warm air continues to rise until the entire frontal system dissipates. As
the warmer air is replaced by colder air, the pressure gradually rises, a process called
"filling." This usually occurs within a few days after an occluded front forms. Finally,
there results a cold low, or simply a low pressure system across which little or no gradient
in temperature and moisture can be found.

The sequence of weather associated with a low depends greatly upon location with
respect to the path of the center. That described above assumes that the observer is so
located that he encounters each part of the system. If he is poleward of the path of the
center of the low, the abrupt weather changes associated with the passage of fronts are
not experienced. Instead, the change from the weather characteristically found ahead
of a warm front to that behind a cold front takes place gradually, the exact sequence
being dictated somewhat by distance from the center, as well as severity and age of the
low.

Although each low follows generally the pattern given above, no two are ever
exactly alike. Other centers of low pressure and high pressure and the airmasses as-
sociated with them, even though they may be 1,000 miles or more away, influence the
formation and motion of individual low renters and their accompanying weather.
Particularly, a high stalls or diverts a low. This is true of temporary highs as well as
semipermanenc highs.

3812. Cyclones and anticyclones.-An area of relatively low pressure, generally
circular, is called a cyclone. Its counterpart for high pressure is called an anticyclone.
These terms are used particularly in connection with the winds associated with such
center,. Wind tends to blow from an area of high pressure to one of low pressure, but
due to rotation of the earth, they are deflected toward the right in the Northern Hemis-
phere and toward the left in the Southern Hemisphere (art. 3803).

Because of the rotation of the earth, therefore, the circulation tends to be counter-
clockwise around areas of low pressure and clockwise around areas of high pressure in
the Northern Hemisphere (figs. 3811c and 3811d), the speed being proportional to
the spacing of isobars. In the Southern Hemisphere, the direction of circulation is
reversed. Based upon this condion, a general rule (Buys Ballot's Law) can be stated
thus:

If an observer in the Northern Hemisphere faces the surface wind, the center of low }
pressure is toward his right, somewhat behind him; and the center of high pressure is toward
his left and somewhat in front of him.

If an observer in the Southern Hemisphere faces the surface wind, the center of low
pressure is toward his left and somewhat behind him; and the center of high pressure is f
toward his right and somewhat in front of him.

In a general way, these relationships apply in the case of the general distribution
of pressure, as well as to temporary local pressure systems. -

The reason for the wind shift along a front is that the isobars have an abrupt change
of direction along these lines, as shown in figures 3811a-3811d. Since the direction
of the wind is directly related to the direction of isobars, any charge in the latter results
in a shift in the wind direction. f

b1. )
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FtounE 3811e.-An occluded front (cross section).

In the Northern Hemisphere, the wind shifts toward the right (clockwise or veering) !
when either a warm or cold front passes. In the Southern Hemisphere, the shift is I
toward the teft (counterclockwise or backing). When an observer is on the poleward
side of the path of a frontal wave, wind shifts are reversed (i.e., backing in the Northern
Hemisphere and veering in the Southern Hemisphere).

In an anticyclone, successive isobars are relatively far apart, resulting in light I
winds. In a cyclone, the isobars are more closely spaced. With a steeper pressure
gradient, the winds are stronger.

Since an anticyclonic area is a region of outflowing winds, air is drawn into it from I
aloft. Descending air is warmed, and as air becomes warmer, its capacity for holding
uncondensed moisture increases. Therefore, clouds tend to dissipate. Clear skies are
characteristic of an anticyclone, although scattered clouds and showers are sometimes I
encountered. j

In contrast, a cyclonic area is one of converging winds. The resulting upward
movement of air results in cooling, a condition favorable to the formation of clouds and I
precipitation. More or less continuous rain and generally stormy weather are usually
associated with a cyclone.

Between the two hemispheric belts of high pressure associated with the horse i
latitudes, called subtropical anticyclones (art. 3806), cyclones form only occasionally
over certain areas at sea, generally in summer and fall only. These tropical cyclones are
usually quite violent, being known under various names according to their location.
They are discussed in chapter XXXIX.

In the areas of the prevailing westerlies (art. 3807) in temperate latitudes, migra-
tory cyclones (lows) and anticyclones (highs) are a common occurrence. These are
sometimes called extratropical cyclones and extratropical anticyclones to distinguish
them from the more violent tropical cyclones. Formation occurs over sea and land.
The lows intensify as they move poleward; the highs weaken as they move equator-
ward. In their early stages, cyclones are elongatea, as shown in figure 3811a, but as
their life cycle proceed, they become more nearly circular (figs. 3811b-3811d).

3813. Local winds. -In addition to the winds of the general circulation (arts. 3803-
- l3808) and those associated with migratory cyclones and anticyclones (art. 3812),

there are numerous local winds which influence the weather in various places.
The most common of these are the land and sea breezes, caused by alternate

heating and cooling of land adjacent to water. The effect is similar to that which causes
the monsoons (art. 3809), but on a much smaller scale, and over shorter periods. By day
the land is warmer than the water, and by night it is cooler. This effect occurs along
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many coasts during the summer. Between about 0900 and 1100 the temperature of

the land becomes greater than that of the adjacent water. The lower levels of airover
the land are warmed, and the air rises, drawing in cooler air from the sea. This is the
sea breeze. Late in the afternoon, when the sun is low in the sky, the temperature of
the two surfaces equalizes and the breeze stops. After sunset, as the land cools below
the sea temperature, the air above it is also cooled. The contracting cool air becomes
more dense, increasing the pressure near the surfaca. This results in an outflow of winds
to the sea. This is the land breeze, which blows during the night and dies away near
sunrise. Since the atmospheric pressure changes associated with this cycle are not
great, the accompanying winds generally do not exceed gentle to moderate breezes.
The circulation is usually of limited extent, reaching a distance of perhaps 20 miles
inland, and not more than 5 or 6 miles offshore, and to a height of a few hundred
feet. In the doldrums and subtropics, this process is repeated with great regularity
throughout most of the year. As the latitude increases, it becomes less prominent, being
masked by winds of migratory cyclones and anticyclones (art. 3812). However, the
effect often may be present to reinforce, retard, or deflect stronger prevailing winds.

Varying conditions of topography produce a large variety of local winds throughout
the world. Winds tend to follow valleys, and to be deflected from high banks and shores.
In mountain areas wind flows in response to temperature distribution and gravity. An
anabatic wind ii one that blows up an incline, usually as a result of surface heating. A
katabatic wind is one which blows down an incline. There are two types,.foehn and fall
twind.

A dry wini with a downward component, warm for the season, is called a foehn.
The foehn occurs when horizontally moving air encounters a mountain barrier. As it
blows upward to clear the barrier, it is cooled below the dew point, resulting in loss of
moisture by cloud formation and perhaps rain. As the air continues to rise, its rate of
cooling is reduced because the condensing water vapor gives off heat to the surrounding
atmosphere. After crossing the mountain barrier, the air flows downward along the
leeward slope, being warmed by compression as it descends to lower levels. Thus, since
it loses less heat on the ascent than it gains during descent, and since it loses moisture
during ascent, it arrives at the bottom of the mountains as very warm, dry air. This
accounts for the warm, arid regions along the eastern side of the Rocky Mountains and
in similar areas. In the Rocky Mountain region this wind is known by the name chinook.
It may occur at any season of the year, at any hour of the day or night, and have any
speed from a gentle breeze to a gale. It may last for several days, or for a very short
period. Its effect is most marked in winter, when it may cause the temperature to rise
as much as 20' F to 300 F within 15 minutes, and cause snow and ice to melt within a
few hours. On the west coast of the United States, a foehn wind, given the name Santa
Ana, blows through a pass and down a valley by that name in Southern California.
This wind may blow with such force that it endangers small craft immediately off the
coast. I

A cold wind blowing down an incline is called a fall wind. Although it is warmed
somewhat during descent, as is the foehn, it remains cold relative to the surrounding air.
It occurs when cold air is (lammed up in great quantity on the windward side of a moun-
tain and then spills over suddenly, usually as an overwhelming surge down the other
side. It is usually quite violent, sometimes reaching hurricane force. A different name
for this type wind is given at each place where it is common. The tehuantepecer of A=
the Mexican and Central American coast, the pampero of the Argentine coast, the
mistral of the western Mediterranean, and the bora of the eastern Mediterranean are
examples of this type wind.

I"
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Many other local winds common to certain areas have been given distinctivej
names.

A blizzard is a violent, intensely cold wind laden with snow mostly or entirely
picked up from the ground, although the term is often used popularly to refer to any
heavy snowfall accompanied by strong wind. A dust whirl is a rotating column of airt
about 100 to 300 feet in height, carrying dust, leaves, and other light material. This
wind, which is similar to a waterspout at sea (art. 3824), is given various local names
such as dust devil in southwestern United States and desert devil in South Africa. A
gust is a sudden, brief increase in wind speed followed by a slackening, or the violenti
wind or squall that accompanies a thunderstorm. A puff of wind or a light breeze
affecting a small area, such as would cause patches of ripples on the surface of water,
is called a cat's paw.

3814. Fog is a cloud (art. 3713) whose base is low enough to restrict visibility. Fog
is composed of droplets of water, or ice crystals (ice fog) formed by condensation or
crystallization of water vapor in the air.

Radiation fog forms over low-lying land on clear, calm nights. As the land radiates
heat and becomes cooler, it cools the air immediately above the surface. This causes a
temperature inversion to form, the temperature for some distance upward increasing
with height. If the air is cooled to its dew point (art. 3712), fog forms. Often, cooler
and more dense air drains down surrounding slopes to heighten the effect. Radiation fog
is often quite shallow, and is usually densest at the surface. After sunrise the fog may
"lift," as shown in figure 3814, and gradually dissipate, usually being entirely gone by
noon. At sea the temperature of the water undergoes little change between day and
night, and so radiation fog is seldom encountered more than 10 miles from shore.

Advection fog forms when warm, moist air blows over a colder surface and is cooled
below its dew point. This type, most commonly encountered at sea, may be quite
deise and often persists over relatively long periods. Advection fog is common over cold
oucan currents. If the wind is strong enough to thoroughly mix the air, condensation
mLv take place at some distance above the surface of the earth, forming low stratus
clouds (art. 3713) rather than fog.

Off the coast of California, seasonal winds create an offshore current which dis- - -

places the warm surface water, causing an upwelling of colder water. Moist Pacific air
is transported along the coast in the same wind system and is cooled by the relatively
cold water. Advection fog results. In the coastal valleys, fog is sometimes formed when
moist air blown inland during the afternoon is cooled by radiation during the night.

When very cold air moves over warmer water, wisps of visible water vapor may
rise from the surface as the water "steams," as shown in figure 2505. In extreme cases
this frost smoke, or arctic sea smoke, may rise to a height of several hundred feet, [
the portion near the surface constituting a dense fog which obscures the horizon and .
surface objects, but usually leaves the sky relative,.- clear.

Haze consists of fine dust or salt particles in the air, too small to be individually
apparent, but in sufficient number to r.duce horizontal visibility and cast a bluish or
yellowish veil over the landscape, subduio-g its colors and making objects appear in-
distinct. This is sometimes called dry haze to distinguish it from damp haze, which
consists of small water droplets or moist particles in the air, smaller and more scattered
than light fog. In international meteorological practice, the term "haze" is used to
refer to a condition of atmospheric obscurity caused by dust and smoke. _..

Mist is synonymous with drizzle in the United States but is often considered as
intermediate between haze and fog in its properties.

A mixture of smoke and fog is called smog.

1i
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RADIATION FOG

410 F NIGHT

440F (CLEAR, COOL, AND WITH LIGHT BREEZE)
FOG FORMS41OF

380 F
390 F

41°F AFTER SUNRISE-FOG MAY "LIFT"

440F 

39 0F . -
44°F

41°F BEFORE NOON-FOG DISSIPATES

440 F

47OF VI
, 50OF

520 F I

FIGURE 3814.-Formation and dissipation of radiation fog.

3815. Mirage.-As explained in article 1606, light is refracted as it passes through
the atmosphere. When refraction is normal, objects appear slightly elevated, and the
visible horizon is iarther from the observer than it otherwise would be. Since the effects
are uniformly progressive, they are not apparent to the observer. When refraction
is not normal, some form of mirage may occur. A mirage is an optical phenomenon in
which objects appear disto'-ted, displaced (raised or lowered), magnified, multiplied,
or inverted due to varying a.tmospheric refraction which occurs when a laver of air near
the earth's surface diffrs greatly in density from surrounding air. This may occur when
there is a rapid and so.netimes irregular change of temperature or humidity with height.

If there is a teriperature inversion (inurease of temperature with height), par-
ticularly if accompanied by a rapid decrease in humidity, the refraction is greater than
normal. Objects appear elevated, and the visible horizon is farther away. Objects
which are normally below the horizon become visible. This is called looming. If the
upper portion of an object is raised much more than the bottom part, the object appears
taller than usual, an effect called towering. If the lower part of an object is
raised more than the upper part, the object appears shorter, an effect called stooping.
When the refraction is greater than normal, a superior mirage may occur. An inverted
image is seen above the object, and sometimes an erect image appears over the inverted
one, with the bases of the two images touching. Greater than normal refraction usually
occurs when the water is much colder than the air above it.
ilesIf the temperature decrease with height is much greater than normal, refraction
is less than normal, or may even cause bending in the opposite direction. Objects appear
lower than normal, and the visible horizon is closer to the observer. This is called sinking.
Towering or stooping may occur if conditions are suitable. UWhen the refraction is

-.- ~ I
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reversed, an inferior mirage may occur. A ship or an island appears to be floating in
the air above a shimmering horizon, possibly with an inverted image beneath it. Conditions
suitable to the formation of an inferior mirage occur when the surface is much warmer
than the air above it. This usually requires a heated landmass, and therefore is more
common near the coast than at sea.

When refraction is not uniformly progressive, objects may appear distorted, taking
an almost endless variety of shapes. The sun when near the horizon is one of the objects
most noticeably affected. A fata morgana is a complex mirage characterized by marked
distortion, generally in the vertical. It may cause objects to appear towering, magnified,
and at times even multiplied.

3816. Sky coloring.-White light is composed of light of all colors. Color is related
to wavelength, the visible spectrum varying from about 0.000038 to 0.000076 centi-
meters (art. 4003). The characteristics of each color are related to its wavelength (or
frequency). Thus, the shorter the wavelength, the greater the amount of bending whent
light is refracted. It is this principle that permits the separation of light from celestial
bodies into a spectrum ranging from red, through orange, yellow, green, and blue, to
violet, with long-wave infrared (black light) being slightly outside the visible range at
one end and short-wave ultraviolet being slightly outside the visible range at the other
end. Light of shorter wavelength is scattered and diffracted more than that of longer
wavelength.

Light from the sun and moon is white, containing all colors. As it enters the earth's

atmosphere, a certain amount of it is scattered. The blue and violet, being of shorter
wavelength than other colors, are scattered most. Most of the violet light is absorbed
in the atmosphere. Thus, the scattered blue light is most apparent, and the sky appears
blue. At great heights, above most of the atmosphere, it appears black.

When the sun is near the horizon, its light passes through more of the atmosphere
than when higher in the sky, resulting in greater scattering and absorption of blue and
green light, so that a larger percentage of the red and orange light penetrates to the
observer. For this reason the sun and moon appear redder at this time, and when-
this light falls upon clouds, they appear colored. This accounts for the colors at sunset -
and sunrise. As the setting sun approaches the horizon, the sunset colors first appear as
faint tints of yellow and orange. As the sun continues to set, the colors deepen. Con-
trasts occur, due principally to difference in height of clouds. As the sun sets, the clouds
become a deeper red, first the lower clouds and then the higher ones, and finally they IIfade to a gray.

When there is a large quantity of smoke, dust, or other material in tle sky, unusual
effects may be observed. If the material in the atmosphere is of suitable substance
and quantity to absorb the longer wave red, orange, and yellow radiations, the sky -
may have a greenish tint, and even the sun or moon may appear green. If the green I f
light, too, is absorbed, the sun or moon may appear blue. A green moon or blue moon
is most likely to occur when the sun is slightly below the horizon and the longer wave-
length light from the sun is absorbed, resulting in green or blue light being cast upon the1
atmosnhere in front of the moon. The effect is most apparent if the moon is on the same j
side of the sky as the sun.

3817. Rainbows.--The familiar arc of concentric colored bands seen when the sun
shines on rain, mist, spray, etc., is caused by refraction, internal reflection, and diffrac- A
tion of sunlight by the drops of water. The center of the arc is a point 180' from the 12
sun, in the diiection of a line from the sun, through the observer. The radius of the I
brightest rainbow is 42*. The colors are visible because of the difference in the amount
of refraction of the different colors making up white light, the light being spread out to

:- .
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form a spectrum (art. 3816). Red is on the outer side and blue and violet on the inner
side, with orange, yellow, and green between, in that order from red.

Sometimes a secondary rainbow is seen outside the primary one, at a radius of
about 500. The order of colors of this rainbow is reversed. On rare occasions a faint

rainbow is seen on the same side as the sun. The radius of this rainbow and the order
of colors are the same as those of the primary rainbow.

A similar arc formed by light from the moon (a lunar rainbow) is called a moonbow.
The colors are usually very faint. A faint, white are of about 39 0 radius is occasionally
seen in fog opposite the sun. This is called a foghow, although its origin is controversial,
some considering it a halo (art. 3818).

3818. Halos.--Refraction, or a combination of refraction and reflection, of light by
ice crystals in the atmosphere (cirrostratus clouds, art. 3713) may cause a halo to appear.
The most common form is a ring of light of radius 22 0 or 46 0 with the sun or moon at the
center. Occasionally a faint, white circle with a radius of 900 appears around the sun.
This is called a Hevelian halo. It is probably caused by refraction and internal reflec-
tion of the sun's light by bipyramidal ice crystals. A halo formed by refraction is
usually faintly colored lik- a rainbow (art. 3817), with red nearest the celestial body,
and blue farthest from it.

A brilliant rainbow-colored arc of about a quarter of a circle with its center at the
zenith, and the bottom of the arc about 460 above the sun, is called a circumzenithal arc.
Red is on the outside of the arc, nearest the sun. It is produced by the refraction and
dispersion of the sun's light striking the top of prismatic ice crystals in the atmosphere.
It usually lasts for only about 5 minutes, but may be so brilliant as to be mistaken
for an unusually bright rainbow. A similar arc formed 460 below the sun, with red on I - -

the upper side, is called a circumhorizontal arc. Any arc tangent to a heliocentric halo
(one surrounding the sun) is called a tangent arc. As the sun increases in elevation, . -

such arcs tangent to the halo of 220 gradually bend their ends toward each other. If
they meet, the elongated curve enclosing the circular halo is called a circumscribed
halo. The inner edge is red.

A halo consisting of a faint, white circle through the sun and parallel to the horizon
is called a parhelic circle. A similar one through the moon is called a paraselenic circle.
They are produced by reflection of sunlight or moonlight from vertical faces of ice
crystals.

A parhelion (plural parhelia) is a form of halo consisting of an image of the sun
at the same altitude and some distance from it, usually 220, but occasionally 46 ° . A
similar phenomenon occurring at an angular distance of 1200 (sometimes 900 or 1400)
from the sun is called a paranthelion. One at an angular distance of 1800, a rare occur-
rence, is called an anthelion, although this term is also used to refer to a luminous,
colored ring or glory sometimes seen around the shadow of one's head on a cloud or fog 4-
bank. A parhelion is popularly called a mock sun or sun dog. Similar phenomena in
relation to the moon are called paraselene (popularly a mock moon or moon dog),
parantiselene, and antiselene. The term parhelion should not be confused with
perihelion, that orbital point nearest the sun when the -un is the center of attraction
(art. 1407).

A sun pillar is a glittering shaft of white or reddish light occasionally seen extending
above and below the sun, usually when the sun is near the horizon. A phenomenon

J. similar to a sun pillar, but observed in connection with the moon, is called a moon pillar.
A rare form of halo in which horizontal and vertical shafts of light intersect at the sun
is called a sun cross. It is probably due to the simultaneous occurrence of a sun pillar
and a parhelic circle.

4
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3819. Corona.--When thesun or moon is seen through altostratus c!ouds (art.
3713), its outline is indistinct, and it appears surrounded by a glow of light called a-
corona. This is somewhat similar in appearance to the corona seen around the sun j
during a solar eclipse (art. 1424). When the effect is due to clouds, however, the glow f
may be accompanied by one or more rainbow-colored rings of small radii, with the
celestial body at tle center. These can be distinguished from a halo by their much
smaller radii and also by the fact that the order of the colors is reversed, red being on I
the inside, nearest the body, in the case of the halo, and on the outside, away from the I
body, in the case of the corona.

A corona is caused by diffraction of light by tiny droplets of water. The radius i
of a corona is inversely proportional to the size of the water droplets. A large corona
indicates small droplets. If a corona decreases in size, the water droplets are becoming I
larger and the air more humid. This may be an indication of an approaching rainstorm.

The glow portion of a corona is called an aureole.
3820. The green flash.--As light from the sun passes through the atmosphere, it is

refracted. Since the amount of bending is slightly different for each color, separate
images of the sun are formed in each color of the spectrum. The effect is similar to thatI
of imperfect color printing in which the various colors are slightly out of register. :
However, the difference is so slight that the effect is not usually noticeable. At the
horizon, where refraction is maximum, the greatest difference, which occurs between w

violet ut one end of the spectrum and red at the other, is about 10 seconds of are. At
latitudes of the United States, about 0.7 second of time is needed for the sun to changei
altitude by this amount when it is near the horizon. The red image, being bent least
by refraction, is first to set and last to rise. The shorter wave blue and violet colors
are scattered most by the atmosphere, giving it its characteristic blue color (art. 3816)
Thus, as the sun sets, the green image may be the last of the colored images to drop out
of sight. If the red, orange, and yellow images are below the horizon, and the blue
and violet light is scattered and absorbed, the upper rim of the green image is the only
part seen, and the sun appears green. This is the green flash. The shade of green varies, 0
and occasionally the blue image is seen, either separately or following the green flash J
(at sunset). On rare occasions the violet image is also seen. These colors may also be .
seen at sunrise, but in reverse order. They are occasionally seen when the sun disappears
behind a cloud or other obstruction. -

The phenomenon is not observed at each sunrise or sunset, but under suitable con- [
ditions is far more common than generally supposed. Conditions favorable to observa-
tion of the green flash are a sharp horizon, clear atmosphere, a temperature inversion f
(art. 3814), and an attentive observer. Since these conditions are more frequently met
when the horizon is formed by the sea than by land, the phenomenon is more common
at sea. With a sharp sea horizon and clear atmosphere, an attentive observer may see
the green flash at as many as 50 percent of sunsets and sunrises, although a telescope
may be needed for some of the observations.

Duration of the green flash (including the time of blue and violet flashes) of as
long as 10 seconds has been reported, but such length is rare. Usually it lasts for a
period of about % second to 2Y seconds with about 1% seconds being average. This
variability is probably due primarily to changes in the index of refraction (art. 1606)
of the air near the horizon.

Under favorable conditions, a momentary green flash has been observed at the
setting of Venus and Jupiter. A telescope improves the chances of seeing such a flash
from a planet, but is not a necessity.

3821. Crepuscular rays are beams of light from the sun passing through openings
in the clouds, and made visible by illumination of dust in the atmosphere along their

_ -
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paths. Actually, the rays are virtually parallel, but because of perspective, appear to
diverge. Those appearing to extend downward are popularly called backstays of the
sun, or sun drawing water. Those extending upward and across the sky, appearing
to converge toward a point 1800 frc the sun, are called antierelmscular rays.

3822. The atmosphere and radio waves.-Radio waves traveling through the at-
mosphere exhibit many of the properties of light, being refracted, reflected, diffracted,
and scattered. These and other effects are discussed in chapter XL.

3823. Atmospheric electricity.-Various conditions induce the formation of elec-
trical charges in the atmosphere. When this occurs, there is often a difference of electron
charge between various parts of the atmosphere, and between the atmosphere and
earth or terrestrial objects. When this difference exceeds a certain minimum value,
depending upon the conditions, the static electricity is discharged, resulting in phe-
nomena such as lightning or St. Elmo's fire.

Lightning is the discharge of electricity from one part of a thundercloud (art.
3713) to another, from one such cloud to another, or between such a cloud and the
earth or a terrestrial object.

Enormous electrical stresses build up within thunderclouds, and between such
clouds and the earth. At some point the resistance of the intervening air is overcome.
At first the process is a progressive one, probably starting as a brush discharge (St.
Elmo's fire) and growing by ionization. The breakdown follows an irregular path
along the line of least resistance. A hundred or more individual discharges may be
necessary to complete the path between points of opposite polarity. When this "leader
stroke" reaches its destination, a heavy "main stroke" immediately follows in the
opposite direction. This main stroke is the visible lightning, which may be tinted any
color, depending upon the nature of the gases through which it passes. The illumination
is due to the high degree of ionization of the air, which causes many of the atoms to be I
in excited states and emit radiation.

Thunder, the noise that accompanies lightning, is caused by the heating and ionizing
of the air by lightning, which results in rapid expansion of the air along its path and the
sending out of a compression wave. Thunder may be heard at a distance of as much as
15 miles, but generally does not carry that far. The elapsed time between the flash of
lightning and reception of the accompanying sound of thunder is an indication of the
distance, because of the difference in travel time of light and sound. Since the former is
comparatively instantaneous, and the speed of sound is about 1,117 feet per second, the
approximate distance in nautical miles is equal to the elapsed time in seconds, divided by
5.5. If the thunder accompanying lightning cannot be heard due to its distance, the
lightning is called heat lightning, a phenomenon not unusual during continental "hot
spells."

St. Elmo's fire is a luminous discharge of electricity from pointed objects such
as the masts and yardarms of ships, lightning rods, steeples, mountain tops, blades of
grass, human hair, arms, etc., when there is a considerable difference in the electrical
charge between the object and the air. It appears most frequently during a storm. An
object from which St. Elmo's fire emanates is in danger of being struck by lightning,
since this type discharge may be the initial phise of the leader stroke. Throughout
history those who have not understood St. Elno's fire have regarded it with superstitious -A
awe, considering it a supernatural manifestation. This view is reflected in the name
corposant (from "corpo santo," meaning "body of a saint") sometimes given this
phenomenon.

The aurora is a luminous glow appearing in varied forms in the thin atmosphere
high above the earth in middle and high latitudes due to radiation emissions from gases
in the high atmosphere.
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3824. Waterspouts.--A waterspout is a small: whirling storm over the ocean or 1
inland waters. It. chief characteristic is a funnel-shaped cloud; when fully developed I
it extends from the surface of the water to the base of a cumulus type cloud (fig. 3824).
The water in a spout is mostly confined to its lower portion, and may be either salt
spray drawn up by the sea surface, or freshwater resulting from condensation due to the
lowered pressure in the center of the vortex creating the spout. The air in waterspouts
may rotate clockwise or counterclockwise, depending on the manner of formation.
They are found most frequently in tropical regions, but are not uncommon in higher
latitudes.

There are two types of waterspouts: those derived from violent convective storms
over land moving seaward, called tornadoes, and those formed over the sea and which
are associated with fair or foul weather. The latter type is most common, lasts a maxi-
mum of 1 hour, and has variable strength. Many waterspouts are no stronger than dust
whirlwinds, which they resemble; at other times they are strong enough to destroy small
craft or to cause damage to larger vesscls, although modem ocean-going vessels have
little to fear from this type.

Waterspouts vary in diameter from a few feet to several hundred feet, and in height
from a few hundred feet to several thousand feet. Sometimes they assume fantastic
shapes; in early stages of development an hour glass shape between cloud and sea is
common. Since a waterspout is often inclined to the vertical, its actual length may be
much greater than indicated by its height.

3825. Deck ice.-Ships traveling through regions where the air temperature is bclow _
freezing may acquire thick deposits of ice as a result of salt spray freezing on the rigging I
or deck areas (fig. 3825). This accumulation of ice is called ice accretion. Also, pre- a
cipitation may freeze to the superstructure and exposed areas of the vessel, increasing -
the load of ice.

On small vessels in heavy seas and freezing weather, deck ice may accumulate I
very rapidly and increase the topside weight to such an extent as to reduce seriously
the stability of the vessel.

3826. Forecasting weather.-The prediction of weather at some future time is |
based upon an understanding of weather processes, and observations of present condi
tions. Thus, one learns that when there is a certain sequence of cloud types (art. 3713), 1
rain usually can be expected to follow within a certain period. If the sky is cloudless,
more heat will be received from the sun by day, and more heat will be radiated outward
from the warm earth by night than if the sky is overcast. If the wind is in such a direc-
tion that warm, moist air ill be transported over a colder surface, fog can be expected.
A falling barometer indicates the approach of a "low," probably accompanied by
stormy weather. Thus, before meteorology passed from an "art" to "science," many
individuals learned to interpret certain atmospheric phenomena in terms o€ future
weather, and to make reasonably accurate forecast; for short periods into the future.

With the establishment of weather observation stations, continuous and accurate
weather information became available. As such observations expanded, and communi-
cation facilities improved, knowledge of simultaneous conditions over wider areas
became available. This made possible the collection of these "synoptic" reports at
civilian and military forecact centers.I The individual observations are made at government-operated stations on shore,
and aboard vessels at sea. Observations aboard merchant ships at sea ae made and
transmitted on a voluntary and cooperative basis. The various national meteorological
services supply shipmasters with blank forms, printed instructions, and other materials
essential to the making, recording, and interpreting of observations. Any shipmaster
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FIGURF 3824.-Watenpouts.

can render a TPrticularly valuable service by reporting all unusual or non-normal
weather occurrc..*es.

S-,mbols and numbers are used to indicate on a. -Synoptic chart, popularly called a
weather map, the conditions at each observation station. Isobars are dran through i X
lines of equal atmospheric pressure, fronts are located and symbolical!y marked
(fig. 3826), areas of precipitation and fog are indicated, etc. -a

Ordinarily, weather maps for surface observations are prepared every 6 (sometimes
1 3) hours. In addition, synoptic charts for selected heights are prepared every 12 (some-

times 6) hours. Knowledge of conditions aloft is of value in establishing the three-
dimensional structure and motion of the atmosphere as input to the forecast.

'Sf

A-a



886 WEATHER ELEMENTSH _

_3

_7

FIcunE 3825.-Deck ice.

With the advent of the digital computer, highly sophisticated numerical models
have been developed to analyze and prognosticate weather patterns. The civil and
military weather centers prepare and disseminate vast numbers of weather charts
(analyses and prognoses) daily to assist local forecasters in their efforts to provide users
with accurate, predicted weather parameters. It must be remembered that in any area,
the accuracy of forecasted parameters decreases with the length of the forecast period.
Thus, a 12-hour forecast is likely to be more reliable than a 24-hour forecast. Long term 

forecasts for 2 weeks or a month in advance are limited to general statements. For
example, a prti-Action is made as to which areas will have temperatures above or below
normal. and how precipitation will compare with normal, but no attempt is made to I
state that rainfall will occur at a certain time and place.

Forecasts are issued for various areas. The national meteorological services of
most maritime nations, including the United States, issue forecasts for ocean areas and

warnings of the approach of storms. The efforts of the various nations are coordi- I
nated through the World Meteorological Organization.

3827. Dissemination of weather information is carried out in a number of ways.
Forecasts are widely broadcast 11y commercial and government radio stations, and

printed in newspapers. Shipping authorities on land are kept informed by telegraph and
telephone. Visual storm warnings are displayed in various ports, and storm warningsare broadcast by radio. #

Through the use of codes, a simplified version of synoptic weather charts is trans-
mitted to various stations ashore and afloat. Rapid transmission of completed maps
has been made possible by the development of facsimile transmitters and receivers.
This system is based upon detailed scanning, by a photoelectric detector, of properly
illuminated black and white copy. The varying degrees of light intensity are converted
to electric energy which is transmitted to the receiver and converted back to a black
and white presentation.

Complete information on dissemination of weather information by radio is pro-
vided in International Meteorological Codes 1972 and World Wide Synoptic Broadcasts, I-_

. °
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LEGEND

Typo Symbol Coloring

COLD FRONT T Vry T BLUE LINE

WARM FRONT .- ... . RED LINE

OCCLUDED FRONT wy-w -w vw 'w PURPLE LINE

STATIONARY FRONT - T T o 'r ALTERNATE RED & BLUE

UPPER COLD FRONT V -V y7- V 7"V'-V V* DASHED BLUE LINE

FIGURE 3826.-Designation of fronts on weather maps.

NAVAIR 50-1P-11, published by The Naval Weather Service Command. This publi-
cation lists br-adcasf schedules and weather codes. Information on day and night
visual storm rnings is given in the various volumes of sailing directions and coast
pilots.

3828. Interpreting the weather.-The factors which determine weather are numer-
ous and varied. Ever-increasing knowledge regarding them makes possible a contin-
ually improving weather service. However, the ability to forecast is acquired through
study and long practice, and therefore the servicez of a trained meteorologist should
bL utilized whenever available.

' The value of a forecast is increased t one h&- access to the information upon
which it is based and understands the princiles and processes involved. It is some-
times as impoztant to know the various types of weather :hat might be experienced as
it is to know which of several possibilities is most likdy to occur. - - - -

- - . At sea, reporting stations are unevenly distributed, sometimes leaving relatively
large areas with incomplete reports, or none at all. Under these ccnditions, the loca-
tions of highs, lows, fronts, etc., are imperfectly known, and their very existence may
even be in doubt. At such times the mariner who can interpret the observations made

-A
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from his own vessel may be able to predict weather for the next several hours more I
reliably than a trained meteorologist some distance away with incomplete information i
for the area of concern.

Knowledge of the various relationships gven in chapters XXXVII, XXXVIII,
and XXXIX is of value, but only the more elementary principles are presented. Fur-
ther information can be obtained from meteorological publications such as those listed

at the ends of the weather chapters. The information obtained from these references.
will pro le a background for proper interpretation of individual weather experiences.
If one uses every opportunity to observe and interpret weather sequences, knowledge
and skill can be developed that will serve as a valuable supplement to information
given in weather broadcasts, or to supply information for areas not covered by suchI broadcasts.

3829. Influencing the weather.-Meteorological activities are devoted primarily
to understanding weather processes and predicting future weather. However, as knowl-
edge regarding cause-and-effect relationships increases, the possibility of being able
to induce certain results by artificially producing the necessary conditions becomes
greater. The most promising results to date have been in inducing or increasing pre-
cipitation on a local scale by "seeding" supercooled clouds with powdered dry ice or i
silver iodide smoke. The effectiveness of this procedure on a larger scale is still con-
,roversial. Experiments in decreasing the intensity of severe tropical cyclones (i.e.,

hurricanes, typhoons), have been carried out but an operational method is still mainy
years away.
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CHAPTER XXXIX

TROPICAL CYCLONES

3901. Introduction,-A tropical cyclone is a cyclone (art. 3813) originating in the
Tropics or subtropics. Although it generally resembles the extratropical cyclone origi-
nating in higher latitudes, there are important differences, the principal one being thel
concentration of a large amount of energy into a relatively small area. Tropical cyclol .si
are infrequent in comparison with middle- and high-latitude storms, but they have a
record of destruction far exceeding that of any other type of storm. Because of their
fury, and the fact that they are predominantly oceanic, they merit the special attention
of all mariners, whether profess-onal or amateur. |

Rarely does the mariner who has experienced a fully developed tropical cyclone j
- at sea wish to encounter a second one. He has learned the wvisdom of avoiding them ifj

pos~ible. The uninitiated may be mi,,ed by the deceptively small size of a tropical
cyclone as it appears on a weather map, and by the fine weather experienced only a
few hundred miles from the reported canter of such a storm. The rapidity with which
the weather can deteriorate with approach of the storm, and the violence of the fully _
developed tropical cyclone, are difficult to visualize if they have not been experienced.

On his second voyage to the New World, Columbus encountered a tropical storm.
Although his vessels suff.--red no damage, this experience proved valuable during his
fourth voyage when his vessels were threatened by a fully developed hurricane.
Columbus rend the signs of an approaching storm from the appearance of a south- I
easterly swell, the direction of the high cirrus clouds, and the hazy appearance of the
atmosphere. He directed his vessels to shelter. The commander of another group, who 'A'
did not heed the signs, lost most of his ships; more than 500 men in their crews perished.

3902. Definitions.-Tropical cyclone is the general term for cyclones originating a
in the Tropics or subtropics. These cyclones ace classified by form and intensity as _
follows:

Tropical disturbance is a discrete system of apparently organized convection
generally 100 to 300 miles in diameter--having a nonfrontal migratory character, and
having maintained its identity for 24 hours or more. It may or may not be associated
with a detectable perturbation of the wind field. It has no stropg winds and no closed !
isobars i.e., isobars that completely enclose the lowv. (In successive stages of intensi-f
fication, the tropical cyclone may be classified as a tropical disturbance, tropical de-
pression, tropical storm, and hurricane or typhoon.)

Tropical depression has one or more closed isobars auid some rotary circulation 1-
at the surface. The highest sustained (1-minute mean) surface wind speed is 33 knots. 11

Tropical storm has closed isobars and a distinct rotary circulation. The highest:
sustained (1-minute mean) surface wind speed is 34 to 63 knots.

Hurricane or typhoon has closed isobars, a strong and very pronounced rotary
circulation, and a sustained (1-minute mean) surface wind speed of 64 knots or higher.'

3903. Areas of occurrence.-Tropical cyclones occur almost entirely in six rather:
distinct areas, four in the Northern Hemisphere and two in the Southern Hemisphere
as shown in figure 3903. The name by which the tropical cyclone is commonly known
varies somewhat with the locality, as follows:

890
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North Atlantic. A tropical cyclone with winds of 64 knots or greater is called a
-hurricane.

Eastern North Pac.fic. The name hurricane is used as in the North Atlantic.
Western North Pacific. A fully developed storm with winds of 64 knots or greater

is called a typhoon or, locally in the Philippines, a baguio.
North Indian Ocean. A tropical cyclone with winds of 34 knots or greater is called

a cyclonic storm.
South Indian Ocean. A tropical cyclone with winds of 34 knots or greater is called

a cyclone.
Southwest Pacific and Australian Area. The name cyclone is used as in the South

Indian Ocean. A severe tropical cyclone originating in the Timor Sea and moving
southwest and then southeast across the interior of northwestern Australia is called
a willy-willy.

Tropical cyclones have not been observed in the South Atlantic or in the South
Pacific east of 140'W.

3904. Origin, season, and frequency of occurrence of the tropical cyclones in the
six areas are as follows:

North Atlantic tropical cyclones can affect the entire North Atlantic Ocean in
any month. However, they are mostly a threat south of about 35*N from June through
November; August, September, and October are the months of highest incidence
(tab. 3904). About 9 or 10 tropical cyclones (tropical storms and hurricanes)

fform each season; 5 or 6 reach hurricane intensity (winds of 64 knots and higher).
A few hurricanes have generated winds estimated as high as 200 knots. Early- and
late-season storms usually develop west of 50°W; during August and September, this
-spawning ground extends to the Cape Verde Islands. These storms usually move
westward or westnorthwestward at speeds of less than 15 knots in the lower latitudes.
After moving into the northern Caribbean or Greater Antilles regions, they will usually
either move toward the Gulf of Mexico or recurve and accelerate in the North Atlantic.
Some will recurve after reaching the Gulf of Mexico, while others will continue westward
to landfall (fig. 3904).

Eastern North Pacific season is from June through October, although a storm
can form in any month. An average of 15 tropical cyclones (tropical storms and hur-
ricanes) form each year with about 6 reaching hurricane strength. The most intense
storms are often the early-and late-season ones; these form close to the coast and far
south. Midseason storms form anywhere in a wide band from the Mexican-Central
American coast to the Hawaiian Islands. August and September are the months of
highest incidence. These storms differ from their North Atlantic counterparts in that
they are usually smaller in size. However, they can be just as intense.Western North Pacific. More tropical cyclones form in the tropical western North

Pacific thfan anywhere else in the world. More than 25 (tropical storms and typhoons) 1
develop each year, and about 18 become typhoons. These typhoons are the largest
and most intense tropical cyclones in the world. Each year an average of five generate
maximum winds over 130 knots; circulations covering more than 600 miles in diameter
are not uncommon. Most of these storms form east of the Philippines, and move across
the Pacific toward the Philippines, Japan, and China; a few storms form in the South
China Sea. The season extends from April through December. However, tropical cy-
clones are more common in the off-season months in this arua than anywhere else. The
peak of the season is July through October, when nearly 70 percent of all typhoons
develop. There is a noticeable seasonal shift in storm tracks in this region. From July
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APA AND STAGE I JAN I FEB IMARI APR IMAY1 jUN I JUL I AUG I SEP I OCT I NOV I OEC IANNUALI

NORTH ATLANTIC

TROPICALSTORMS I "043 1 1512 34!02 1I I I B
HURRICANES 03 04 16 27 13 3 5
TROPICAL STOASANDO HURRICANES 02 07 08 25 4 25 07 101 94

EASTERN NORTH PACIFIC JAN FEII MAR APR MAY I JUN JUL AUG SEP t OCT I NOVI OEC IANUALi

TROPICAL STORMS - 1 16 2 23 23 1.2 0.3 93

TROPICAL STORACSAO HURRICANES 03 20 36 45 41 22 03 152

WESTERN NORTH PACIFIC I JAN I FEB ,MAR I A Y I AY I JUN I JUL I AUG I SEP I OCT I NOV I DEC IANNUALI
TROPICALSTORMS 02 03 I 03 1 02 04 1 06 12 18 15 10 08 06 7.5

HURRICANESA IAR t UNI U=iAUGI __IOT! O ,E I'N~
TYPHOONS 030 207 09 12 127 40 41 33 21 07 178

TROPICAL STORAISAND TYPHOONS 04 04 05 09 ?3 t8 39 58 56 43 29 13 253

TkOPICALSTORMS 03 I I
HURRICANES 07 12 13 03 01 C " 1 " 05 I I

TROPICAL STORAISANO HURRICANES 74 47 37 17 02 02 O 0; 01 07 20 148 1

SOUTHWEST INDIAN OCE AN JANIFEB_________MAYJUNJUL_ UGSEPIOCT___OVIDECIANNUA

TROPICALSTORMS I 20 1 22 I 7 I 06 5 2 I I 03 08 7

HURRICANES 13 111' 08 0".. ...... 38

TRPIA SCRMAN URIANS 32 33~ 25 17 02 *03 0 . 7

NORTHINDAN OCEAN JA% F PEB IVARI APR IMAYI JUN I JUL lAUG SEP I OCT I NOV I O;CIANNUALI

TROPICALSORMS 01
l '  

01 103 05 06 04 04 06 
D
S 

i 
03 3

CYCLONES' 01 0S 0.2 01 " 01 04 06 02 22 i

TROPICAL STORMS AND CYCLONES' 0' Of0 03 07 07 106 i04 105 170 17.7 05 57 1
Lenst'. 06 'Wods ;-48 Kt&

MOnlAhiY val, 1oO! be costmoed beb , VnNs sto0rr$ "LOaPng two roxth$ wereI ?, n once o1 each rf0f01th mos40 o1 the an1n10 1.

TABLE 3904.-Ionthly and annual average number of storms per year for each area. i

through September, storms move north of the Philippines and recurve, while early-
and late-season typhoons move on a more westerly track through the Philippines beforerecurving (fig. 3904). n

North Indian Ocean tropical cyclones develop in the '-say of Bengal and Arabian I
Sea during the spring and fall. Tropical cyclones in this area form between latitudes
8ON and 15N, except from June through September, when the little activity that does
occur is confined north of about 15*N. These storms are usually short-lived and weak;
however, winds of 130 knots have been encountered. They often develop as perturba- -

tions along the Intertropical Convergence Zone (ITCZ); this inhibits summertime
development since the ITCZ (art. 3905) is usually over land during this monsoon season. -
However, it is sometimes displaced southward, and when this occurs, storms will form
over the monsoon-flooded plains of Bengal. On the average, six cyclonic storms fo, m each
year. These include two storms that generate winds of 48 knots or greater Aiuther 10
tropical cyclones never develop beyond tropical depressions. The Bay of Bengal is the
area of highest incidence. However, it is not unusual for a storm to move across southern I
India and reintensify in the Arabian Sea. This is particularly true during October-
the month of highest incidence during the tropical cyclone season. It is also during this
period that torrential rains from these storms dumped over already rain-soaked areas
cause disastrous floods.

South Indian Ocean. Over the waters west of 100*E to the east African coast, an B'
average of 11 tropical cyclones (tropical storms and hurricanes) form each season,



TROPICAL CYCLONES 895

and about 4 reach hurricane intensity. The season is from December through March,
although it is possible for a storm to form in any month. Tropical cyclones in this
region usually form south of 10'S. The latitude of recurvature usually migrates from
about 20*S in January to around 15*S in Arril. After crossing 300S, these storms
sometimes become intense extratropical lows.

Sauthwest Pacfi and Au8tralian Area. These tropical waters spawn an annualaverage of 15 tropical cyclones (tropical storms and hurricanes), 4 of which reachhurricane intensity. The season extends from about December through April, although

storms can form in any month. Activity is widespread in January and February, and
it is in these months that tropical cyclones are most likely to affect Fiji, Samoa, and
the other eastern islands.

Tropical cyclones usually form in the waters from 105*E to 160'W, between 5P
and 200 S. Storms affecting northern and western Australia often develop in the Timor
or Arafura Sea, while those that affect the east coast form in the Coral Sea. These
storms are often small, but can develop winds in excess of 130 knots. New Zealand is
sometimes reached by decaying Coral Sea storms; occasionally, it is reached by an
intense hurricane. In general, tropical cyclones in this region move southwestward
and then recurve southeastward (fig. 3904).

3905. Hurricane formation was once believed to result from an intensification of
convective forces which produce the cumulcnimbus towers of the doldrums. This view
of hurricane generation held that surface heating caused warm moist air to ascend
convectively to levels where condensation produced cumulonimbus clouds, which, after
an inexplicable drop in atmospheric pressure, coalesced and were spun into a cyclonic
imotion by Coriolis force.

This hypothesis left much to be desired. Although some hurricanes develop from
disturbances beginning in the doldrums (art. 3805), very few reach maturity in that
region. Also, the high incidence of seemingly ideal convective situations does not match
the low incidence of Atlantic hurricanes. Finally, the hypothesis did not explain the
drop in atmospheric pressure, so essential to developme- * of hurricane-force winds. -

There is still no exact understanding of the triggering mechanism involved in
hurricane generation, the balance of conditions" needed to generate hurricane circulation,
and the relationships between large- and small-scale atmospheric processes. But scien-

itists today, treating the hurricane system as an atmospher., heat engine, present a
more comprehensive and convincing view.

They begin with a starter mechanism in which either internal or external forces
-intensify the initial disturbance. The initial disturbance becomes a region into which

low-level air from the surrounding area begins to flow, accelerating the convection
already occurring inside the disturbance. The vertical circulation becomes increasingly
well organized as water vapor in the ascending moist layer is condensed (releasing
large amounts of heat energy to drive the wind system) and as the system is swept into
a counterclockwise cyclonic spiral. But this incipient hurricane would soon fill up 4

because of inflow at lower levels unless the chimney in which converging air surges
upward is provided the exhaust mechanism of high-altitude winds.

These high-altitude vinds (fig. 3905) pump ascending air out of the cyclonic
system into a high-altitude anticyclone, which transports the air well away from the
disturbance before sinking occurs. Thus, a large scale vertical circulation is set up in
which low-level air is spiraled up* the cyclonic twisting of the disturbance, and, after a
trajectory over the sea, returned to lower altitudes some distance from the storm. This
pumping action-and the heat released by the ascending air-may account for the -

sudden drop of atmospheric pressure at the surface, which produces the steep pressure
gradient along which winds reach hurricane proportions.

,
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It is believed that the interaction of low-level and high-altitude wind systems
determines the intensity the hurricane will attain. If less air is pumped out than con- I
verges at low levels, the system will fill and die out. If more is pumped out than flows,
in, the circulption will be sustained and will intensify.

Research has shown that any process which increases the rate of low-level inflow;
is favorable for hurricane development, provided the inflowing air carries sufficient
heat and moisture to fuel the hurricane's power system. It has also been shown that

air above the developing disturbance at altitudes between 20,000 and 40,030 feet in-
creases I' to 30 in temperature about 24 how.s before the disturbance develops into
a hurricane. But it is not known whether low-level inflow and high-level warming
cause hurricanes. They could very well be measureble symptoms of another effect
which actually triggers the storm's increase to hurricane intensity.

The view of hurricanes as atmospheric engines is necessarily a general one. The
exact role of each contributor is not completely understood. The engine seems to be
both inefficient and unreliable; a myriad of delicate conditions must be satisfied for.
the atmosphere to produce a hurricane. Their relative infrequency indicates that many
a potentially healthy hurricane ends early as f nisfiring dud of a disturbance, some-;
where over the sea.

3906. Portrait of a hurricane.-In the early life of the hurricane, the spiral covers I
an area averaging 100 miles in diameter with winds of 64 knots and greater, and spreads
gale-force winds over a 400-mile diameter. The cyclonic spiral (fig. 3906) is marked by
heavy cloud bands from which torrential rains fall, separated by areas of light rain or
no rain at all. These spiral bands ascend in decks of cumulus and cumulonimbus clouds a
to the convective limit of cloud formation, where condensing water vapor is swept
off as ice-crystal wisps of cirrus clouds. Thunderstorm electrical activity is observed in
these bands, both as lightning and as tiny electrostatic discharge.

In the lower few thousand feet, air flows in through Lhe cyclone, and is drawn "
upward through ascending columns of air near the center. The size and intensity de-
crease with altitude, the cyclonic circulation being gradually replaced above 40,000
feet by an anticyclonic circulation centered hundreds of miles away-the enormous
high-altitude pump which is the exhaust system of the hurricane heat engine.

At lower levels, where the hurricane is more intense, winds on the rim of the storm
follow-a wide pattern, like the slower currents around the edge of a whirlpcol; and, like
those currents, these winds accelerate as they approach the center of the vortex. The

IA

HIGH ALTITUQE WINDS

FIGURE 3905.Putnping action of high altitude winds.

#



TROPICAL CYCLONES 897

outer band has light winds at the rim of the storm, perhaps no more than 25 knots;
within 30 miles of the center, winds may have velocities exceeding 130 knots. The inner
band is the region of maximum wind velocity, where the storm's worst winds are felt,

and where ascending air is chimneyed upward, releasing heat to drive the storm. In
most hurricanes, these winds reach 85 knots and more than 170 knots in the more
memorable ones.

In the hurricane, winds flow toward the low pressure in the warm, comparatively
calm core. There, converging air is whirled upward by convection, the mechanical
thrusting of other converging air, and the pumping action of high-altitude circulations.
This spiral is marked by the thick cloud walls curling inward toward the storm center,
releasing heavy precipitation and enormous quantities of heat energy. At the center,
surrounded by a band in which this strong vertical circulation is greatest, is the eye of~the hurricane.

The eye, like the spiral rainbands, is unique to the hurricane; no other atmospheric
phenomenon has this calm core. On the average, eye diameter is about 14 miles, al-
though diameters of 25 miles are not unusual. From the heated tower of maximum
winds and cumulonimbus clouds, winds diminish rapidly to something less than 15
miles per hour in the eye; at the opposite wall, winds increase again, but come from the
opposite direction because of the cyclonic circulation of the storm. This transformation
of storm into comparative calm, and calm into violence from another quarter is spectacu-

plar. The eye's abrupt existence in the midst of opaque rainsqualls and hurricane winds,
the intermittent bursts of blue sky and sunlight through light clouds in the core of the

-cyclone, and the galleried cumulus and cumulonimbus clouds are unforgettable.
That is how an average hurricane is structured. But every hurricane is individual,

and the more or less orderly circulation described here omits the extreme variability
and instability within the storm system. Pressure and temperature gradients fluctuate
wildly acmoss the storm as the hurricane maintains its erratic life in the face of forces

FwaUR: 3906.-Cutaway view of a hurricane great.. exaggerated in vertical dimension. Actual

hurricanes are less than 50,000 feet high and may have a diameter of several hundred miles.

7 .
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which will ultimately destroy it. If it is an August storm, its average life expectancy is
12 lays; if a July or November storm, it lives an average of 8 days.

3907. Life of a tropical cyclone.-Reports from ships in the vicinity of an easterly
wave (a westward-moving trough of low pressure embedded in deep easterlies) indicate
that the atmospheric pressure in the region has fallen more than 5 millibars in the past
24 hours. This is cause for alarm because in the Tropics pressure varies little; the normal
diurnal pressure change is only about 3 millibars. Satellite pictures indicate thickening
middle and high clouds, squalls are reported ahead of the easterly wave, and wind
reports indicate a cyclonic circulation is forming. The former easterly wave-now
classified a tropical disturbance-is moving westward at 10 knots under the canopy of a
large high-pressure system aloft. Sea surface temperatures in the vicinity are in the
mid-80*F range.

Within 48 hours winds increase to 25 knots near the center of definite circulation,
and central pressure has dropped below 1000 millibars. The disturbance is now classified
as a tropical depression. Soon the circulation extends out to 100 miles and upward to
20,000 feet. Winds near the center increase to gale force, central pressure falls below
990 millibars, and towering cumulonimbus clouds shield a developing eye; a tropical
storm has developed.

Satellite photographs now reveal a tightly organized tropical cyclone, and recon-
naissance reports indicate maximum winds of 80 knots around a central pressure of
980 millibars; a .urricane has developed. A ship to the right (left in the Southern
Hemisphere) of the hurricane's center (looking toward the direction of storm movement)
reports a 30-foot sea. The hurricane is fast maturing; it continues eastward.

A few days later the hurricane reaches its peak. The satellite photographs a text-
book picture (fig. 3907), as 120-knot winds roar around a 940-millibar pressure center;
hurricane-force winds extend 50 miles in all directions, and seas are reported up to '-

40 feet. There is no further deepening now, but the hurricane begins to expand. In 2 :
days, gales extend out to 200 miles, and hurricane winds out to 75 miles. Then the1

hurricane slows and begins to recurve; this turning marks the beginning of the end.
The hurricane accelerates, and, upon reaching the temperate latitudes, it begins

to lose its tropical characteristics. The circulation continues to expand, but now cold -
air is intruding (cold air, cold water, dry air aloft, and land aid in the decay of a J
tropical cyclone). The warm core survives for a few more days before the transformation J
to a large extratropical low-pressure system is complete.

Not all tropical cyclones folow this ideal pattern. Most falter in the early stages,
some dissipate over land, and others remain potent for several weeks.

The lowest-sea-level pressure ever recorded was 877 millibars in typhoon Ida,
on September 24, 1958. The observation was taken by a reconnaissance aircraft drop-
sonde some 750 miles east of Luzon, Philippines. This observation was obtained again I
in typhoon Nora on October 6, 1973. The lowest barometric reading of record for the _
United States is 892.3 millibars obtained during a hurricane at Lower Matecumbo Key,
Florida in September 1935, In hurricane Camille in 1969, a 905 millibar pressure was i
measured by reconnaissance aircraft. During a 1927 typhoon, the S. S. Sapoeroea
recorded a pressure of 886.6 millibars, the lowest sea-level pressure reported from a ship.
Pressure has been observed to drop more than 33 millibars per hour, with a pressure,
gradient amounting to a change of 3.7 millibars per mile.

3908. The marine weather broadcast is the most important tool the mariner has
1. -. for avoiding the tropical cyclone. This broadcast, covering all tropical areas, provides

information about the tropical cyclone's present location, maximum winds and seas, .
and future condition.
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The tropical warning services have three principal functions:
1. the collection and analysis of the necessary observational data; -

2. the preparation of timely and accurate forecasts and warnings; and
3. the rapid and efficient distribution of advisories, warnings, and all other pertinent

information.
To provide timely and accurate information and warnings regarding, tropical

cyclones, the oceans have been divided into overlapping geographical areas of
responsibility.

For detailed information on the areas of responsibility of the countries participating
in the international forecasting and warning program, and radio aids, refer to World-
wide Marine Weather Broadcasts, published jointly by the Naval Weather Service
Command and the National Weather Service.

Although the areas of forecasting ;esponsibility are fairly well defined for the
Department of Defense, the international and domestic civilian system provides many
overlaps and is dependent upon qualitative factors. For example, when -a tropical
storm or hurricane is traveling westward and crosses 35'W longitude, the continued
issuance of fore~asts and warnings to the general public, shipping interests, etc., becomes
the responsibility of the National Hur.riane Center of the National Weather Service 1
at Miami, Florida. When a trspical storm or hurricane crosses 35'W longitude traveling
from west to east, the National Hurricane Center ceases to issue formal public ad- I
visories, but will issue nirine bulletins oi any dangerous tropical cyclone in the
North Atlantic, if it is of importance or constitutes a threat to shipping and other I
interests. These advisories are included in National Weather Service Marine Bulletins
broadcast to ships four times daily at 0030, 0600. 1230, and 1830 GMT, over radio
station NAM Norfolk, Virginia. Special advisories may be issued at any time.

In the eastern Pacific (east of longitude 140PW), responsibility for the issuance
of tropical storm and hurricane advisories and warnings for the general public, mer-
chant shipping, and other interests rests wit'. the National Weather Service Eastern
Pacific Hurricane Center, San Francisc-., California. The Department of Defense -
responsibility rests with the U. S. Navy's Fleet Wet.thur Central, Pearl Harbor, H waii.
Formal advisories and warnihgs are isst:-d at J300, 0900, 1500, and 2100 GMT, and-
are included in the marine bulletins 1-.oadt-ast by radio stations KePH, KMI, KFS,
NMC, ELH, DOE, NMQ, and KvU.

In the central Pacific (betw-'n the 18 0gi meridian and 1,wgiude 140*W), the
civilian responsibility rests with the National Weather Servic- Central Pacific Hurri-
cane Center, Honolulu Huwaii. Department of Defenr. responsibility rests with the.
U. S. Navy's Fleet Weather Central, Pearl Harbor. Formal tropical storm an,! hurricane
advisories and warnings are issued at. 0300, 0900, 1500, and 2100 GMT, and are
included in the marine bulletins broadcast by radio station KHK. -

Tropical cyclone information messages generally contain position of tL.e storm,
intensity, direction and speed of movement, and a description cf the area of strong
winds. Also included is a forecast of future movement and intensity. When the storm
is likely to affect any land area, details on when and where it will b -".it, and data
on tides, rain, floods, and maximum winds are also included. Figure 3908 provides i
an example of a marine advisory issue(] by the National Hurricane Center. -

£ The U. S. Nsvy's Fleet Weather Central in Guam, with its built-in Joint (NaVY j --

and Air Force) Typhoon Warning Center (JTWC), has a primary area of responsibility
for all U.S. tropical storm and typhoon advisories and warnings from the 180th meridian
westward to the mainland of Asia. A secondary area of responsibility extends westward
to longitude 90'E. Whenever a iropical cyclone is observed in the western North

|'- !
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NOAA/NATIONAL HURRICANE CENTER MARINE ADVISORY NUM-
BER 13 HURRICANE LADY 040GZ SEPTEMBER 21 19--.

HURRICANE WARNINGS ARE DISPLAYED FROM KEY LARGO TO
CAPE KENNEDY. GALE WARNINGS ARE DISPLAYED FROM KEY
WEST TO JACKSONVILLE AND FROM FLORIDAY BAY 'to CEDAR KEY.

* HURRICANE CENTER LOCATED NEAR LATITUDE 25.5 NORTH
LONGITUDE 78.5 WEST AT21/0400Z. POSITION EXCELLENT AC-
CURATE WITHIN 10 MILES BASED ON AIR FORCE RECONNAISSANCE
AND SYNOPTIC REPORTS.

PRESENT MOVEMENT TOWARD THE WEST NORTHWEST OR 285
DEGREES AT 10 KT. MAXSUSTAINED WINDS OF 100 KT NEAR
CENTER WITH GUSTS TO 160 KT.
MAX WINDS OVER INLAND AREAS 35 KT.
RAD OF 65 KT WINDS 90 NE 60 SE 80 SW 90 NW QUAD.
RAD OF 50 KT WINDS 120 NE 70 SE 90 SW 120 NW QUAD.
RAD OF 30 KT WINDS 210 NE 210 SE 210 SW 210 NW QUAD.
REPEAT CENTER LOCATED 25.5N 78.3W at 21/0400Z.

12 HOUR FORECAST VALIL 21/1600Z LATITUDE 26.ON LONGI-
TUDE 80.5W.
MAX WINDS OF 100 KT NEAR CENTER WITH GUSTS TO 160 K.
MAX WINDS OVER INLAND AREAS 65 KT.
RAIUS OF SOKT WINDS 120 NE 70 SE 90 SW 120 NV QUAD.
24 HOUR FORECAST VALID 22/0400Z LATITUDE 26. ON
LONGITUDE 83.0W.
MAX WINDS OF 75 KT NEAR CENTER WITH GUSTS TO 120 KT,
MAX WINDS OVER INLAND AREAS 45 KT.

* RADIUS OF 50 KT WINDS 120 NE 120 SE X20 SW 120 NW QUAD.

STORM TIDE OF 9 TO 12 FT SOUTHEAST FLA COAST GREATER
MIAMI AREA TO THE PALM BEACHES.

NEXT ADVISORY AT 21/1000Z. I

FIoURF, 3908.-Example of marine advisory issued by National Hurricane Center.

Pacific area, serially numbered warnings, bearing an immediate precedence are broad-
cast from the Fleet Weather Central/JTWC at 0000, 0000, 1200, and 1800 GMT.

The responsibility for issuirlg gal and storm warnings for the Indian Ocean,
Arabian Sea, Bay of Bengal, Western Pacific, and South Pacific rests with many
countries. In general, warnings of approaching tropical cyclones which may be hazard-
ous will include the following information: storm type, central pressure given in milli-
bars, windspeed observed within tli. storm, storm location, speed and direction of
movement, the extent of the affected area, visibility, and the state of the sea, as well
as any other pertinent infL nation received. All storm warning messages commence
with the international call sign "TTT."

These warnings are broadcast on prespecified radio frequency bands immediately
upon receipt of the information and at specific intervals thereafter. Generally, the
broadcast interval is every 6 to 8 hours, depending upon reveipt of new information.

Bulletins and forecasts are excellent guides to the present and future behavior of
the tropical cyclone, and a plot should be kept of all positions.

3909. The passage of a tropical cyclone at sea is an experience not soon to be
forgotten.

-. - . An early indication of the approach of such a storm is the presence of a long swell.
In the absence of a tropical cyclone, the crests of swell in the deep waters of the Atlantic
pass at the rate of perhaps eight per minute. Swell generated by a hurricane is about

II
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twice as long, the crests passing at the rate of perhaps four per minute. Swell may be_
observed several days before arrival of the storm.

When the storm center is 500 to 1,000 miles away, the barometer usually rises a
little, and the skies are relatively clear. Cumulus clouds, if present at all, are few in
number and their vertical development appears suppressed. The barometer usually
appears restless, pumping up and down a few hundredths of an inch.

As the tropical cyclone comes nearer, a cloud sequence begins which resemblesj
that associated with the approach of a warm front in middle latitudes (art. 3811).'
Snow-white, fibrous "mare's tails" (cirrus) appear when the storm is about 300 to
600 miles away. Usually these seem to converge, more or less, in the direction from whichi
the storm is approaching. This convergence is particularly apparent at about the
time of sunrise and sunset.

Shortly after the cirrus appears, but sometimes before, the barometer starts a]
long, slow fall. At first the fall is so gradual that it only appears to alter somewhat the
normal daily cycle (two maxima and two minima in the Tropics). As the rate of fall
increases, the daily pattern is completely lost in the more or less steady fall.

The cirrus becomes more confused and tangled, and then gradually gives way to a
continuous veil of cirrostratus. Below this veil, altostratus forms, and then strato4

cumulus (art. 3713). These clouds gradually become more dense, and as they do so,
the weather becomes unsettled. A fine, mist-like rain begins to fall, interrupted from
time to time by showers. The barometer has fallen perhaps a tenth of an inch.

As the fall becomes more rapid, the wind increases in gustiness, and its spee
becomes greater, reaching a value of perhaps 22 to 40 knots (Beaufort 6-8). On the
horizon appears a dark wall of heavy cumulonimbus (art. 3713), the bar of the storm.
Portions of this heavy cloud become detached from time to time and drift across th
sky, accompanied by rainsqualls and wind of increasing speed. Between squalls, th
cirrostratus can be seen through breaks in the stratocumulus.

As the bar approaches, the barometer falls more rapidy and wind speed increases.
The seas, which have been gradually mounting, become tempestuous. Squall lines,-*
one after the other, sweep past in ever increasing number and in!ensity.

With the arrival of the bar, the day becomes very dark, squalls become virtually
continuous, and the barometer falls precipitously, with a rapid increase in wind speed.
The center may still be 100 to 200 miles away in a fully developed tropical cyclone. As
the cer ter of the storm co. 3 closer, the ever-stronger wind shrieks through the rigging
and about the superstructure of the vessel. As the center approaches: rain falls in
torrents. The wind fury increases. The seas become mountainous. The tops of huge
waves are blown off to mingle with the rain a'd fill the air with water. Objects at a
short distance are not visible. Even the largest and most seaworthy vessels become
virtually unmanageable, and may sustain heavy damage. Less sturdy vessels may not
survive. Navigation virtually stops as safety of the vessel becomes the prime con-
sideration. The awesome fury of this condition can only be experienced. Words are
inadequate to describe it.

If the eye of the storm passes over the vessel, the winds suddenly drop to a breezel
as the wall of the eye passes. The rain stops, and the skies clear sufficiently to permit t
the sun to shine through holes in the comparatively thin cloud cover. Visibility im-i
proves. Mountainous seas approach frpm all sides, apparently in complete confusion
The barometer reaches its lowest point, which may be 1Y2 or 2 inches belewl

L_ onormal in fully developed tropical cyclones. As the wall on the opposite sid
of the eye arrives, the full fury of the wind strikes as suddenly as it ceased, but from-
the opposite direction. The sequence of conditions that occurre , during approach L
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of the storm is reversed, and pass more quickly, as the various parts of the storm are
not as wid3 in the rear of a storm as on its forward side.

rypical cloud formations associated with a hurricane are shown in figure 3909.
3910. Locating the center of a tropical cyclone.-If intelligent action is to be

C- taken to avoid the full fury of a tropical cyclone, early determination of its location and
direction of travel relative to the vessel is essential. The bulletins and forecasts are
an excellent general guide, but they are not infallible and may be sufficiently in error
to induce a mariner in a critical position to alter course so as to unwittingly increase
the danger to his vessel. Often it is possible, using only those observations made aboard
ship, to obtain a sufficiently close approximation to enable the vessel to maneuver
to the best advantage.

As stated in article 3909, the presence of an exceptionally long swell is usually
the first visible indication of the existence of a tropical cyclone. In deep water it ap-
proaches from the general direction of origin (the position of the storm center when
the swell uas generated). However, in shoaling water this is a less reliable indication
because the direction is changed by refraction, the crests being more nearly parallel
to the bottom contours.

When the cirrus clouds appear, their point of convergence provides an indication
of the direction of the storm center. If the storm is to pass well to one side of the ob-
server, the point of convergence shifts slowly in the direction of storm movement.
If the storm center will pass near the observer, this point remains steady. When the
bar (art. 3909) becomes visible, it appears to rest upon the horizon for several hours.
The darkest part of this cloud is in the direction of the storm center. If the storm is
to pass to one side, the bar appears to drift slowly along the horizon. If the storm is
heading directly toward the obbervei, the position of the bar remains fixed. Once
within the area of the dense, low clouds, one should observe their direction of move-
ment, which is almost exactly along the isobar;, with the center of the storm being 90'
from the direction of cloud movement (left of direction of movement in the Northern
Hemisphere, and right in the Southern Hemisphere).

_

6,,

FiGURE 3909.-Typical hurriane cloud formationE.
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The winds are probably the best guide to the direction of the center of a tropical
cyclone. The circulation is cyclonic (art. 3812), but because of the steep pressure
gradient near the center, the winds there blow with greater violence and are more;
nearly circular than in extratropical cyclones.

According to Buys Ballot's law (art. 3812) an observer who faces into the wind
has the center of the low pressure on his right in the Northern Hemisphere, and on hisIL left in the Southern Hemisphere, and in each case somewhat behind him. If the wind
followed circular isobars exactly, the center would be exactly 8 points, or 900, from
(lead ahead when facing into the wind. However, the track of the wind is usually
inclined somewhat toward the center, so that the angle from dead ahead varies be-
tween perhaps 8 and 12 points (900 to 135'). The inclination varies in different parts

Rif .of the same storm. It is least in front of the storm, and greatest in the rear, since the
0 - actual wind is the vector sum of that due to the pressure gradient and the motion of

the storm along the track. A good average is perhaps 10 points in front, and 11 or 12
points in the rear. These values apply when the storm center is still several hundred

. miles away. Closer to tie center, the wind blows more nearly along the isobars, the
inclination being reduced by one or two points at the wall of the eye. Since wind direc-

FnAd /'-op Wind Arrow

II
,,Win ArWnrowr

LOW• .- dWWnddArrow

FIGURE 3910a.-Approximate relationship of wind to isobars and storm center in the Northern
Hemisphere.
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tion usually shifts temporarily during a squall, its direction at this time should not be
used for determining the position of the center. The approximate relationship of wind
to isobars and storm center in the Northern Hemisphere is shown in figure 3910a.

When the center is within radar range, it might be located by this equipment.
However, since the radar return is predominantly from the rain, results can be decep-
tive, and other indications should not be neglected. Figure 3910b shows a radar PPI
presentation of a tropical cyclone. If the eye is out of range, the spiral bands (fig. 3910b)
may indicate its direction from the vessel. Tracking the eye or upwind portion of the
spiral bands enables determining the direction and speed of movement; this should be
done for at least 1 hour because the eye tends to oscillate. The tracking of individual
cells, which tend to move tangentially around the eye, for 15 minutes or more, either
at the end of the band or between bands, will provide an indication of the wind speed
in that area of the storm.

Distance from the storm center is more difficult to determine than direction.
Radar is perhaps the best guide. However, the rate of fall of the barometer is some
indication.

3911. Maneuvering to avoid the storm center.-The safest procedure with respect
to tropical cyclones is to avoid them. If action is taken sufficiently early, this is simply a
matter of setting a course that will take the vessel well to one side of the probable
track of the storm, and then continuing to plot the positions of the storm center, as
given in the weather bulletins, revising the course as needed.

However, such action is not always possible. If one finds himself within the storm
area, the proper action to take depends in part upon his position relative to the storm
center and its direction of travel. It is customary to divide the circular area of the
storm into two parts. In the Northern Hemisphere, that part to the right of the storm
track (facing in the direction toward which the storm is moving) is called the dangerous
semicircle. It is considered dangerous because (1) the actual wind speed is greater
than that due to the pressure gradient alone, since it is augmented by the forward
motion of the storm, and (2) the direction of the wind and sea is such as to carry a vessel
into the path of the storm (in the forward part of the semicircle). The part to the left

A-

FiOURE 3910b.-Radar PPI presentation of a tropical cycloxe.
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of the storm track is called the navigable semicircle. In this part, the wind is decreased
by the forward motion of the storm, and the wind blows vessels away from the storm
track (in the forward part). Because of the greater wind speed in the dangerous semi-
circle, the seas are higher than in the navigable semicircle. In the Southern Hemi-
sphere, the dangerous semicircle is to the left of the storm track, and the navigable
semicircle is to the right of the storm track.

A plot of successive positions of the storm center should indicate the semicircle in
which a vessel is located. However, if this is based upon weather bulletins, it is not a
reliable guide because of the lag between the observations upon which the bulletin is'
based and the time of reception of the bulletin, with the ever present possibility of a
change in the direction of motion of the storm. The use of one's radar eliminates this
lag, but the return is not always a true indication of the center. Perhaps the most
reliable guide is the wind. Within the cyclonic circulation, a veering wind (one changing
direction to the right in the Northern Hemisphere and to the left in the Southern Hemi-j
sphere) indicates the vessel is probably in the dangerous semicircle, and a backing wind!
(one changing in a direction opposite to a veering wind) indicates the vessel is probably
in the navigable semicircle. However, if a vessel is underway, its motion should be con-
sidered. If it is outrunning the storm or pulling rapidly toward one side (which is not
difficult during the early stages of a storm, when its speed is low), the opposite effect~~occurs. This should usually be accompanied by a rise in atmospheric pressure, but i

motion of the vessel is nearly along an isobar, this may not be a reliable indication. If
in doubt, the safest action is usually to stop long enough to determine definitely thesemicircle. The loss in valuable time may be more than offset by the minimizing of the
possibility of taking the wrong action and increasing the danger to the vessel. If the
wind direction remains steady (for a vessel which is stopped), with increasing speed -
and falling barometer, the vessel is in or near the path of the storm. If it remains steady
with decreasing speed and rising barometer, the vessel is on the storm track, behind the
center.

The first action to take if one finds himself within the cyclonic circulation, is to
determine the position of his vessel with respect to the storm center. While the vessel
can still make considerable way through the water, a course should be selected to take
it as far as possible from the center. If the vessel can move faster than the storm, it is
a relatively simple matter to outrun the storm if sea room permits. But when the storm
is faster, the solution is not as simple. In this case, the vessel, if ahead of the storm, will
approach nearer to the the center. The problem is to select a course that will produce the
greatest possible minimum distance. This is best determined by means of a relative
movement plot, as shown in the following example solved on a maneuvering board.

Example.-A tropical cyclone is estimated to be moving in direction 3200 at 19
knots. Its center bears 1700, at an estimated distance of 200 miles from a vessel which
has a maximum speed of 12 knots.

Required.-(1) The course to steer at 12 knots to produce the greatest possible
minimum distance between the vessel and the storm center.

(2) The distance of the storm center at nearest approach.
(3) Elapsed time until nearest approach.
Solution (fig. 3911).--Consider the vessel remaining at the center of the plot

throughout the solution, as on a radar PPI.

(1) Plot point C at a distance of 200 miles (scale 20:J) in direction 170' from the
center of the diagram, to locate the position of the storm center relative to the vessel.
From the center of the diagram, draw RA, the speed vector of the storm center, in *I%**.
direction 3200, speed 19 knots (scale 2:1). From A draw a line tangent to the 12-knot
speed circle (labeled 6 at scale 2:1) on the side opposite the storm center. From the center

Fa
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FIGURE 3911.-Solution to determine course for avoiding storm center.

2- of the diagram draw a perpendicular to this tangent line, locating point B. The line i

~~~RB is the required speed vector for the vessel. Its direction, 011V, is the required course. I = _

- ~ ~~(2) The path of the storm center relative to the vessel, mill be along a line from in I "2+

-- the direction BA, if both storm and vessel maintain course and speed. The point of

~nearest approach will be at D, the foot of a perpendicular from the center of the diagram.

:,.,+. This distance, at scale 20:1, is 187 miles.

(3) The length of the vector BA (14.8 knots) is the speed of the storm with respect
to the vessel. Mark this on the lowest scale of the nomogram at the bottom of the
diagram. The relative distance CD is 72 miles, by measurement. Mark this (scale 10:1)
on the middle scale at the bottom of the diagram. Draw a line between the two points
and extend it to intersect the top scale at 29.2 (292 at 10:1 scale). The elapsed time is
therefore 292 minutes, or 4 hours 52 minutes, or 5 hours, approximately.

Answers.-(1) C 0110, (2) D 187 mi., (3) t 5h (approximately).
The storm center will be dead astern at its nearest approach.
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As a very general rule, for a vessel in the Northern Hemisphere, safety lies in placing 1
the wind on the starboard bow in the dangerous semicircle and on the starboard quarter;
in the navigable semicircle. If on the storm track ahead of the storm, the wind should
be put about 2 points on the starboard quarter until the vessel is well within the
navigable semicircle, and the rule for that semicircle then followed. A study of figure
3910a should indicate why these headings are desirable. In the Southern Hemisphere
the same rules hold, but with respect to the port side. With a faster than average vessel,
the wind can be brought a little farther aft in each case. However, as the speed of thestorm increases along its track, the wind should be brought farther forward. If land

interferes with what would otherwise be the best maneuver, the solution should bealtered to fit the circumstances. If the speed of a vessel is greater than that of the

storm, it is possible for the vessel, if behind the storm, to overtake it. In this case, the
only action usually needed is to slow enough to let the storm pull ahead.

In all cases, one should be alert to changes in the direction of movement of the
storm center, particularly in the area where the track normally curves toward the pole.

I If the storm maintains its direction and speed, the ship's course should be maintained
as the wind shifts.

If it becomes necessary for a vessel to heave to, the characteristics of the vessel i
should be considered. A power vessel is concerned primarily with damage by direct i
action of the sea. A good general rule is to heave to with head to the sea in the dangerous -
semicircle or stern to the sea in the navigable semicircle. This will result in greatest
amount of headway away from the storm center, and least amount of leeway toward it.
If a vessel handles better with the see astern or on the quarter, it may be placed in I
this position in the navigable semicircle or in the rear half of the dangerous semicircle,
but never in the forward half of the dangerous semicircle. It has been reported that I
when the wind reaches hurricane speed and the seas become confused, some ships ride
out the storm best if the engines are stopped, and the vessel is permitted to seek its
own position. In this way, it is said, the ship rides with the storm instead of fighting
against it.

In a sailing vessel, while attempting to avoid a storm center, one should steer I
courses as near as possible to those prescribed above for power vessels. However, if
it becomes necessary for such a vessel to heave to, the wind is of greater concern than!
the sea. A good general rule always is to heave to on whichever tack permits the shifting
wind to draw aft. In the Northern Hemisphere this is the starboard tack in the dangerous
semicircle and the port tack in the navigable semicircle. In the Southern Hemisphere
these are reversed.

While each storm requires its own analysis, and frequent or continual resurvey of
the situation, the , eral rules for a steamer may be summarized as follows:

NORTHERN HEMISPHERE
Right or dangerous semicircle.-Bring the wind on the starboard bow (0450 rela-

-- tive), hold course and make as much way as possible. If obliged to heave to, do so with
head to the sea.

Left or navigable semicircle.-Bring the wind on the starboard quarter (1350 rela-
tive), hold course and make as much way as possible. If obliged to heave to, do so
with stern to the sea. -_

On storm track, ahead of center.-Bring the wind 2 points on the starboard
quarter (about 1600 relative), hol course and make as much way as possible. When
well within the navigable semicircle, maneuver as indicated above.

On storm track, behind center.-Avoid the center by the best practicablc course,. keeping in mind the tendency of tropical cyclones to curve northward and eastward.
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SOUTHERN HEMISPHERE

Left or dangerous semicircle.-Bring the wind on the p( rt bow (315 0 relative), hold
course and make as much way as possible. If obliged to heave to, do so with head
to the sea.

Right or navigable semicircle.-Bring the wind on the port quarter (2250 relative),
hold course and make as much way as possible. If obliged to heave to, do so with
stern to the sea.

On storm track, ahead of center.-Bring the wind 2 points on the port quarter
(about 2000 relative), hold course and make as much way as possible. When well within
the navigable semicircle, maneuver as indicated above.

On storm track, behind center.-Avoid the center by the best practicable course,
keeping in mind the tendency of tropical cyclones to curve southward and eastward.

Whenever a tropical cyclone is encountered, the wise procedure is to begin pre-
paring the vessel for heavy weather in sufficient time to permit thorough preparation,
so that damage may be minimized. One should be particularly careful to keep free
surfaces of liquids to a minimum.

It is possible, particularly in temperate latitudes after the storm has recurved, that
the dangerous semicircle is the left one in the Northern Hemisphere (right one in the
Southern Hemisphere). This can occur if a large high lies north of the storm and causes
a tightening of the pressure gradient in the region.

Typhoon Havens Handbook for the Western Pacific and Indian Oceans is published
by the Naval Environmental Prediction Research Facility, Monterey, California, as
an aid to commanders and commanding officers of ships in evaluating a typhoon situa-
tion and to assist them in deciding whether to sortie, to evade, or to remain in port to
take shelter within a specific harbor.

3912. Effects.-The high winds of a tropical cyclone inflict widespread damage
when such a storm leaves the ocean and crosses land. Aids to navigation may be blown
out of position or destroyed. Craft in harbors, unless they are properly secured, drag
anchor or are blown against obstructions. Ashore, trees are blown over, houses are
damaged, power lines are blown down, etc. The greatest damage usually occurs in the
dangerous semicircle a short distance from the center, where the strongest winds occu.r.
As the storm continues on across land, its fury subsides faster than it would if it :iad
remained over water.

Wind instruments are usually incapable of measuring the 175- to 200-knot winds of
the more intense hurricanes; if the instrument holds up, often the supporting structure
gives way.

Wind gusts which are usually 30 to 50 percent higher than sustained winds, add
significantly to the destructiveness of the tropical cyclone. Many tropical cyclones that
reach hurricane intensity develop winds of more than 90 knots sometime during their
lives, but few develop winds of more than 130 knots.

Tropical cyclones have pr ,duced some of the world's heaviest rainfalls. While
average amounts range from 6 to 10 inches, totals near 100 inches over a 4-day period
have been observed. A 24-hour world's record of 73.62 inches fell at. Reunion Island
during a tropical cyclone in I d52. Forward movement of the storm and land topography
have a considerable influence on rainfall totals. Torrential rains can occur when a
storm moves against a mountain range; this is common in the Philippines and Japan,
wher3 even weak tropical depressions produce considerable rainfall. A 24-hour total of
46 inches was recorded in the Philippines during a typhoon in 1911. As hurricane Camille
crossed southern Virginia's Blue R;lge Mountains in August of 196 C, there was nearly -"

-_- , ,
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30 inches of rain in about 8 hours. This caused some of the most disastrous floods in
the state's history.

Flooeirg is an extremely destructive by-product of the tropical cyclone's torrential
rain3. Whether an area will be flooded depends on the physical characteristics of the~drainage basin, rate and accumulation of precipitation, and iver stages at the time the

rains begin. When heavy rairs fall over flat terrain, the countryside may lie underwater
for a month or so, and while buildings, furnishings, and underground powerlines may be. damaged, there are usually few fatalities. In mountainous or hill country, disastrous

flood's develop rapidly and can cause a great loss of life.
There have been occasional reports in tropical cyclones of waves greater than 40~feet in height, and numerous reports in the 30- to 40- foot category. However, in tropical

cyclones, strong winds rarely persist for a sufficiently long time or over a large enough
area to permit enormous wave heights to develop. The direction and speed of the wind
changes more rapidly in tropical cyclones than in extratropical storms. Thus, the maxi-

mum duration and fetch length for any wind condition is often less in tropical cyclones
than in extratropical storms of similar intensity, and the waves accompanying any givenlocal wind conditions are generally not so high as those expected, with similar local

wind conditions, in the high-latitude-type storms. In hurricane Camille, significant
waves of 43 feet were recorded; an extreme wave height reached 72 feet.I .xcepii.nal conditions may arise when waves of certain dimensions travel within

th, storm at a -peed equal to the storm's speed, thus, in effect, extending the durationand fetch of the wave and significantly increasing its height. This occurs most often

to the right of the track in the Northern Hemisphere (left of the track in the Southern
Hemisphere). inother condition that may give rise to exceptional wave heights is the

intersection of waves from two or more distinct directions. This may lead to a zone of
copfused seas in which the heights of some waves will equal the sum in each individual
wave train. This process can occur in any quadrant of the storm and so it should not be
assumed that the highest waves will always be encountered to the right of the storm
track in the Northern Hemisphere (left of the track in the Southern Hemisphere).

'When these waves move beyond the influence of the generating winds, they become 1

swell. They are recognized by their smooth, undulating form, in contrast to the steep,
ragged crests of the winds' waves. This swell, particularly that generated by the right
side of the storm, can travel a thousand miles or more and may produce tides 3 or 4 feet
above normal along several hundred miles of coastline.

When a tropical cyclone moves close to a coast, wind often causes a rapid rise in
water level, and along with the falling pressure may produce a storm surge. This surge
is usually confired to the right of the track in the Northern Hemisphere (left of the I
track in the Sou.hem Hemisphere) and to a relatively small section of the coastline.
It most often occu-s with the approach of the storm, but in some cases, where a surge
moves into a long channel, the effect may be delayed. Occasionally, the greatest rise in
water is observed on the opposite side of the track, when northerly winds funnel into
a partially landlocked harbor. The surge could be 3 feet or less, or it could be '0 feet
or more, depending on the combination of all the factors involved.

There have been reports of a "hurricane wave," described as a "wall of water,"
which moves rapidly toward the coastline. Authenticated cases are rare, but some of
the world's greatest natural disasters have occurred as a result of this wave, which
may be just a rapidly rising and abnormally high storm surge. In Inuia, such a disaster
occurred in 1876, between Calcutta and Chittagong, and drowned more than 100,000
persons.

Along the coast, particularly, greater damage may be inflicted by water than by
the wind. There are at least four sources of water damage. First, the unusually high

I|
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seas generated by the storm winds pound against shore installations and craft in their
way. Second, the continued blowing of the wind toward land causes the water level
to increase perhaps 3 to 10 feet above its normal level. This storm tide, which may
begin when the storm center is 500 miles or even farther from the shore, gradually
increases until the storm passes. The highest storm tides are caused by a slow-moving
tropical cyclone of large diameter, because both of these effects result in greater dura-
tion of wind in the same direction. The effect is greatest in a partly enclosed body
of water, such as the Gulf of Mexico, where the concave coastline does not readily
permit the escape of water. It is least on small islands, which present little obstruction
to the flow of water. Third, the furious winds which blow around the wall of the eye
create a ridge of water called a storm wave, which strikes the coast and often inflicts
heavy damage. The effect is similar to that of a seismic sea wave, caused by an earth-
q:,ake in the ocean floor. Both of these waves are popularly called tidal waves. Storm
waves of 20 feet or more have occurred. About 3 or 4 feet of this is due to the decrease
of atmospheric pressure, and the rest to winds. Like the damage caused by wind, that
due to high seas, the storm surge and tide, and the storm wave is greatest in the danger-
ous semicircle, near the center. The fourth source of water damage is the heavy rain
that accompanies a tropical cyclone. This causes floods that add to the damage caused
in other ways.

There have been many instances of tornadoes occurring within the circulation of
tropical cyclones. Most of these have been associated with tropical cyclones of the
North Atlantic Ocean and have occurred in the West Indies and along the gulf and
Atlantic coasts of the United States. They are usually observed in the forward semi-
circle or along the advancing periphery of the storm. These tornadoes are usually short-

* lived and l-ss in~ense than those that occur in the midwestern United States.
When proceeding along a shore recently visited by a tropical cyclone, a navigator j - -

should remember that time is required to restore aids to navigation which - ve been
blown out of position or destroyed. In some instances the aid may remain but its
light, sound apparatus, or radiobeacon may be inoperative. Landmarks may have
been damaged or destroyed. I o
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CHAPTER XL

RADIO WAVES

4001. Source of radio weves.-All matter is made up of tiny particles called atoms.
Each atomn has a central nucleus composed principally of subatomic particles called
protons and neutrons. One or more electrons revolve around the nucleus in orbits re-
sembling those of planets around the sun (art. 1407). The number and arrangement
of the particles constituting an atom of each element of matter determine the properties
of that element. Electrons, each having a mass of only about 1/1,840 that of a proton
or neutron, are kept in their orbits principally by means of an attractive electrical force,
each electron carrying one negative "charge" and each proton one positive "charge."
Like charges repel and unlike charges attract. This electrical attraction is additional
to the gravitational attraction existing between all particles in the universe. The
neutron is electrically neutral.

Under suitable conditions, some electrons become detached from their atoms.
An excess or deficiency of electrons in a nonconductor is called static electricity. A
substance which prnvides a pati, for electron movement with relatively little resistance
is called a conductor. A flow of electrons along such a conductor constitutes an electric
current, although the cu. rent direction is conventionally considered to be opposite
to the direction of flow of the electrons. A direct current flows continuously in the
same direction. If the strength of the current varies rhythmically but does not change
direction, the current is said to be pulsating. If the direction of flow periodically
re-;erses, an alternating current results.

In addition to its electrical and gravitatio-aal forces, a moving electron is accom-
panied by a magnetic force. As long as the flow is steady, the magnetic force is con-
stant. If a conductor is in the region of influence or field of magnetism, there is no
noticeable effect unless the strength of the field is changing, or relative motion exists
between the conductor and the atld, when an induced current flows in the conductor.
The extent to which a substance has electrons free to move under suitable influence
determines its value as a conductor. One which offers great resistance to such flow is
called an insulator.

In a suitable electrical system, an electric charge creates a magnetic field wh4 3h
builds up to a maximum. If the electric current 's then discontinued, the magnetic
field collapses. This -'-. je in the strength of the magnetic field induces an electric
current in the condu, ., but in the opposite direction to the original current. This
current creates a new magnetic field, and the cycle repeats. Thus, an alternating
current is produced, the strength increasing to a maximum in one direction, decreasing
to zero, increasing t.. a maximum in the opposite direction, and again decreasing to zero
to start a new cycle. This cycle is - ated many times each second, the number de-
pending upon the characteristics system. Such a system is called an oscillating
circuit.

A relatively small amount of energy is dissipated as heat in overcoming the resist-
ance of the circuit. The" :mainder continues to oscillate between electric and magnetic
fields. The build-up and collapse of each field occurs at about the speed of light, which
is approximately 186,000 statute miles (300,000,000 meters) per second. If a relatively
long period of time is available for the cycle to occur, the energy is fully transferred
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before the next step occurs. However, if the cycle is speeded until the time needed
for each field to build up or collapse is more than about one-half cycle, some of the
energy becomes detached and is radiated into space, through which it travels at about
the speed of light. This electromagnetic radiation, having both electrical and magnetic
properties, is known as radio waves, if of a frequency suitable for radio communication.

4002. Radio wave terminology.-The L aild-up and collapse of the electric and
magnetic fields are proportional to the sine of the portion of the cycle completed,I- as shown is figure 4002. This representation has led to the use of the term "wave"

when referring to electromagnetic propagation. The highest point on the curve (in
the direction considered positive) is the crest, the and lowest point the trough. Either
point may ba called the peak, considered positive or negative if a distinction is desired.
The displacement of a peak from zero is called the amplitude. The forward side of
any wave is called the wave front. For a nondirectional antenna each wave proceeds
outward as an expanding sphere (or hemisphere).

One cycle is a complete sequence of values, as from crest to crest. The distance
traveled by the energy during one cycle is the wavelength, usually expressed in metric
units (meters, centimeters, etc.). The number of cycles repeated during unit time
(usually one second) is the frequency. This is given in hertz (cycles per second). A
kilohertz (kHz) is 1,000 cycles per second. A megahertz (MHz) is 1,000,000 cycles per i
second. Wavelength and frequency are inversely proportional. The approximate value
of either may be found by dividing 300,000,000 by the other quantity, if wavelength is
-)xpressed in meters and frequency in hertz. Thus, if the frequency is 1,500 kilohertz "

(1,500,000 cycles per second), the wavelength is

300,000,000=200 nmters.
1,500,000

If the wavelength is 10 centimeters (0.1 meter), the frequency is about

300,000,00=3,000 000000

cycles per second or 3 gigahertz. A more precise value for the speed of propagation I
in air is 299,708,000 meters per second. This is equivalent to 186,230 statute miles,
or 161,829 nautical miles, per second. The exact value varies slightly with density of I
the medium through which the wave travels, and frequency. The speed in a vacuum
is a little more than that in ai;.

+ ~j 7 -1CYCLE
WAVE LENGTH

AMPLITUDE

TIME OR

! ° DISTANCE

Fiouax 4002.-Radio wave terminology. , ,
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The phase of a wave is the amount by which the cycle has progressed from a
specificd origin. For most purposes it is stated in circular measure, a complete cycle
being considered 360'. Generally, the origin is not important, principal interest being
the phase relative to that of some other wave. Thus, two waves having crests one-fourth
cycle apart are said to be 90' "'ut of phase." If the crest of one wave occurs at the
trough of another, the two are 1800 out of phase.

4003. Electromagnetic spectrum.--The entire range of electromagnetic radiation
frequencies is called the electromagnetic spectrum. Tile range of frequencies suitable
for radio #ransmission, called the radio spectrum, extends from .J kilohertz to 300,000
megahertz, approximately. For convenience, it is divided into a number of bands, as
shown in table 4003. Below the radio spectrum, but overlapping it, is the audio fre-
que: :y band. extending from 20 to 20,000 hertz, approximately. This is the range of
frequencies that can be heard by the human ear. Above the radio spectrum are heat
and infrared, the visible spectrum (light in its various colors), ultraviolet, X-rays,
gamma rays, and cosmic rays. These are included in table 4003. Wave,; shorter than 30
centimeters are usually called microwaves.

Band Abbrovi. Range of feunyRange of wavelenigth
ation

Audio frequency AF 20 to 20,000 lz 15,000,000 to 15,000 m
Radio frequency RF 10 kHz to 300,000 MHz 30,000 m to 0.1 cm

Very low frequency VLF 10 to 30 kHz 30,000 to 10,000 m
Low frequency LF 30 to 300 kHz 10,000 to 1,000 m
Medium frequency MF 300 to 3,000 kHz 1,000 to 100 m

I High frequency IHF 3 to 36 MHz 100 to 10 m
Very high frequency VHF 30 to, 300 MHz 10 to 1 i
Ultra high fre- UHF 300 to 3,000 MHz 100 to 10 cm

qSuper high fre- SItF 3,000 to 30,000 MHz 10 to 1 cm.
quency

it Extremely high EJIF 30,000 to 300,000 MHz I to 0.1 cm
frequency

Heat and in.-ared* 100 to 3.9X 0s MIz 0.03 to 7.6X 10- cm
Visible spectrum* 3.9X 100 to 7.9X 109 :Hz 7.6X 10-5 to 3.8X 10-' cmU ltra v io le t* 7 .9 X 1 

s  to 2 .3 X 1 0 .. H z [ 3 .8 X 10 -  to 1 .3 X 10 -  c m

X-rays* 2.0X 109 to 3.OX 101" MHz 1.SX 10-3 to 1.0X 10- em
Gamma rays* 2.3X 102 to 3.OX 101 Mflz 1.3X 10-' to 1.OX 10-10 em
Cosmic rays* > 4.8X 10"5 MH z < 6.2X 10-1 cm

i 

*Values approximate.

u aTable 4003.-Electromagnctic spectrum.

4004. Polarization.-As indicated in article 4001, radio waves have both electric
and magnetic fields. The two fields are conceived as having direction associated with
the orientation of the vibrations. The direction of the electric component of the field
is called the polarization of the electromagnetic field. Thus, if the electric component is
vertical, the wave is said to be "vertically polarized," and if horizontal, "horizontally
polarized." A wave traveling through space may be polarized in any direction. One
traveling along the surface of the earth is always vertically polarized because the earth,
a conductor, short-circuits any horizontal compo':ent. The magnetic field and the
electric field are always mutually perpendicular.

4005. Reflection.-When radio waves strike a surface, they are reflected in the
same manner as light waves, if conditions are favorable. Radio waves of all frequencies
are reflected by the surface of the earth. The strength of the reflected wave depends
upon grazing angle (the angle between the incident ray and the horizontal), type of po-
larization, frequency, reflecting properties of the surface, and divergence of the reflecled

3o
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ray. Lower frequency results in greater penetration. At very low frequencies usable
radio signals can be received some distance below the surface of the sea.

A change of phase takes place when a wave is reflected from the surface of the
earth. The amount of the change varies with the conductivity of the earth and the j
polarization of the wave, reaching a maxinuin of 180' for a horizontally polarized
wave reflected from seawater (considered to have infinite conductivity). When direct
waves (those traveling from transmitter to receiver in a relatively straight line, with-
out reflection) and reflected waves arri 9 at a receiver, the total signal is the vector
sum of the two. If the signals are in phase, they reinforce each other, producing a
stronger signal. If there is a phase difference, the signals tend to cancel each other,
the cancellation being complete if the phase difference is 180* and the two signals
have the same amplitude. This interaction of waves is called wave interference. A
phase difference may occur because of the change of phase of a reflected wave, or
because of the longer path followed by it. The second effect decreases with greater
distance between transmitter and receiver, for under these conditions the difference
in path lengths is smaller. At lower frequencies there is no practical solution to inter-
ference caused in this way. For VHF and higher frequencies the condition can be im-
p ved by elevating the antenna, if the wave is vertically polarized. Also, interference

' :igher frequencies can be more nearly eliminated because of the greater ease of
_ ,ning the signal to avoid reflection. .

Reflections may also occur from mountains, trees, and other obstacles. Such
reflection is negligible for lower frequencies, but becomes more prevalent as frequency
increases. In radio communication it can be reduced by using directional antennas, a
but this solution is not always available for navigational systems.

Various reflecting surfaces occur in the atmosphere. At high frequencies, reflections _
take place from rain. At still higher frequencies, reflections are possible from clouds,
particularly rain clouds. Reflections may even occur at a sharply definA boundary
surface between airmasses, as when warm, moist air flows over cold, dry air. When
such a surface is roughly parallel to the surface of the earth, radio waves may travel .
for greater distances than normal. A somewhat similar condition is described in -

article 4006. The principal source of reflection in the atmosphere is the ionosphere
(arts. 4007, 4008).

4006. Refraction of radio waves is similar to that of light waves (art. 1606). Thus, !
as a signal passes from air of one density to that of a different density, the direction of
travel is altered. The principal cause of refraction in the atmosphere is the difference in
temperature and pressure occurring at various heights and in different airmasses.

Refraction occurs at all frequencies, but at those below 30 MHz the effect is small I
as compared with ionospheric effects (art. 4008), diffraction (art. 4009), and absorption
(art. 4010). At higher frequencies, refraction in the lower laver of the atmos'3re
extends the radio horizon to a distance about 15 percent greater than the visible
horizon. The effect is the same as if the radius of the earth were about one-third I
greater than it is, and there were no refraction.

Sometimes the lower portion of the atmosphere becomes stratified with horizontal
layers of air having certain characteristics, resulting in nonstandard temnerature and
moisture changes with height. If there is a marked temperature inversil (art. 3814)
or a sharp decrease in water vapor content with increased height, a horizontal radio
duct may be frmned. High frequency radio waves traveling horizontally within the
duct are refracted to such an extent that they remain within the duct, following the -

curvature of the earth for phenomenal distances. This is called super-refraction.
Maximum results are obtained when both transmitting and receiving antennas are
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ithin the duct. There is a lower limit to the frequency affected by ducts. It varies
from about 200 MHz to more than 1,000 MHz.

At night, surface ducts may occur over land due to cooling of the surface. At sea,
surface ducts about 50 feet thick may occur at any time in the trade wind belt. Surface
ducts 100 feet or more in thickness may extend from land out to sea when warm air from
the land flows over the cooler ocean surface. Elevated ducts from a few feet to more
than 1,000 feet in thickness may occur at elevations of 1,000 to 5,000 feet, due to the

settling of a large airmass. This is a frequent occurrence in Southern California and
certain areas of the Pacific Ocean.

Refraction effects associated with the ionosphere are discussed in article 4008.
A bending in the horizontal plane occu, when a groundwave (art. 4008) crosses a

coast at an oblique angle. This is (tie to a marked difference in the conducting and
reflecting properties of the land and water over which the wave travels. The effect is
known as coastal refraction or land effect.

4007. The ionosphere.-Since an atom normally has an equal number of negatively
charged electrons and positively charged protons, it is electrically ;rutral. An ion
is an atom or group or atoms which has become electrically charged, either positively
or negatively, by the loss or gain of one or more electrons.

Loss of electrons may occur in a variety of ways. In the atmosphere, ions are
usually formed by collision of atoms with rapidly moving particles, or by the action of
cosmic rays or ultraviolet light. In the lower portion of the atmosphere, recombination
soon occurs, leaving a small percentage of ions. In thin atmosphere far above the surface
of the earth, however, atoms are widely separated and a large number of ions may be
present. The region of numerous positive and negative ions and unattached eleatxrnnz j
is called the ionosphere. The extent of ionization ,d-pends upon tile kinds of atomspresent in the atmospherc, tlie density of the atmosphere, and the position relative to

ihe sun (time of day and season). After sunset, ions and electrons recombine faster
than they are separated, decreasing the ionization of the atmosphere.

An electron can be separated from its atom only by the application of greater

energy than that holing tie electron. Since the energy of the electron depends pri-
marily upon the kind of an atom of which it is a part, and its position relative to the £

nucleus of that atom, different kinds of radiation may causieization of different
substances.

In the outermost regions of the atmosphere the density is so low that oxygen
exists largely as separate atoms, rather than combining as molecules as it does nearer
the surface of the earth. At great heights the energy level is low and ionization from
solar radiation is intense. This is known as the F layer. Above this level the ionization
decreases because of the lack of atoms to be ionized. Below this level it decreases
because the ionizing agent of appropriate energy has already been absorbed. During
daylight, two levels of maximum F ionization can be detected, the F2 layer at about
125 statute miles above the surface of the earth, and the F layer at about 90 statute 4
miles. At night, these combine to form a single F layer.

At a height of about 60 statute miles the solar radiation not absorbed by the F
layer encounters, for the first time, large numbers of oxygen molecules. A new maximum
ionization occurs, known as the E layer. The height of this layer is quite constant, in
contrast with the fluctuating F layer. At night the E layer becomes weaker by two orders
of magnitude.

Below tile E layer a weak P layer forms at a height of about 45 statute miles, where
the incoming radiation encounters ozone (03) for the first time. The D layer is the
principal source of absorption of HF waves, and of reflection of LF and VLF waves
during daylight.
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4008. The ionosphere and radio waves.-When a radio wave encounters a particle I
having an electric charge, it causes that particle to vibrate. The vibrating particle -i
absorbs electromagnetic energy from the radio wave and reradiates it. The net effect Z
is a change of polarization and an alteration of the path of the wave. That portioL of i
the wave in a more highly ionized region travels faster, causing the wave front to tilt I
and the wave to be directed toward a region of less intense ionization.

Refer to figure 4008a, in which a single layer of the ionosphere is considered. Ray
1 enters the ionosphere at such an anglh that its path is altered, but it passes on through
and proceeds outward into space. As the angle with the horizontal decreases, a critical
value is reached where the ray (2) is bent or reflected back toward the earth. As the
angle is still further decreased, as at 3, the return to earth occurs at a greater distance
from the transmitter.

A wave reaching a receiver by way of the ionosphere is called a skywave. This
expression is also appropriately applied to a wave reflected from an airmass boundary.

In common usage, however, it is generally associated with the ionosphere. The wave
which travels along the surface of the earth is called a groundwave. At angles greaterI, than the critical angle, no skywave signal is received. Therefore, there is a minimum.
distance from the transmitter at which skywaves can be received. This is called the
skip distance, shown in figure 4008a. If the groundwave extends out for less distance i
than the skip distance, a skip zone occurs, in which no signal is received. I

The critical radiation angle depends upon the intensity of ionization, and the fre- _
quency of the radio wave. As the frequency increases, the angle becomes smaller. At
frequencies greater than about 30 MHz virtually all of the energy penetrates through
or is absorbed by the ionosphere. Therefore, at any given receiver there is a maximumi usable frequency if skywaves are to be utilized. The strongest signals are received
at or slightly below this frequency. There is also a lower practical frequency beyond

which signals are too weak to be of value. Within this band the optimum frequency
can be selected to give best results. It cannot be too near the maximum usable frequency
because this frequency fluctuates with changes of iniensity within the ionosphere.
During magnetic storms the ionosphere density decreases. The maximum usable
frequency decreases, and the lower usable frequency increases. The band of usable
frequencies is thus narrowed. Under extreme conditions it may be completely elimi-
nated, isolating the receiver and causing a radio blackout.

Skywave signals reaching a given receiver may arrive by any of several paths,

as shown in figure 4008b. A signal which undergoes a single reflection is called a "one-
hop" signal, one which undergoes two reflections with a ground reflection between

Flourm 4008a.-The effect of the ionosphc on radio waves.

II. .
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is called a "two-hop" signal, etc. A "multihop" signal undergoes several reflections.
The layer at which the reflection occurs is usually indicated, also, as "one hop E,"
"two hop F," etc.

Because of the different paths and phase changes occurring at each reflection, the
various signals arriving at a receiver have different phase relationships. Since the
density of the ionosphere is continually fluctuating, the strength and phase relation-
ships of the variou: srnals may undergo an almost continuous change. Thus, the
various signals may reinforce each other at one moment and cancel each other at the
next, resulting in fluctuations of the strength of the total signal received. This is called
fading. This phenomenon may also be caused by interaction of components within a
single reflected wave, or changes in its strength due to changes in the reflecting surface.
Ionospheric changes are associated with fluctuations in the radiation received from the
sun, since this is the principal cause of ionization. Signals from the F layer are partic-
ularly erratic because of the rapidly fluctuatin:- conditions within the layer itself.

The maximum distance at which a one-hop-E signal can be received is about
1,400 miles. At this distance the signal leaves the transmitter in approximately a
horizontal direction. A one-hop-F signal can be received out to about 2,500 miles.
At low frequencies groundwaves extend out for great distances.

A skywave may undergo a change of polarization during reflection from the
ionosphere, accompanied by an alteration in the direction of travel of the wave.
This is called polarization error. Near sunrise and sunset, when rapid changes are
occurring in the ionosphere, reception may become erratic and polarization error a
maximum. This is called night effect.

4009. Diffraction.-When a radio wave encounters an obstacle, its energy is
reflected or absorbed, causing a shadow beyond the obstacle. However, some energy
does enter the shadow area because of diffraction. This is explained by Huygens'
principle, which states that every point on the surface of a wave front i a source of radia-
tion, transmitting energy in all d;-ections ahead of the wave. No noticeable effect of this
principle is observed until the wave front encounters an obstacle, which intercepts a

M -
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Fiaurw 4008b.-Various paths by which a skywave signal might be received.
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portion of the wave. From the edge of the obstacle, energy is radiated into the shadow
area, and also outside of the area. The latter interacts with energy from other parts
of the wave front, producing alternate bands in which the secondary radiation rein-
forces or tends to cancel the energy of the primary radiation. Thus, the practical
effect of an obstacle is a greatly reduced signal strength in the shadow area, and aj
disturbed pattern for a short distance outside the shadow area. This is illustrated in I
figure 4009.

The amount of diffraction is inversely proportional to the frequency, being greatest I
at very low frequencies.

4010. Absorption and scattering.-The amplitude of a radio wave expanding out-
ward through space varies inversely with distance. That is, it gets weaker with in-
creased distance. The decrease of strength with distance is called attenuation. Under
certain conditions the attenuation is greater than in free space.

A wave traveling along the surface of the earth loses a certain amount of energy.
to the earth. The wave is diffracted downward and absorbed by the earth. As a result
of this absorption, the remainder of the wave front tilts downward, resulting in further
absorption by the earth. Attenuation is greater over a surface that is a poor conductor. I
Relatively little absorption occurs over seawater, which is an excellent conductor at
low frequencies, and low frequency groundwaves travel great distances over water.

A skywave suffers an attenuation loss in its encounter with the ionosphere. The
amount depends upon the height and composition of the ionosphere, as well as the
fiequency of the radio wave. Maximum ionospheric absorption occurs at about 1400
kHz.

OBSTACLE

TRANSMITTER C.

I A

FIGuRE 4009.-Diffraction.
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• In general, atmospheric absorption intreases with frequency, being a problem onlyat SHF and EHF. At these frequencies, attenuation is further increased by scattering

due to reflection by oxygen, water vapor, water droplets, and rain in the atmosphere.
4011. Noise.-Unwanted signals in a receiver are called interference. The inten-

tional production of such interference to obstruct communication is called jamming.
Unintentional interference is called noise.

Noise may originate within the receiver. Hum is usually the result of induction
from neighboring circuits carrying alternating current. Microphonic noise is the result
of vibration of elements in an electron tube. irregular crackling or sizzling sounds
may be caused by poor contacts or faulty components within the receiver. Electron
movement in normal components causes some noise. This source sets the ultimate
limit of sensitivity (art. 4018) that can be achieved in a receiver. It is the same at any
frequency.

Noise originating outside the receiver may be either man-made or natural. Man-
made noises originate in electrical appliances, motor and generator brushes, ignition
systems, and other sources of sparks which transmit electromagnetic signals that are
picked up by the receiving antenna.

Natural noise is caused principally by discharge of static electricity in the atmos-
phere. This is called atmospheric noise, atmospherics, or static. An extreme exampleIis a thunderstorm. An exposed surface may acquire a considerable charge of static
electricity. This may be caused by friction of water or solid particles blown against
or along such a surface. It may also be caused by splitting of a water droplet which
strikes the surface, one part of the droplet requiring a positive charge and the other
a negative charge. These charges may be transferred to the surface. The charge tends to
gather at points and ridges of the conducting surface, and when it accumulates to a
sufficient extent to overcome the insulating properties of the atmosphere, it discharges
into the atmosphere. Under suitable conditions this becomes visible and is known as
St. Elmo's fire, which is sometimes seen at mastheads, the ends of yardarms, etc.

Atmospheric noise occurs to some extent at all frequencies, but decreases with
higher frequencies. Above about 30 MHz it is not generally a problem.

Since most of the noise occurs at low frequencies, it travels great distances and the
accumulation may reach troublesome proportions at these frequencies, particularly
during the summer in mountainous regions.

4012. Antenna characteristics.-Antenna design and orientation have a marked
effect upon radio wave propagation. For a single-ire antenna, strongest signals are
transmitted along the perpendicular to the wiire, and virtually no signal in the direction
of the wire. For a vertical antenna, the signal strength is the same in all horizontal
directions. Unless the polarization undergoes a change during transit, the strongest
signal received from a vertical transmitting antenna occurs when the receiving antenna is
also vertical.

For lower frequencies the radiation of a radio signal takes place by interaction
between the antenna and the ground. For a vertical antenna, efficiency increases with

i greater length of the antenna. For a horizontal antenna, efficiency increases with
greater distance between antenna and ground. Near-maximum efficiency is attained
when this distance is one-half wavelength. This is the reason for elevating low fre-
quency anfennas to great heights. However, at the lowest frequencies, the required
height becomes prohibitively great. At 10 kHz it would be about 8 nautical miles
for a half-wavelength antenna. Therefore, lower frequency antennas are inherently
inefficient. This is partly offset by the greater range of a low frequency signal of the
same transmitted power as one of higher frequency.

iX.
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At higher frequencies, the ground is not used, both conducting portions being,
included in a dipole antenna. Not only can such an antenna be made efficient, but it I
can also be made sharply directive, thus greatly increasing the strength of the signal'
transmitted in a desired direction.

The power received is inversely proportional to the square of the distance from
the transmitter, assuming there is no attenuation due to absorption or scattering.

4013. Range.-The range at which a usable signal is received depends upon the
power transmitted, the sensitivity of the receiver, frequency, route of travel, noise level,
and perhaps other factors. For the same transmitted power, both the groundwave and
skywave ranges are greatest at the lowest frequencies, but this is somewhat offset by
the lesser efficiency of antennas for these frequencies. At higher frequencies, only direct
waves are useful, and the effective range is greatly reduced. Attenuation, skip distance,
grouind reflection, wave interference, condition of the ionosphere, atmospheric noise
level, and antenna design all affect the distance at which useful signals can be received.:

4014. Frequency and radio wave propagation.-requency is an important con-
sideration in radio wave propagation, as indicated previously. The following summary
indicates the principal effects associated with the various frequency bands, starting
with the lowest and progressing to the highest usable radio frequency.

Very low frequency (VLF, 10 to 30 kHz). The VLF signals propagate between
the bounds of the ionosphere and the earth and are thus guided around the curvature
of the earth to great distances with low attenuation and excellent stability. Diffraction

* is maximum. Because of the long wavelength, large antennas are needed, and even
these are inefficient, permitting radiation of reiatively small amounts of power. Magnetic
storms have little effect upon transmission because of the efficiency of the "earth-
ionosphere waveguid." During such storms, VLF signals may constitute the only
source of radio communication over great distances. However, interference from
atmospheric noise may be troublesome. Signals may be received from below the surface
of the sea. The characteristics of VLF propagation are discussed in more detail in the
coverage of the Omega Navigation System in chapter XLIII.

Low frequency (LF, 30 to 300 kHz). As frequency is increased to the LF band, _
diffraction decreases, there is greater attenuation with distance, and range for a given -
power output falls off rapidly. However this is partly offset by more efficient trans-
mitting antennas, which can be of a size practical for use aboard ship. LF signals are!
most stable within groundwave distance of the transmitter. A wider bandwidth permits i
pulsed signals at 100 kHz. This allows separation of the stable groundwave pulse from
the variable skywave pulse up to 1,500 kin, and up to 2,000 km for overwater paths.
The frequency for Loran-C (ch. XLIII) is in the LF band. This band is also useful
for radio direction finding (ch. XLI), and time dissemination (ch. XVIII).

Mediumfrequency (MF, 300 to 3,000 kHz). Groundwaves provide dependable
service, but the range for a given power is reduced greatly, varying from about 400 4
miles at. the lower portion of the band to about 15 miles at the upper end for a trans-
mitted signal of 1 kilowatt. These values are influenced, however, by the power of
the transmitter, the directivity and efficiency of the antenna, and the nature of the
terrain over which signals travel. Elevating the antenna to obtain direct waves may -

improve the transmission. At the lower frequencies of the band, skywaves are avail- i
able both day and night. As the frequency is increased, ionospheric absorption increases'
to a maximum at ab,t, 1,400 kHz. At higher frequencies the absorption decreases, -
permitting increase- 1. - of skywaves. Since the ionosphere changes with the hour, I
season, and sunspot ,ycle, the reliability of skywave signals is variable. By careful
selection of frequency, one can obtain ranges of as much as 8,000 miles with 1 kilowatt
of transmitted power, using multihop signals. However, the frequency selection is

ixa
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critical. If it is too high, the signals penetrate the ionosphere and are lost in space.
If it is too low, signals are too weak. In general, skywave reception is equally good by
day or night, but lower frequencies are needed at night. The standard broadcast band

for commercial stations (535 to 1,605 kHz) and the authorized frequencies for Loran-A
(art. 4101) are in the MF band.

Highfrequency (HF, 3 to 30 MHz). As with higher medium frequencies, the ground-
wave range of HF signals is limited to a few miles, but the elevation of the antenna may
increase the direct-wave distance of transmission. Also, the height of the antenna
does have an important effect upon skywave transmission because the antenna has an
"image" within the conducting earth. The distance between antenna and image is
related to the height of the antenna, and this distance is as critical as the distance be-
tween elements of an antenna system. Maximum usable frequencies (art. 4008) fall
generally within the HF band. By day this may be 10 to 30 MHz, but during the night
it may drop to 8 to 10 MHz. The HF band is widely used for ship-to-ship and ship-
to-shore communication.

Very high frequency (VHF, 30 to 300 MHz). Communication is limited primarily
to the direct wave, or the direct wave plus a ground-reflected wave. Elevating the
antenna to increase the distance at which direct waves can be -ised results in increased
distance o; riception, even though some wave interference between direct and ground-
reflected waves is present. Diffraction is much less than with lower frequencies, but is
most evident when signals cross sharp mountain peaks or ridges. Under suitable con-
ditions, reflections from the ionosphere are sufficiently strong to be useful, but generally
they are unavailable. There is relatively little interference from atmospheric noise in this

I band. Reasonably efficient directional antennas are possible with VHF. The VHF band
is much used for communication.

Ultra highfrequency (UHF, 300 to 3,000 MHz). Skywaves are not used in the UHF
band because the ionosphere is not sufficiently dense to reflect the waves, which pass
through it into space. Groundwaves and ground-reflected waves are used, although
there is some wave interference. Diffraction is negligible, but the radio horizon extends -

about 15 percent beyond the visible horizon, due principally to refraction. Reception
signals is virtually free from fading and interference by atmospheric noise.

Sharply directive antennas can be produced for transmission in this band, which is
widely uscd for ship-to-ship and ship-to-shore communication.

' per highfrequency (SHF, 3,000 to 30,000 MHz). In the SHF band, also known as
the microware or as the centimeter ware band, there are no skywaves, transmission being
entirely by direct and ground-reflected waves. Diffraction and interference by atmos-
pheric noise are virtually nonexistent. Highly efficient, sharply directive antennas can
be produced. Thus, transmission in this band is similar to that of UHF, but with the
effects of shorter waves being greater. Reflection by clouds, water droplets, dust
particles, etc., increases, causing greater scattering, increased wave interference, and
fading. The SHF band is used for marine navigational radar. V

Extremely high frequency (EHF, 30,000 to 300,000 MHz). The effects of shorter
waves are more pronounced in the EHF band, transmission being free from wave
interference, diffraction, fading, and interference by atmospheric noise. Only direct -
and ground-reflected waves are available. Scattering and absorption in the atmosphere
are pronounced and may produce an upper limit to the frequency useful in radio
communication.

4015. Regulation of frequency use.-While the characteristics of various fre-
quencies are important, to the selection of the most suitable one for any given purpose,
these are not the only consideratioens. Confusion and extensive interference would result
if every user had complete freedom of selection. Some form of regulation is needed.

I

I..
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The allocation of various frequency bands to particular uses is a matter of international 6
agreement. Within the United States, the Federal Communications Commission has1
responsibility for authorizing use of particular frequencies. In come cases a given
frequency is allocated to several widely separated transmitters, but only under con-
ditions which minimize interference, as during daylight hours. Interference between
stations is further reduced by the use of channels, each of a narrow band of frequencies.
That is, assigned frequencies are separated by an arbitrary band of frequencies that
are not authorized for use. In the case of radio aids to navigation, ship communications,
etc., bands of several channels are allocated, permitting selection of band and channel
by the user. |

4016. Kinds of radio transmission.-A series of waves transmitted at constant
frequency and amplitude is called a continuous wave (CW). This cannot be heard
except at the very lowest radio frequencies, when it may produce, in a receiver, an'
audible hum of high pitch.

Although a continuous wave may be used directly, as in radio direction finding',
(art. 4101) or Decca (art. 4301), it is more commonly modified in some manner. This !

is called modulation. When this occurs, the continuous wave serves as a carrier wave 1
for information. Any of several types of modulation may be used.

In amplitude modulation (AM) the amplitude of the carrier wave is altered in
accordance with the amplitude of a modulating wave, usually of audio frequency, as
shown in figure 4016a. In the receiver the signal is demodulated by removing the
modulating wave and converting it back to its original form. This form of modulation is
widely used in voice radio, as in the standard broadcast band of commercial 3
broadcasting.

CARRIER AMPLITUDE MODULATED

WAVE WV,vvvvvvvii V6V14A.... AAAA v  ~l

I I

CARRIER FREQUENCY MODULATED
WAVE WAVE

SAME INFORMATION TRANSMITTED BY
AMPLITUDE AND FREQUENCY MODULATED WAVES

FiGuRE 4016a. Amplitude modulation (upper figure) and frequency modulation (lower figure) by
the ame modulating wave.
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If thefrequency instead of the amplitude is altered in accordance with the amplitude
of the impressed signal, as shown in figure 4016t.: frequency modulation (FM) occurs.
This is used for FM broadcasts and the sound portion of television broadcasts.

Pulse modulation (PM) is somewhat different, there being no impressed modulating
wave. In this form of transmission, very short bursts of carrier wave are transmitted,
separated by relatively long periods of "silence," during which there is no transmission.
This type of transmission, illustrated in figuic 4016b, is used in some common radio
navigational aids, includ n; radar (art. 4201) and Loran (art. 4301).

NO TRANSMISSION NO TRANSMISSION

FIGURE 4016b.-Pulse modulation.

4017. Transmitters.-A radio transmitter consists essentially of (1) a power supply =

to furnish direct current, (2) an oscillator to convert direct current into radio-frequency
oscillations (the carrier wave), (3) a device to control the generated signal, (4) an
amplifier to increase the output of the oscillator. For some transmitters a microphone
is needed with a modulator and final amplifier to modulate the carrier wave. In addi-
tion, an antenna and ground (for lower frequencies) are needed to produce electromag-
netic radiation. These components are illustrated diagrammatically in figure 4017.

Miltophone Antenri= oa

i OsollillFrequeftm CAOntrol V~WM~ 1111,ijOscillaor Amplifier Modu!lor R F Amplifier 1 I

P o-er Supply , 
J

~Fimun 4017.-Components of a radio transmitter.

4018. Receivers.-When a radio wave passes a conductor, a current is induced
in that conductor. A radio receiver is a device which accepts the power thus generated
in an antenna, and transforms it into usable form. It should be able to select signals
of a single frequency (actually a narrow band of frequencies) from among the many
-which may reach the receiving antenna. If necessary, the receiver should be able to
demodulate the signal, and always it should provide adequate amplification. The

- output of a receiver may be presented audibly by earphones or loudspeaker; or visually
on a dial, cathode-ray tube (art. 4019), counter, or other display. Thus, the useful
reception of radio signals requires three components: (1) an r-enna, (2) a receiver,
and (3) a display unit.

Radio receivers differ mainly in (1) frequency range, the rang, of frequencies to
which they can be tuned; (2) selectivity, the ability to confine reception to signals of
the desired frequency and avoid others of nearly the same frequency; (3) sensitivity,
the ability to amplify a weak signal to usable strength against a background of noise;
(4) stability, the ability to resist drift from conditions or values to which set; and (5)
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fidelity, the completeness with which the essential characteristics of the original signal
are reproduced. Receivers may have additional features such as an automatic frequency
control, automatic noise limiter, etc.

Some of these characteristics are interrelated. For instance, if a receiver lacks
selectivity, signals of a frequency differing slightly from those to which the receiver
is tuned may be received. This condition is called spillover, and the resulting inter-
ference is called crosstalk. If the selectivity is increased sufficiently to prevent spillover,
it may not permit receipt of a great enough band of frequencies to obtain the full
range of thobe of the desired signal. Thus, the fidelity may be reduced.

A transponder is a transmitter-receiver capable of accepting the challenge of an
interrogator and automatically transmitting an appropriate reply.

4019. The cathode-ray tube is a useful device for presenting certain types of
information. This tube, with its associated controls, is often called an oscilloscope,
or scope for short. In television receivers it is usually called the picture tube.

The essential components of a cathode-ray tube are shown in figure 4019. At the
left is a cathode which serves as a source of electrons. In this usage it is called an
electron gun. The electrons are collected and focused into a beam by a focusing anode,
and then speeded up by an accelerating anode. If there were no other controls, the
beam of electrons would travel the remainder of the length of the tube and strike the
enlarged, curved surface of the tube face at its center, approx-mately. The inside of
the face is coated with a material known as a phosphor (such as zinc sulphide or calcium
sulphide) which become luminous (phosphorescent) where CL beam of electrons im-
pinges upon it. If the beam is sharply focused, a dot of light appears at the point of
impact. I

By means of the vertical deflection plates, the beam is bent upward or downward.
This is accomplished by impressing electric charges on these plates. The beam, being
negatively charged, is repelled by the negative plate and attracted by the positive
plate. If an alternating current is used, the strength and polarity of the electric charge
on each plate changes continually, causing the beam to be deflected alternately up
and down. This results in vertical motion of the spot of light on the face of the tube.
If the motion is sufficiently rapid, a vertical line appears on the face of the tube. This
is true not only because of the persistency of vision witnin the eye, but also because I
the tube face does not immediately fade when the stream of electrons is moved to
another point. This visible line is called a trace, and the motion of the dot in producing
it, a sweep. A horizontal trace can be made by means of the horizontal deflection
plates which operate in a manner similar to that of the vertical deflection plates.

FACE

GRID VERTICAL DEFLECTO PLATES =

CATODE rn JI FOCUSNG AODE 8ONAA

ACCELERATING ANODE DEFLECTION PLATES

FzGcu 4019.-A cathode-ray tube. .
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If both sets of plates are energized at the same time, the spot of light can be moved
to various places on the face of the tube. If two alternating currents are properly
synchronized, the spot can be made to trace repeatedly some pattern, such as a sine
wave. It is generally desirable to have one trace repeated in accordance with a pre-
arranged plan, having the deflection such that motion in one direction across the
face of the tube is relatively slow, and that in the opposite direction is very fast, so
that the return of the spot. to a starting point is almost instantaneous. Such a return
is called flyback, and the faint trace that may be visible is called a retrace. The position
of the spot along the trace can be used as a measurement of elapsed time since the
spot was at some reference point. This is usually accomplished by having a received
signal impress a momentary charge on the other set of deflecting plates, causing a
deflection of the trace as the spot is momentarily moved to one side of the line; or by
causing the received signal to intensify the spot, causing it to glow brighter.

By suitable controls, the trace can be divided into two or more parts, made to
rotate, or take any of a great variety of motions and shapes.

In a dark trace tube the spot appears dark on a lighter background.
The cathode-ray tube has many applications in electronic navigational eq ipment.



CHAPTER XLI

RADIO DIRECTION FINDING

4101. Introduction.-Medium frequency radio direction finders on board ships
enable measurement of the bearings of radio transmissions from other ships, aircraft,
shore stations, marine radiobeacons, aeronautical radiobeacons, and the coastal stationsk
of the radio communications network.

Depending upon the design of the radio direction finder (RDF), the bearings of
the radio transmissions are measured as relative bearings or as both relative and true,
bearings. In one design, the true bearing dial is manually set with respect to the relative
bearing dial in accordance with the ship's heading. In another design, the true bearing
dial is rotated electrically in accordance with a course input from the gyrocompass.
In some of the earlier designs, the RDF is mounted over the ship's compass so as to!
permit the bearings to be read directly from the compass card.

Whatever inwius is used to read the bearings, corrections for errors of radio bearings
(art. 4104) must be applied. In some designs two distinct means are employed for
automatic error compensation. An electrical compensating system provides for auto-
matic compensation of errors which are symmetrically distributed, fore-and-aft or
athwartship. A mechanical compensating system provides for automatic compensation
of residual errors up to a limiting value. The mechanical compensator may consist of
a stationary cam which is cut for each calibration (art. 4107), a movable roller, and!
associated linkage for causing the goniometer (art. 4103) pointer to lead or lng thel
actual goniometer setting.

When plotting radio bearings on a Mercator chart, conversion angle (art. 1403,
vol. II) must be applied to convert the radio bearing (great-circle direction) to the
equivalent rhumb line bearing. Conversion angles are given in table 1.

4102. Radiobeacons established to be of primary usefulness to mariners are known
as marine radiobeacons; beacons established to be of primary usefulness to airmen are
known as aeronautical radiobeacons; other beacons established for both classes of user
are sometimes known as aeromarine radiobeacons. The most common type of marine
radiobeacon transmits radio waves of approximately uniform strength in all directions.
These omnidirectional beacons are known as circular radiobeacons.

Directional radiobeacons transmit radio waves within a narrow sector. Compared
with the circular radiobeacon, the transmissions from the directional radiobeacons
have relatively short range. The rotating loop radiobeacon is discussed in article 4111.

Most United States and Canadian radiobeacons are grouped together on the same
operating frequency and are assigned a specific sequence of transmission within this
group. This reduces station interference and undesirable retuning. Normally the stations',
operate in gru'ips of six, each station in a group of sequenced radiobeacons using the
same frequenc, and transmitting for 1 minute in its proper sequence. A few radio-!
beacons trans~nit for I minute with 2 minutes of silence, and some radiobeacons transmit
continuously without interruption.

Except for calibration radiobeacons, radiobeacons operate during all periods either
sequenced or continuously, regardless of weather conditions.

Simple combinations of dots and dashes are used for station identification. These
combinations and the duration of the dots, dashes, and spaces are chosen for ease of
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identification. Where applicable, the Morse equivalent character or characters are
shown in conjunction with the station characteristic. All radiobeacons superimpose the
characteristic on a carrier which is on continuously during the period of transmission.
This extends the usefulness of marine radiobeacons to an airborne or imiarine user of an
automatic radio direction finder (ADF). Users of the "aural null" type radio direction
finder will notice no change in quality of service. A 10-second dash is incorporated in
the characteristic signal to enable the user of the aural null type of radio direction finder
to refine his bearing.

Aeronautical radiobeacons are sometimes used by marine navigators for deter-
mining lines of position when marine radiobeacons are not available. Since it is not
possible to predict the extent to which land effect (art. 4104) may render mariners'
observations of the bearings of these beacons unreliable, their inclusion in Pubs. Nos.
117A and 117B, Radio Navigational Aids, does not imply that the beacons have been
found reliable for marine use. Those aeronautical radiobeacons included in Pubs. Nos.
117A and 117B may be useful to the marine navigator who recognizes their limitations.
These aeronautical aids become less trustworthy, so far as marine applications are
concerned, as they are situated farther inland or when high land intervenes between
them and the coast.

Pubs. Nos. 117A and 117B, Radio Navigational Aids, include in the details of
many radiobeacons located at. or near light stations a statement of the distance and
bearing of the radiobeaeon transniitting antenna from the light tower. Use should be
made of this information when calibrating (art. 4107) the radio direction finder.

4103. Direction measurement at the receiving site is accomplished by means of a
directional antenna. Nearly all antennas have some directional properties, but in the
usual antenna used for radio communication, these properties are not sufficiently criti-
cal for navigational use.

A widely used directional antenna is in the form of a loop. Suppose a transmitted
radio signal encounters such a loop oriented in te direction of travel of the radio
signal, as shown in figure 4103a. If the diameter of the loop is half the wavelength,
the crest of one wave arrives at one side of the loop at the same time that the trough
arrives at. the opposite side, as shown. Thus, the currents induced in the two sides
reinforce each other, causing maxinum output from till antenna. A short time later, as
the wave continues to move past the antenna, the crest reaches the other side of the
loop, and a new trough reaches the approach side. A maximum current now flows in the
opposite direction. Therefore, with the antenna in this orientation, an alternating current
flows in the loop. If the loop diameter is less than half a vavelcngth, the current is less
than maximum.

if the antenna is rotated 90', the alternate crests and troughs arrive at both
sides at the smne time, tending to cause currents to flow in opposite directions around the
loop. Under these zonditions the two pa: ts cancel each other, resulting in zero antenna j
output. This condition is called a null.

|-i o -

1. -

FIGURE 4103a.-Principle of thc loop antenna.
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As the antenna is rotated, its output varies with the angle relative to the direction
of motion of the radio signal. This condition is illustrated in figure 4103b. The length
of a line from the center to the outer edge of the shaded area represents the strength
of the antenna output at that bearing, relative to the direction of motion of the radio
wave. Thus, when it is in line, with either side of the loop toward the approaching ,igna,
the output is maximum, and at 900 it is minimum. Since the change with bearing is
most rapid near the region of minimum signal, this is the portion used for determination
of direction.

Because of the characteristics of the simple loop antenna, a 1800 ambiguity exists.
That is, a signal approaching from either of two directions 180' apart would cause the
same antenna output. This ambiguity can be resolved by using a vertical sense antenna
in connection with a loop. The output from this wire, if the direction of motion of the
signal i3 horizontal, is the same in all directions. Therefore, the polar diagram of its
output is a circle, with the same polarity in all directions. If this output is exactly equal
to the maximum of the loop, it will cancel the output from one side and double that
from the other, since the polarity in the two sides is opposite. The resulting diagram of
antenna output is shown in figure 410 3c. With this arrangement, a single minimum I
exists, permitting the determination of which of the two reciprocal bearl.-gs is correct,
thereby removing the ambiguity. The loop antenna is then used for making the reading.
This is the type of equipment commonly used with a radio direction finder.

Two variations of the loop antenna are also used in radio direction finders. In one u
of these, the crossed loop type, two loops are rigidly mounted in such manner that one is
rotated 90' with respect to the other. The relative output of the two antennas is related 9
to the orientation of each with respect to the direction of travel of the radio wave, and _-
is measured by a device called a goniometer. This is the type antenna used in an auto-
matic direction finder. In the other variation, the rotating loop type, a single loop is

0p

Z A

270 090,

FlmunE 4103b.-Polar diagram Fioim 4103c.-Poiar diagram of output of loop antenna
of output of loop antenna, with vertical sense antenna.
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kept in rapid rotation by means of a motor. The antenna output is shown on a cathode-
ray tube, and the resulting display shows the direction of the signal.

4104. Errors of radio bearings.-Bearings obtained by radio direction finder are
subject to certain errors, as follows:

Quadrantal error. When radio waves arrive at a receiver, they are influenced some-
what by the environment. An erroneous radio direction finder bearirg results from
currents induced in the direction finder antenna by re-radiation from the structural
features of the vessel's superstructure and distortion of the radio wave front due to the
physical dimensions and contour of the vessel's hull. This quadrantal error is a function
of the relatie bearing, normally being maximum for bearings broad on the bow and
broad on the quarter. Its value for various bearings can be determined, and a cali-
bration table made (art. 4107).

Coastal refraction. As indicated in article 4006, a radio wave crossing a coastline
at an oblique angle undergoes a change of direction due to difference in conducting and
reflecting properties of land and water. This is sometimes called land effect. It is avoided
by not using, or regarding as of doubtful accurcy, bearings of waves which cross
shoreline at an oblique angle. Bearings within 150 to 200 of being parallel to a shoreline
should not be trusted. If the transmitter is near the coast, negligible error is introduced
because of the short distance the waves travel before undergoing refraction.

Polarization error. As indicated in article 4008, the direction of travel of radio
waves may undergo an alteration during the confused period near sunrise or sunset,
when great changes are taking place in the ionosphere. This error is sometimes called
night effect. The error can be minimized by averaging several readings, but any radio

- bearings taken during this period should be considered of doubtful accuracy.
Reciprocal bearings. Unless a radio direction finder has a vertical sensing wire

(art. 4103), there is a possible 1800 ambiguity in the reading. If such an error is dis-
covered, one should take the reciprocal of the uncorrected reading, and apply the cor-
rection for the new direction. If there is doubt as to which of the two possible directions
is the correct one, one should wait long enough for the bearing to change appreciably
and take another reading. The transmitter should draw aft between readings. If the
reciprocal is used, the station will appear to have drawn forward. A reciprocal bearing
furnished by a direction finder station should not be used because the quadrantal
error is not known, either on the given bearing or its reciprocal.

4105. Accuracy of radio bearings.-In general, good radio bearings should not be in
error by more than 20 for distapc-s under 150 nautical miles. However, conditions
vary considerably, and skill is an important factor. By observing the technical in-
structions for the equipment and practicing frequently when results can be checked by
visual observation or by other means, one can develop skill and learn to what extent
radio bearings can be relied upon under various conditions.

Other factors affecting accuracy include the errors discussed in article 4104, range,
the condition of the equipment, and the accuracy of the calibration (art. 4107). Errors
in bearing can result if the selectivity (art. 4106) of a radio direction finder is poor.

4106. Factors affecting maximum range.-The service range of a radiobeacon is
determined by the strength of the radiated signal. Field strength requirements for a
given service range vary with latitude, being higher in the southern latitudes. The
aetual useful range may vaiy considerably from the service range with different types
of radio direction finders and during varying atmospheric conditions.

Sensitivity is a measure of the ability of a receiver to detect transmissions. All
* direction finder receivers do not have the same sensitivity. Some will detect a radio-

bet.--on signal at its rated range whereas others will not detect the same signal until
such time that the distance to the beacon has decreased. For example, radio direction

I|
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finders having a sensitivity of 75 microvolts per meter on the radiobeacon band should
be capable of detecting a signal whose intensity is 75 microvolts per meter or more. A
radio direction finder having a sensitivity of 120 microvolts per meter will be unable to
receive a radiobeacon signal rated at 75 microvolts per meter at 100 miles until 56
miles from the radiobeacon. At 56 miles the signal strength of the transmitted signal is
120 microvolts per meter, which is equal to the sensitivity of the receiver, It follows
that the sensitivity of a radio direction finder determines tie degree to which the full
range capability of the radiobeacon system can be utilized.

Selectivity is a measure of the ability of a receiver to choose one frequency and
reject all others. The selectivity varies with the type of receiver and its condition.
The transmitted radiobeacon signal is comprised of a band of frequencies, 286.000 kHz
to 287.020 kHz for example. A radi9 direction finder capable of accepting ..Uly this
narrow band of frequencies would be ideal. If a radio direction finder accepts a wide
band of frequencies (280 to 292 kHz) when tuned to 286 kliz, it will admit more noise
and signals than desired. This additional interference may reduce the usefulness of
the desired signal, and effectively decrease the maximum range of reception of the
radiobeacon.

4107. Calibration.-The reliab.:x.v )f a radio direction finder is largely dependent I
upon the accuracy of the calibration A good initial calibration not only increases the
reliability of operation but, also reduces the need for repeatel recalibration, provided I

the superstructure and rigging of the vessel are not altered. Correct radio direction 3
finder calibration compensates for errors caused by induced currents and vessel con- -
figuration, i.e., quadrantal error (art. 4104), also known as direction finder error.

Proper preliminary procedures for this calibration include accurately aligning
the vessel's pelorus fore-and-aft, providing adequate communications between the
pelorus and the radio direction fmi.er, developing a plan for coordination between -
the calibrator and conning officer, determining that the equipment is in proper oper- I
ating condition, and determining that metal booms, cranes, antennas, etc., are in
their normal positions.

While the vessel is enroute to the calibration site, it may be advisable to take
a number of bearings on the station to be used for calibration and on one or more
other charted stations whose relative bearings can be ascertained. If it is feasible
to take an RDF bearing on such a station when it bears broad on the bow or quarter,
the magnitude of the quadrantal error can be estimated. Then the electrical error con-
pensator, if installed, should be set to correct the error. It is also desirable to take I
RDF bearings while the vessel is enroute to the calibration site on a station at 135',
2250, and 3150 from the vessel's heading. These additional readings serve to check
the setting of the electrical error compensator and to indicate whether additional
adjustment of the compensator is required. Generally, if the magnitudes of the bearing
errors on 1350, 2250, and 3150 are less than the initial error used to adjust the com-
pensator, the setting should be left unaltered.

The source of the radio signals used in calibration may be a radiobeacon operating
on schedule or on request.

Sequenced radiobeacons ,annot broadcast. at any time other than on their assigned
operating minute for the purl)ose of enabling vessels to calibrate their radio direction
finders without causing interferer Special radio direction finder calibration trans- -

mitters of short ruage are operated at. certain localities to provide calibration service
during specified periods or on request. These stations w;th information as to position,
frequency, characteristic, times of service, requests for use, etc., are listed in Pubs.
Nos. 117A and 117B, Radio Aaviga:ional Aids and the LigMl List.

A"
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The position given for the antenna is the point from which the radiobeacon signal
is emitted.

The calibration must be made on approximately the same frequency or frequencies
as will be used to take RDF bearings because the direction finder error for severalfrequencies is not likely to be the same. It is believed that one calibration curve or table

is satisfactory for the normal radiobeacon frequency (285 to 325 kHz); but the instruc-
tions issued by the manufacturer of the particular radio direction finder to be calibrated
should be studied in this respect.

The usual method of calibration is to obtain a series of simultaneous radio and
visual bearings on a transmitter. This can be done while a vessel swings at anchor or
more quickly by steaming in a circle at the greatest distance compatible with clear
visual observation of the transmitter, preferably over 1 mile. The simultaneous bearings
should be observed and recorded at least every 100, preferably every 5' .

The difference between a radio bearing and a simultaneously observed visual
bearing, using the same reference, is the direction finder error. The error is positive
if the visual bearing is greater than the radio bearing; otherwise, the error is negative.

The quadrantal error being maximum, generally, when the station is broad on the
bow or quarter, setting of the electrical error compensator for a correction equal to the
error measured when the visual bearing is 450 or 315' should provide marked reduction
in errors corresponding to viuni henrings of 45', !M5, 2250, and 315". If the vessel is
swung again and another set of visual and RDF bearings are observed, the errors com-
puted from this swing should comprise primarily the residual nonsymmetrical error

" components. This residual error can be corrected by cutting a cam for the mechanical
error compensator. a.

The radio direction finder should be recalibrated after any changes have been
made in the set or its surroundings, whenever there is reason to believe that the previous
calibration has become inaccurate, and also at periodic intervals.

While RDF bearings are being taken, other radio antennas on board must be in
the same condition as they were when the calibration was made; movable parts of the
ship's superstructure such as booms, davits, wire rigging, etc., must be secured in the
positions which they occupied when the radio direction finder was calibrated. Unusual
cargoes such as large quantities of metals and extraordinary, conditions of loading may
cause errors.

4108. Using radio bearings.-A bearing obtained by radio, like one determined
in any other manner, provides means for establishing a line of position. By heading
in the direction from which the signal is coming, one can proceed toward, or home on,
the transmitter. In thick weather one should avoid heading directly toward the source
of radiation unless he has reliable information to indicate that he is some distance
away. In 1934 the Nantuc Lightship was rammed and sunk by a ship homing on
its radiobeacon.

Due to the many factors which enter into the transmission and reception of radio
signals, a mariner cannot practically estimate his distance from a radiobeacon either
by the strength of the signals received or by the time at which the signals were first
heard. Mariners sholild give this fact careful consideration in approaching radio-
beacons. When approaching a lightship, large navigational buoy, ocean station vessel,
or a station on a submarine site, on radio bearings, the risk of collision will be avoided
by insuring that the radio bearing does not remain constant.

It should be borne in mind that most lightships and large buoys are anchored to
a very long scope of chain and, as a result, the radius of their swinging circle is consider-
able. The charted position is the location of the anchor. Furthermore, under certain
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conditions of wind and current, they are subject to suiden and unexpected sheers
which are certain to hazard a vessel attempting to pass close aboard.

Radio waves, like light, travel along great circles. Except in high latitudes, visual.

bearings can usually be plotted as straight lines on a Mercator chart, without significant
error. Radio bearings, however, are often observed at such positions with respect to the
transmitter that the use of a rhumb line is not satisfactory. Under these conditions it is
customary to apply the conversion angle (art. 1403, vol. II) as a correction to the
observed angle, to find the equivalent, rhumb line. Such a correction is not needed when
a bearing is plotted on a gnomonic chart or one on which a straight line is a good ap-
proximation of a great circle. In other situations, a correction may be necessary.

If the transmitter and receiver are on the same meridian, or are both on the equator,
no correction is needed because rhumb lines and great circles coincide under these
conditions. The size of the correction increases with degree of departure from these
conditions, and with greater distance between transmitter and receiver.

Conversion angles are givw-n in tabl6 -. This table is used to convert great circle to
rhumb ine directions. If the ~fferernce of longitude is not more than 4?5, and the mid-:
latitude between tranismitter and receiver is not more than 850, the first part of the table
should be used. The simplifying assumptions used in th3 computation of this part of the
table do not introduce u significant error within the limits of the table.

The sien of the correction can be determined by referring to the rules given at the i
bottom of each page of L"bit i Thes- '-o fr. m the fa t that the -reat. cirei is nearer i

the pole than the rhumb line.

Before taking bearings on a commercial broadcasting station, the mariner should
consider the following:

1. The operating frequency of the commercial station may differ widely from the
frequency for which the radio direction finder is calibrated.

2. The broadcast antenria may be remote from the broadcast station.
3. The commercial stations are usually inland.

Accordingly, the use of commercial broadcasting stations to obtain a direction finder
bearing is not recommended. If these stations are used, the mariner should recognize
the limitations of the bearings obtained.

4109. Radio direction finder stations.-Radio direction finder stations are stations

equipped with special apparatus for determining the direction of radio signals trans-
mitted by ships and other stations. The bearings taken by radio direction finder
stations, and reported to ships, are corrected for all determinable errors except conver-
sion angle.

The bearings are normally accurate within 20 for distances under 150 nautical
miles. The best bearings are obtained on ships whose signals are steady, clea., and
strong. Therefore, the ship's transmitter should be finely tuned to the frequency of
the transmitter. If the ship's transmitter is not finely tuned, it is difficult for the station
to obtain bearings sufficiently accurate for navigational purposes.

Where bearing lines intersect an intervening coastline at an oblique angle or
cross high intervening land, errors of from 4' to 50 may be expected due to refraction
(art. 4104). However, the sectors in which such refraction may be expected is normally
known by station personnel. Such sectors may not be included in the published sectors
of calibration or are indicated as sectors of uncertain calibration.

The sector of calibration of a radio direction finder station is the sector about theF -"receiving coil of the station in which the deviation of radio bearings is known. In Pubs.
Nos. 117A and 117B, Radio NVaviqational Aids, the sectors are measured clockwise
from 00 (true north) to 3600 and are given looking from the station to seaward. Bearings
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which do not lie within the sector of calibration of a station should be considered
unreliable.

4110. Distance finding stations.-At some locations a radio signal is synchronized
with a sound signal which may be transmitted through either air or water or both, The
travel time of the radio signal is negligible compared to that of the sound signal. Con-
sequently, the difference in time between reception of the two signals is proportional
to the distance from the station. The distance in nautical miles is equal to the number
of seconds of time interval divided by 5% if the sound travels through air, or by 1 Y if
through water (or multiplied by 0.18 or 0.8, respectively). The distance so found is
from the origin of the sound signal, which might differ somewhat from that of the radio
signal. Table 4110 can be used for finding the distance in nautical miles from a sound
signal source.

D Wstan = in nautical ill
Inter*al from sound gnal source
in

seoids
Air Submarine

10.18 0.8
1. 3 1.6

4 .72 3.2
5.90 4.0
6 1.08 4.8
? :.%5.6

•2D 3.60 1&.0;
30 5.40 24.0
40 7.20
50 9.00
60 10.80

TABLE 4110.-Table for finding distance
from a sound source.

The speed of sound travel is influenced by a number of conditions making it im-
practicable to state a factor that will give exact results under all conditions. The
results obtained by the methods described may be accepted as being accurate to within
10 percent of the distance.

Ordinarily, the sound signals do not operate during the transmission period of the
radio signal in clear weather. The methods in use employ, as a rule, distinctive signals
to indicate the point of synchrorization. Methods of synchronizing the signals vary and
are described or illustrated in official announcements regarding them. It is essential to
note carefully the point of synchronization used so that no error will be made through
taking time on the wrong signal or the wrong part of it.

An example of the synchronized signals is shown in figure 4110. In this example,
the egnning of the 10-second radio dash and the beginning of the 5-second fog
Ti blast are synchronized. The observer may use as the time interval the interval
fr m the time of hearing the beginning of the long radio dash to the instant of hearing
the beginning of the long blast of the fog signal. A

SIX MINUTES
FIVE MINUTES ONE MINUTE17 131- 28 l-

4 RADIOBEACON OPF"4 COO

Ffl SIGNAL ONE BLAST ,?203'bI) _____ N _ _ ____

FIoURE: 4110.--ynchronized radio and fog signa!t.
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In observing air signals it is usually sufficient to use a watch with second hand,
although a stopwatch is helpful. For submarine signals where the interval is shorterf
and a time error correspondingly more important, it is essential that a stopwatch or
other timing device be used. Where the radiobeacon and submarine signals are not
received at the same point on the vessel, means of instant communication between
two observers should be available or synchronized stopwatches provided for each.

In the case of some sound signals a series of short radio dashes is transmitted at
intervals following the synchronizing point, so that by counting the number of such
short dashes heard after the distinctive radio signal and before hearing the correspond-
ing distinctive sound signal, tbe observer obtains his distance, in miles equal to the
number of dashes counted, from the sound signal apparatus unless stated otherwise.

Ships not equipped with an RDF receiver can take advantage of the distance
finding feature of a radiobeacon station, if equipped with a radio receiver capable'
of receiving the transmission. In the case of obtaining distance from a radiobeacon
station which is synchronized with a submarine sound signal, the ship must also be I
equipped with a device for picking up submarine sound signals.

4111. Rotating loop radiobeacon.-The rotating loop radiobeacon used in Japanese
waters consists of a rotating loop transmitter having directional properties by which an,
observer in a ship can obtain his bearing from the beacon without the use of a radio
direction finder. Any radio receiving set capable of being tuned to the radiobeacon
frequency can be used. The only other equipment required is a reliable stopwatch
with a sweep second hand. Stopwatches and clocks with dials graduated in degrees
can be used, from which bearings can be read off directly without any mathematical
calculation.

During each revolution of the beacon, the signals received by the observer will
rise and fell in intensity, passing through a maximum and a minimum twice each
minute. The positions of minimum intensity, which occur at intervals of 30 seconds
from one another, are very sharp and can be accurately observed. These are, therefore,
used for navigation purposes.

The beacon may be regarded as having a line or beam of minimum intensity which •
rotates at a uniform speed of 3600 in 1 minute (i.e. 60 in 1 second) based on the true
meridian as starting point. Therefore, if the observer can (1) identify the beacon and (2)
measure the number of seconds which this minimum beam takes to reach his position
starting from the true meridian, this number multiplied by six will give his true bearing I
from the beacon or fts reciprocal.

Each transmission (fig. 4111) from the beacon lasts for 4 minutes, and automati-
cally starts again at the end of the silent period. Each transmission consists of two "
parts: (1) the identification bignal of the station set at a slow speed for the first minute,
commencing when the minimum beam is true east and west and followed by a longI

dash of about 12 seconds duration and (2) the signal group commencing when the mini-
mum beam is approaching the true meridian and consisting of (i) the north starting
signal, which is Morse V followed by two dots .... .. ); (ii) a long dash of about
12 seconds duration; (iii) the -,ast starting signal, which is Morse B followed by two
dots ( ...... ); and (iv) a long dash for about 42 seconds. I

The navigation signals are repeated during the remainder of the transmission and
signals cease when the minimum beam is in the east-west position. I

4112. Using the rotating loop radiobeacon.-Procedures for using the rotating loop
radiobeacon are as follows:

1. Set stopwatch to zero.
2. Listen for identification signal.

V I
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FicURE -,I!1.-Transmissions from rotn.ting loop radiobeacon.

3. Tv hen the first long dash begins (at A of figure 4111) standby for the north
starting signal (Morse V followed by two dots); start stopwatch exactly at beginning
of long dash (00' of figure 4111), counting "one"-"two" with the two preceding dots
and "three" for the start of the stopwatch.

4. Listen for minimum and record its exact time by stopwatch.
5. Multiply the number of seconds by 60 for bearing.
6. Determine whether bearing is reciprocal or direct.
7. If the north signal is faint, use tae east signal but add 900 to the bearing.

The truie bearing estabhshed is from the beacon. Therefore, if conversion angle.ark 1403, vol. II) is to be used it should be applied to the true bearing of the observer
Jrtrr the beacon, as in correcting bearings obtained by shore direction finder stations

The following precautions should bec served:
1. Stopwatch should be started exactly at the beginning of the long dash.
2. The time of the minimum shold be observed to the nearest fifth of a second,

if oossible.
3. Be sure to determine whether the bearing is the direct bearing te the beacon

or its reciprocao.
4. If the east signal is used, be sure to add 900.
S. The stopwatch should be checked before use. This can be done by checing

the time by stopwatch of the complete revolution of the. beacon transmission. A com-
paratively large bearing error can result from inaccurate timing.i 2 h ieo hemnmmsol eobevdt h erstffho eod

i i posible

3. B sue t detrmie wethr th berin isthe iret batig tcthebeaonI



CHAPTER XW

RADAR NAVIGATION

4201. Introduction.-Radar navigation involves the use of radio waves, usually in
the centiineter band, to determine the direction and distance of an object reflecting the
waves to the sender.

A more detailed discussion of this pa't of radionavigation. is given in Pub. No. 1310,
Radar Navigation Manual.

4202. Radar, a term derived from radio detection and ranging, is applied to elec-
tronic equipment designed to determine distance by measuring the time required for a
radio signal to travel from a transmitter to a "target" and return, either as a reflected
"echo" (primary radar) or as a retransmitted signal from a transponder (art. 4018)
triggered by the original signal (secondary radar). Since primary radar uss a direc-
tional antenna, the direction of the target is also determineJ, but with somewhat less I
accuracy than the distance. 1

In the usual design for marine navigation applications, the radio signal is Pld8e 7
modulated (art. 4016). Signals are generated in a transmitter by a timing circuit so that
energy leaves the antenna in very short bursts or "pulses." During transmission of a I
pulse, the antenna is connected to the transmitter but not the receiver. As soon as the
pulse leaves, an electronic switch disconnects the antenna from the transmitter and
connects it to the receiver. Another pulse is not transmitted until after the preceding g
one has had time to travel to the most distant target within range, and return. Since
the interval between pulses is long compared with the length of a pulse, strong signals C-
can be provided with low average power. The duration or length of a single pulse is
called pulse length, pulse duration, or pulse idth.

From the receiver, the return signal goes to the indicator. This consists of a cathode-ray tube (art. 4019) and appropriate circuits. Many types of display have been devised,
a number of them to meet specialized requirements. For navigational use, the earliest
type of display was the A-scope. The principle of this scope is illustrated in figure 4202a. a
At A a pulse leaves the antenna of a ship, and a vertical deflection appears at the start
of the horizontal trace on the scope face. At B the pulse has traveled some distance out-
ward from the antenna. A short horizontal line appears after the vertical deflection on
the scope face. The length of this line is directly proportional to the distance traveled
by the pulse. At C the pulse encounters a target with a. reflecting surface. At D theoriginal pulse has moved on beyond the target, but part of its energy has been reflected
back toward the transmitter. At E the echo has arrived back at the transmitting craft,
causing a vertical deflection of the horizontal trace. The height of this deflection is
directly proportional to the strength of the returning signal. At F the echo has pro-
ceeded on past the transmitting ship, and the trace is completed.

This sequence is repeated a great many times, perhaps 1,000 per second, the rate
being called the pulse repetition rate (PRR) or pulse recurrence rate. The start ofeach trace is synchronized with transmission of the signal so that each tr ce is a repeti-
tion of the previous one, if slight changes in relative positions of transmitting ship,
target, and antenna orientation are neglected. Therefore, the trace and all deflections
appear as a continuous line. The distance between leading edges of the vertical de-
flections, or "pips," is directly proportional to range. A change of range alters the
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FIGuRz 4202a.-A-scope.

positions of the sec.;id pip. The orientation of the antenna is an indication of direction.

A pip appears only when the antenna is pointed toward the target.
The type of presentation now most commonly used for navigational radar is called

the plan nosition indicator (PPI). On this presentation the sweep starts at the center

of the tube face and moves outward along a radial line which rotates in synchronization
with the antenna. Instead of being deflected, the trace glows with greater intensity
(brightness) at the appropriate places. Because of the persistence of the tube face
coating, the glow continues after the trace rotates on past the target, resulting in a
maplike presentation on the scope. "'Phis presentation is shown in figure 4202b.

On a PPI, the range of a target is proportional to the distance of its echo signal
from the center of the scope. This may be measured by a series of visible concentric
circles at established distances from the center, or by means of an adjustable ring
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(variable range marker) synchronized with a counter. Boaring is indicated by the di-
rection of an echo signal from the center of the scope. To facilitate measurement of
direction, a movable, radial, guide line or cursor is provided, and a compass rose is
placed around the outside of the scope. In tile "heading-upward" presentation, relative
bearings are indicated, the top of the scope representing the direction of the ship's
head. In this unstabilized presentation, the orientation changes with changes in ship's
heading. In the stabilized "north-upward" presentation, gyro north is always at the top,
regardless of the heading. True bearings are indicated if there is no gyro error. On
this type presentation a radial line is customarily provided at the heading of the vessel.

Provision may be made for offsetting the center of the PPI presentation from the
center of the tube face, to permit large-scale observation of distant targets in one
direction. With "true motion" radar, the center of the PPI continues to represent
the same geographical position until reset. The actual motion of all moving objects,
including one's own vessel, appears on the PPI, instead of the relative movement
usually shown.

Other modifications have been devised. In some installations a repeater dupli-
cates the presentation, making the information available at a distance from the radar.

4203. The radar beam.-Thc pulses of energy as emitted from a feedhorn at the
focal point of a reflector or as emitted and radiated directly from the slots of a slotted
waveguide antenna would, for the most part, form a single lobe-shaped pattern of
radiation if emitted in free space. Figure 4203a shows this free space radiation pattern,
including the undesirable minor lobes or side lobes associated with practical antenna
design. Because of the large differences in the various dimensions of the radiation
pattern, figure 4203a is necessarily distorted;

Although the radiated energy is concentrated or focused into a relatively narrow
main beam by the antenna, similar to a beam of light from a flashlight, there is no
clearly defined envelope of the energy radiated. Although the energy is concentrated
along the axis of the beam, the strength of the energy decreases rapidly in directions
away from the beam axis. The power in watts at points in the beam is inversely pro-
portional to the square of the distance. Therefore, the power at 3 miles is only one-

- ninth of the power tit I mile in a given direction. The field intensity in volts at points

in the beam is inversely proportional to the distance. Therefore, the voltage at 2 miles
is only one-half the voltage at I mile in a given direction. With the rapid decrease in
the amount of radiated energy in directions away from the axis and in conjunction with
the rapid decreases of this energy with distance, it follows that practical limits of power
of voltage may be used to define the dimensions of tile radar beam or to establish its

-- envelope of useml energy. j
The three-dimensional radar beam is normally defined by its horizontal and vertical -

beam widths. Beam width is the angular width of a radar beam between points within
which the field strength or power is greater than arbitrarily selected lower limits of
field strength or Dower.

sa
Fiouna 4203a.-Frec space radiation pattern. "
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There are two limiting values, expressed either in terms of field intensity or power'
ratios, used conventionally to define beam width. One convention defines beam width as.
the angular width between points at which the field strength is 71 percent of its maxi-
mum value. Expressed in terms of power ratio, this convention defines beam width!
as the angular width between half-power points. The other convention defines beam:
width as the angular width between points at which the field strength is 50 percent of its
maximum value. Expressed in terms of power ratio, the latter convention defines beam

width as the angular width between quarter-power points.
The half-power ratio is the most frequently used convention. Which convention

has been used in stating the beam width may be identified from the decibel (dB) figure
normally inc. ded with the specifications of a radar set. Half-power and 71 percent
field strength correspond to -3 dB; quarter-power and 50 percent field strength corre-
spond to -6 dB.

The radiation diagram shown in figure 4203b depicts relative values of power
in the same plane existing at the same distances from the antenna or the origin of
the radar beam. Maximum power is in the direction of the axis of the beam. Power 1
values diminish rapidly in directions away from the axis. The beam width in this case
is taken as the angle between the half-power points.

For a given amount of transmitted power, the main lobe of th3 radar beam extends I
to a greater distance at a given power level with greater concentration of power in i
narrower beam widths. To increase maximum detection range capabilities, the energy i
is concentrated into as narrow a beam as is feasible. Because of practical considerations
related to target detection and discrimination, only the horizontal beam width is quite
narrow, typical values being between about 0?65 to 2?0. The vertical beam width is
relatively broad, typical values being between about 150 to 300.

The beam width is dependent upon the frequency or wavelength of the transmitted
energy, antenna design, and the dimensions of the antenna.

For a given antenna size (autenna aperture), narrower beam widths are obtained
when using shorter wavelengths. For a given wavelength, narrower beam widths are
obtained when using larger antennas.

The slotted waveguide antenna has largely eliminated the side-lobe problem.
With radar waves being propagated in the vicinity of the surface of the sea, the main

lobe of the radar beam, as a whole, is composed of a number of separate lobes as opposed
to the single lobe-shaped pattern of radiation as emitted in free space. This phenomenon
is the result of interference between radar waves directly transmitted and those waves I

which are reflected from the surface of the sea. The vertical beam widths of navigational
radars are such that during normal transmission, radar waves will strike the surface of the
sea at points from near the antenna to the radar horizon, depending upon antenna
height and vertical beam width. The indirect waves (fig. 4203c) reflected from the
surft:ce of the sea may, on rejoining the direct waves, either reinforce or cancel the direct

I1alf-power point
(-3 decibels)

kith Beam axis -

Fxom 4203b.-IUdiation diagram. Ilk
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waves depending upon whether they are in phase or out of phase with-the direct waves,
respectively. Where the direct and indirect waves are exactly in phase, i.e., the crests
and troughs of the waves coincide, hyperbolic lines of maximum radiation known as
tines o.f maxima are produced. Where the direct and indirect waves are exactly of
opposite phase, i.e., the trough of one wave coincides with the crest of the other wave,
hyperbolic lines of minimum radiation known as lines of minima are produced. Along
directions away from the antenna, the direct and indirect waves will gradually come into
and pass out of phase, producing lobes of useful radiation separated by regions within
which, for practical purposesi there is no useful radiation. Except for the fact that the
phase of the indirect wave is reversed on being reflected from the surface of the sea,
points on the lines of minima would correspond to differences in the lengths of the paths
of the direct and indirect waves of an odd number of half wavelengths. Because of the
reversal of the phase of the indirect wave on being reflected from the surface of the sea,
points on the lines of minima correspond to differences in the lengths of the paths of the
direct and indirect waves of an even number of half wavelengths.

Figure 4203d shows the lower region of the interference pattern of a respresentative

navigational radar. Since the first line of minima is at the surface of the sea, the first
region of minimum radiation or energy is adjacent to the sea's surface.

From this figure it should be obvious that if energy is to be reflected from a target,
the target must extend somewhat above the radar horizon, the amount of extension being
dependent upon the reflecting properties of the target.

A vertical-plane coverage diagram (fig. 4203d) is used by radar designers and an-
alysts to predict regions in which targets will and will not be detected.

Of course, on the smalU page of a book it would be impossible to illustrate the
coverage of a radar beam to scale with antenna height being in feet and the lengths [
of the various lobes of the interference pattern being in miles. In providing greater
clarity of the presentation of the lobes, non-linear graduations of the arc of the vertical
beam width are used.

The lengths of the various lobes shown in figures 4203d and 4203e should be given I
no special significance with respect to the range capabilities of a particular radar sot.
As with other coverage diagrams, the lobes are drawn to connect points of equal field
intensities. Longer and broader lobes may be drawn connecting points of equal, but lesser,
field intensities.

The vertical plane coverage diagram as shown in figure 4203e, while not represenva-
tive of navigational radars, does indicate that at the lower frequencies the interference
pattern is coarser than the patterns for higher frequencies. This particular diagram was
constructed with the assumption that the free space useful range of the radar beam was
50 nautical miles. From this diagram it is seen that the ranges of the useful lobes are
extended to considerably greater distance because of the reinforcement of the direct
radar waves by the indirect radar waves. Also, the elevation of the lowest lobe is higher 4

than it would be for a higher frequency. Figure 4203e also illustrates the vertical view of
the undesirable side lobes associated with practical antenna design. In examining these -

" ~Direct wave :

FiOURE 4203c.-Direct and indirect waves.
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radiation covorage diagrams, the reader should keep in mind that the radiation pattern
is three-dimensional.

Antenna height as well as frequency or wavelength governs the number of lobea
in the interference pattern. The number of the lobes and the fineness of the interference
pattern increase with antenna height. Increased antenna height as well as increases
in frequency tends to lower the lobes of the interference pattern.

The pitch and roll of the ship radiating do not affect the structure of the inter-
ference pattern.

Diffraction is the bending of a wave as it passes an obstruction. Because of diffrac-
tion there is some illumination of the region behind an obstruction or target by the
radar beam. Diffraction effects, are greater at the lower frequencies. Thus, the radar
beam of a lower frequency radar tends to illuminate more of the shadow region behind
an obstruction than the beam of o radar of higher frequency or shorter wavelength.

Attenuation is the scattering and absorption of the energy in the radar beam as
it passes through the atmosphere. It causes a decrease in echo strength. Attenuation
is greater at the higher frequencies or shorter wavelengths.

While reflected echoes are much weaker than the transmitted pulses, the char-
acteristics of their return to the source are similar to the characteristics of propagation.
The strengths of these echoes are dependent upon the amount of transmitted energy
striking the targets and the size and reflecting properties of the targets.

Refraction

If the radar waves actually traveled in straight lines or rays, the distance to the
horizon grazed by these rays would be dependent only on the height of the antenna,
assuming adequate power for the rays to reach this horizon. Without the effects of
refraction, the distance to the radar horizon would be the same as that of the geometrical
horizon for the antenna height. Like light rays, radar rays are subject to bending or
refraction in the atmosphere resulting from travel through regions of different density.
However, radar rays are refracted slightly more than light rays because of the fre-
quencies used.

Where h is the height of the antenna in feet, the distance, d, to the radar horizon
in nautical miles, assuming standard atmospheric conditions, may be found as follows:

d= 1.22/.vI

With the distances to the geometrical and optical horizons being 1.061/l and
1.15,, respectively, the radar horizon exceeds the geometrical horizon by 15 percent
and the optical horizon by 6 percent. Thus, like light rays in the standard atmosphere,
radar rays are bent or refracted slightly downwards approximating the curvaturn' of the
earth.

The distance to the radar horizon does not in itself limit the distance from which
echoes may be received from targets. Assuming that adequate power is transmitted,
echoes may be received from targets beyond the radar horizon if their reflecting sur-
faces extend above it. Note that the distance to the radar horizon is the distance at
which the radar rays graze the surface of the earth.

In the preceding discussion, standard atmospheric conditions were assumed.
The standard atmosphere is a hypothetical vertical distribution of atmospheric tempera-
ture, pressure, and density which is taken to be representative of the atmosphere for
various purposes. While the atmospheric conditions at any one locality luring a given
season may differ considerably from standard atmospheric conditions, the slightly
downward bending of the light and radar rays may be described as the typical case.
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Although the formula for the distance to the radar horizon (d=1.22w) is based;
upon a wavelength of 3 centimeters, this formula may be used in the computation of:
the distance to the radar horizon for other wavelengths used with navigational radar.'
The value so determined should be considered only as an approximate value because.
the mariner generally has no means of knowing what are the actual refraction
conditions.

In calm weather with no turbulence when there is an upper layer of warm, dry air
over a surface layer of cold, moist air, a condition known as super-refraction may occur.
The effect of super-refraction is to increase the downward bending of the radar rays
and thus increase the ranges at which targets may be detected. Super-refraction occurs
often in the tropics when a warm land breeze blows over cooler ocean currents.

If a layer of cold, moist air overrides a shallow layer of warm, dry air, a condition
known as sub-refraction may occur. The effect of sub-refraction is to bend the radar
rays upward and thus decrease the maximum ranges at which targets may be detected.

Sub-refraction also affects minimum ranges and may result in failure to detect;
low lying targets at short range. This condition may occur in polar regions when cold
airmasses move over warm ocean currents.

Most radar operators are aware that at certain times they are able to detect targets
at extremely long ranges, but at other times they cannot detect targets within visual
ranges, even though their radars may be in top operating condition in both instances.
These phenomena occur during extreme cases of super-refraction. Energy radiated at
angles of 1 or less may be trapped in a layer of the atmosphere called a surface radio duct.
In the surface radio duct, the radar rays are refracted downward to the surface of the
sea, reflected upward, refracted downward again within the duct, and so on continuously.
The energy trapped by the duct suffers little loss; thus, targets may be detected at
exceptionally long ranges. Surface targets have been detected at ranges in excess of
1,400 miles with relatively low-powered equipment. There is a great loss in the energy
of the rays escaping the duct, thus reducing the chances for detection of targets above
the duct.

Ducting sometimes reduces the effective radar range. If the antenna is below a I
duct, it is improbable that targets above the duct will be detected. In instances of -

extremely low-level ducts when the antenna is above the duct, surface targets lying
below the duct may not be detected. The latter situation does not occur very often.

Although ducting conditions can happen any place in the world, the climate and
weather in some areas make their occurrence more likely. In some parts of the world,
particularly those having a monsoonal climate, variation in the degree of ducting is
mainly seasonal, and great changes from day to day may not take place. In other parts
of the world, especially those in which low barometric pressure areas recur often, the j,
extent of nonstandard propagation conditions varies considerably from day to day.

4204. Minimum and maximum range.-Since the receiver is disconnected during'
transmission of a signal, no echo can be received during this period. As a result, there is
a minimum range at which objects can be detected. The shortest pulses are about 0.05,
microsecond in duration, or approximately 49 feet long. Since the time measurement
is of the round trip as the signal travels to the target and the echo returns, the range is
half the distance corresponding to the measured time interval. Therefore, a minimum
range of about 25 feet is theoretically possible with a pulse of 0.05 microsecond. How- iv
ever, the practical minimum range is somewhat greater because of receiver recovery time,:
sea return, side-lobe echoes, and the vertical beam width.

1. Recovcrj time of the receiver extends the minimum range at which a target can
be detected beyond the range determined by the pulse length.

,h.
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2. Sea return or echoes received from waves may clutter the indicator within and
beyond the minimum range established by the pulse length and recovery -time.

3. When operating near land or large targets, idie-lobe echoes (echoes from targets
detected in the side-lobes of the antenna beam pattern) may clutter the indicator and
prevent detection of close targets, without regard to the direction in which the antenna
is trained.

4. Small surface targets may escape detection when close due to the limits of ef-
fective radiation established by the vertical beam width.

The maximurn range is limited by the frequency, peak power, pulse length, pulse
repetition rate, beam width, receiver sensitivity, antenna rotation rate, curvature of
the earth, target characteristics, and weather.

1. Lower frequencies (longer wavelengths) generally provide longer detection ranges
because the attenuation of the higher frequencies is greater, regardless of weather.

2. The range capability increases with increase in peak power. Doubling the peak
power increases the range capability by about 25 percent.

3. As the pulse length is increased, the range capability also increases due to the
greater amount of energy transmitted.

4. The pulse repetition rate (PRR) determines the maximum measurable range of
the radar. Ample time must be allowed between pulses for an echo to return from any
target located within the maximum workable range of the system. Otherwise, echoes

- returning from the more distant targets are blocked by succeeding transmitted pulses.
This necessary time interval determines the highest PRR that can be used. The PRR
must be high enough, however, that sufficient pulses hit the target, and enough echoes
are returned to the radar.

5. The detection range increases as the radar beam becomes more concentrated.
6. The more sensitive receivers provide greater detection ranges.
7. The detection range increases as the antenna rotation rate decreases. For a radar 1-

set having a PRR of 1000 pulses per second, a horizontal beam width of 2?0, and an
antenna rotation rate of 6 RPM (1 revolution in 10 seconds or 36 scanning degrees per
second), there is one pulse transmitted each 0?036 of rotation. There are 56 pulsesI- -
transmitted during the time required for the antenna to rotate through its beam width:

Beam Width 2?0
Degrees per Pulse-0?036- 5  pulses.

With an antenna rotation rate of 15 RPM (1 revolution in 4 seconds or 90 scanning
degrees per second), there is only one pulse transmitted each 0?090 of rotation. There
are only 22 pulses transmitted during the time required for the antenna to rotate
through its beam width: .

Beam Width 2?0 4'
Degrees per Pulse 0?--0 22 pulses.

From the foregoing it is apparent that at the higher antenna rotation rates, the maxi-

mum ranges at which targets, particularly small targets, may be detected are reduced.
8. Since radar operates in the higher frequencies that are essentially line-of-sight,

the maximum range is limited, by the curvature of the earth. The radar horizon, at
j lwhich rays from the transmitting antenna graze the surface of the earth, is at a distance

about 15 percent greater than that of the visible horizon (tab. 8). Under conditions of
abnormal refraction (art.. 4203), both visible and radar horizons may be extended to
greater distances. Due to curvature of the earth, maximum range increases as either
antenna or target height increases.
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9. There are several target characteristics which will enable one target to be

I detected at a greater range than another, or for one target to produce a stronger echo
than another target of similar size: I

Height. Since radar wave propagation is almost line-of-sight, the height. of the iEtarget is of prime importance. If the target does not rise above the radar horizon, I
the radar beam cannot be reflected from the target. Because of the interference pattern
in the radar beam, the target must rise somewhat above the radar horizon.

Size. Up to certain limits, targets having larger reflecting areas return stronger
echoes than targets having smaller reflecting areas. Should a target be wider than the
horizontal beam width, the strength of the echoes is not increased on account of the
greater width of the target because the area not exposed to the radar beam at any
instant cannot, of course, reflect an echo. Since the vertical dimensions of most targets I
are small compared to the vertical beam width of marine navigational radars,. the
beam width limitation is not normally applicable to the vertical dimensions. However,
there is a vertical dimension limitation in the case of sloping surfaces or stepped surfaces.
In this case, only the projected vertical area lying within the distance equivalent of
the pulse length can return echoes at any instant.

Aspect of a target is its orientation to the axis of the radar beam. With change in
aspect, the effective reflecting area may change, depending upon the shape of the
target. The nearer the angle between the reflecting area and the beam axis is 900,

the greater is the strength of the echo returned to the antenna.
Shape. Targets of identical shape may give echoes of varying strength, depending

on aspect. Thus a flat surface at right angles to the radar beam, such as the side of a
steel ship or a steep cliff along the shore, reflects very strong echoes. As the aspect
changes, this flat surface tends to reflect more of the energy of the beam away from the

!- antenna, and may give rather weak echoes. A concave surface tends to focus the radar
beam back to the antenna while a convex surface tends to scatter the energy. A smooth
conical surface does not reflect energy back to the antenna. However, echoes may be
reflected to the antenna if the conical surface is rough.

Texture of the target may modify the effects of shape and aspect. A smooth texture
tends to increase the reflection qualities, but unless the aspect and shape of the target
are such that the reflection is focused d!irectly back to the antenna, the smooth surface
will give a poor radar echo because most of the energy is reflected in another direction.
On the other hand, a rough surface tends to break up the reflection and improves the
strength of echoes returned from those targets whose shape and aspect normally give
weak echoes.

Composition. The ability of various substances to reflect radar pulses depends on
the intrinsic electrical properties of those substances. Thus metal and water are good
reflectors. Ice is a fair reflector, depending on aspect. Land areas vary in their re-
flection qualities depending on the amount and type of vegetation and the rock and .

mineral content. Wood and fiber glass boats are poor reflectors. It must be remembered
that all of the characteristics interact with each other to determine the strength of the
radar echo, and no factor can be singled out without considering the effects of the
others.

10. The usual effects of weather are to reduce the ranges at which targets can be
detected and to produce unwanted echoes on the radarscope which may obscure the
returns from important targets or from targets which may be dangerous to one's ship.

The wind produces waves which reflect unwanted echos (art. 4206) which appear
on the PPI as sea return. Sea return is normally greater in the direction from which
the wind and seas are coming. Rain, hail, and snow storms all may return echoes which
appear on the PPI as a blurred or cluttered area. In addition to masking targets which

, -
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are within the storm area, heavy precipitation may absorb some of the strength of the
pulse and decrease maximum detection range.

4205. Radarscope interpretation.-Radar may serve the navigator as a very valu-
able tool if its characteristics and limitations are understood. Although determining
position through observation of the range and bearing of a charted, isolated, and well
defined object having good reflecting properties is relatively simple, this task still
requires that the navigator have an understanding of the characteristics and limita-
tions of his radar. The more general task of using radar in observing a shoreline where
the radar targets are not so obvious or well defined requires considerable expertise which
may be gained only through an adequate understanding of the characteristics and
limitations of the radar being used.

Although the plan position indicator does provide a chartlike presentation when a
landmass is being scanned, the image painted by the sweep is not a true izpresentation
of the shoreline. But with practice, one can acquire considerable skill in interpreting
the signals appearing on the radarscope. Some of the factors to be kept ir mind in
interpretation are the following:

Resolution in range. In part A of figure 4205a, a transmitted pulse has arrived at
the second of two targets of insufficient size or density to absorb or reflect all of the
energy of the pulse. While the pulse has traveled from the first to the second target, the
echo from the first has traveled an equal distance in the opposite direction. At B the |
transmitted pulse has continued on beyond the second target, and the two echoes are
returning toward the transmitter. The distance between leading edges of the two echoes
is twice the distance between targets. The correct distance will be shown on the scope,
which is calibrated to show half the distance traveled out and back. At C the targets
are closer together and the pulse length has been increased. The two echoes merge,
and on the scope will appear as a single, large target. At D the pulse length has been
decreased, and the two echoes appear separated. The ability of a radar to separate
targets close together on the same bearing is called resolution in range. It is related
primarily to pulse length, the minimum distance between targets that can be distin-
guished as separate ones being half the pulse length. This (half the pulse length) is
the apparent depth or thickness of a target presenting a flat perpendicular surface to
the radar beam. Thus, several ships close together may appear as an island. Echoes
from a number of small boats, piles, breakers, or even large ships close to the shore may
blend with echoes from the shore, resulting in an incorrect indication of the position
and shape of the shoreline.

Resolution in bearing is similar to that in range. A pulse proceeds outward along
a narrow sector. As the beam rotates, energy is returned during the entire time that a
target is "illuminated," the same as with a searchlight. A vertical target such as a
mast is "seen" over the arc in which there is sufficient illumination to render it visible.
On a radar PPI a target appears widened by an amount equal to the effective beam

-' width, half the effective beam width being added to each side. Thus, the echoes from
two or more targets close together at the same range may merge to form a single, wider
echo. The ability to separate such targets is called resolution in bearing. In angular units
it is dependent primarily upon beam width, a narrower beam having a higher resolution.
In terms of distance between targets, range is also important, resolution i'ncreasing as _4
range decreases.

Height of antenna and target. If the radar horizon (art. 4203) is between the trans-
mitting vessel and the target., the lower part of the target will not be visible. A large
vessel may appear as a small craft, a shoreline may appear at some distance inland.
Areas within shadows may not be visible at all.

1i"
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Reflecting quality of target. Echoes from several targets of the same size may be "

quite different in appearance. A metal surface is a better reflector of radio waves-
than a wooden surface. A surface perpendicular to the beam returns a stronger echo i
than a nonperpendicular one. For this reason, a gently sloping beach may not be
visible. A vessel encountered broadside returns a stronger echo than one heading =-

" toward or away from the radar vessel. In some instances, the strength of an echo
can be increased by means of a comer reflector (art. 4207).

Freq uency. As the frequency is increased, reflections occur from staller targets.
aI Thus, a 10-centimeter radar generally penetrates fog, rain, snow, etc., while a 3-centimeter

~radar receives returns from such obstacles

Radarscope interpretation is complicated somewhat by the presence of unwanted
signals from atmospheric noise, sea return, precipitation, etc. Collectively, this is called
clutter. Generally, it is strongest near the vessel and gradually decreases with increased --i

--" range, because of reduced sea return. Strong echoes can sometimes be detected by

z I
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reducing the volume or "gain" cf the receiver (not the image intensity of the indi-
cator), so that weaker signals will not appear. Even when the amplitude of the clutter
is about the same as that of desired signals, the latter can sometimes be detected by
watching the scope during several rotations of the antenna. At each rotation the
signals from targets remain at about the same place, and of about the same magnitude,
while those from waves, noise, etc., fluctuate, appearing different on each revolution.
Floating ice or a small boat may not be detected at any range if the waves are high.
A rough surface returns a stronger echo than a smooth surface.

Sometimes a signal appears on a radar screen when there is no visible object at
the point indicated, and no apparent source of the signal. This is called a ghost. It
may be due to faulty operation of the radar set or to an actual echo returned from a
discontinuity in the atmosphere. Sometimes such discontinuities reflect light, also,
producing images or apparent images similar to mirages and of seeming apparent
reality. A similar condition occasionally occurs in the sea. This phenomenon is un-
doubtedly the basis of many reports of strange objects sighted visually or by radar.I. Sometimes such apparent objects exhibit incredible speed or maneuverability.

The major problem is that of determining which features in the vicinity of the
shoreline are actually reflecting the echoes "painted" on the radarscope. Particularly
in cases where a low lying shore is being scanned, there may be considerable uncertainty.

An associated problem is the fact that certain features on the shore will not return
echoes, even if they have good reflecting properties, simply because they are blocked
from the radar beam by other physical features or obstructions. This factor in turn
causes the chartlike image painted on the scope to differ from the chart of the area.

If the navigator is to be able to interpret the chartlike presentation on his radar-
scope, he must have at least an elementary understanding of the characteristics of
radar propagation, the characteristics of his radar set, the reflecting properties of differ-ent types of radar targets, and the ability to analyze his chart to make an estimate of

just which charted features are most likely to reflect the transmitted pulses or to be
blocked from the radar beam. Although contour lines on the chart topogrr.pby aid thenavigator materially in the latter task, experience gained during clear weathjr compari-
son of the visual cross-bearing plot and the radarscope presentation is invaluable.

Observing experience gained during good weather traneits of confined waters can be
inxzluable during later itclement weather transits, particularly if the navigator gives dose
attention to the identication of those features the rdiable identification o, which would be
of nmaterial aid in effecting a safe transit.

On relative and true motion displays, landmasses are readily recognizable because
of the generally steady brilliance of the relatively large areas painted on the PPI. Also
land should be at positions expected from knowled-e of the ship's navigational position.
On relative motion displays, landmasses move in directions and at rates opposite and
equal to the actual motion of the observer's ship. Individual pips do not move relative
to one another. On true motion displays, landmasses do not move on the PPI if there is
accurate compcnsation for set and drift. Without such compensation, i.e., when the
true motion display is sea-stabilized, only slight movements of landmasses may be

- i detected on the PPI.
Although landmasses are readily recognizable, the primary problem is the identi-

fication of specific features so that such features can be used for fixing the position of the
observer's ship. Identification of specific features can be quite difficult because of various
factors, including distortion resultingifrom beam width and pulse length, and uncertainty
as to just which charted features are reflecting the echoes. The following hints may be
used as an aid in identification:

1X_--. ...



K -7-

954 RADAR 'AVIGATION

S1.Sandspits and smooth, dear beaches normally do not appear on the PPI at ranges
beyond I or 2 miles because these targets have almost no area that can reflect energy
back to the radar. Ranges determined from these targets are not reliable. If waves are I
breaking over a sandbar, echoes snay be returned from the surf. Waves may, however, i
break well out from the actual shoreline, so that ranging on the surf may be misleading i
when a radar position is being determined relative to the shoreline.

2. Mud flats and marshes normally reflect radar pulses only a little better than a!
sandspit. The weak echoes received at low tide disappear at high tide. Mangroves and
other thick growth may produce a strong echo. Areas that are indicated as swamps on aI

i chart, therefore, may return either strong or weak echoes, depending on the density
and size of the vegetation growing in the area.

3. When sand dunes are covered with vegetation and are well back from a low,
smooth beach, .- e apparent shoreline determined by radar appears as the line of the
dunes rather than the true shoreline. Under some conditions, sand dunes may return
strong echo signals because the combination of the vertical surface of the vegetation ,
and the horizontal beach may form a sort of corner reflector.

4. Lagoons and inland lakes usually appear as blank areas on a PPI because the
smooth water surface returns no energy to the radar antenna In some instances, the
sandbar or reef surrounding the lagoon may not appear on the 'PI because it lies too A
low in the water.

5. Coral atolls and long chains of islands may produce long lines of echoes when
the radar beam is directed perpendicular to the line of the islands. This indication is
especially true when the islands are closely spaced. The reason is that the spreading
resulting from the width of the radar beam causes the echoes to blend into continuous
lines. When the chain of islands is viewed lengthwise, or obliquely, however, each
island may produce a separate pip. Surf breaking on a reef around an -toll produces
a ragged, variable line of echoes.

6. One or two rocks projecting above the surface of the water, or waves breaking
over a reef, may appear on the PPI. When an object is submerged entirely and the
sea is smooth over it, no indicat;nn is seen on the PPI.

7. If the land rises in a gradual, regular manner from the shordine, no par of the -

terrain produces an echo that is stronger than the echo from any other part. As a
result., a general haze of echoes appears on the PPI, and it is diEicalt to ascertain the
range to any particular part of the land.

Land can be recognized by plotting the contact. Care n.at be exercised when
plotting because, as a ship approaches or goes away from a shore bel;'nd which the
land rises gradually, a plot of the ranges and bearings to tLc land may show an
"apparent" course and speed.

S. Blotchy" signals are returned from hilly ground because the crest of each hill

returns a good echo although the valley beyond is in a shadow. If high receiver gain
is used, the pattern may become solid except for the very deep shadows.

9. Low islands ordinarily produce small echoes. When thick palm trees or other
foliage grow on the island, strong echoes often are produced because the horizontal j
surface of the water around the island forms a sort of comer reflector with the vertical .
surfaces of the trees. As a result, wooded islands give good echoes and can be detected 4
at a much greater range than barren islands. q

With the appearance of a small pip on the PPI, its identification as a ship ,an be A
aided by a process of elimination. A check of the naivigational position can overrule the
possibility of land. The size of the pip can be used to iverrule the possibility of land or
precapitation, both usually having a massive appearance on the PPI. The rate of move-
ment of the pip on the PPI can overrule the possibility of aircraft.

- _ ._3
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Having eliminated the foregoing possibilities, the appearance of the pip on the P1
at a medium range as a bright, steady, and clearly defined image indicates a high
probability that the target is a steel ship.

The pip of a ship target may brighten at times and then slowly decrease in bright-
ness. Normally, the pip of a ship target fades from the PPI only when the range becomes
too great.

Although PPI displays are approximately chartlike when landmasses are being
scanned by the radar beam, there may be sizable areas missing from the display because
of certain features being blocked from the radar beam by other features. A shoilacine
which is continuous on the PPI display when the ship is at one position may not be
continuous when the ship is at another position and scanning the same shoreline. The
radar beam may be blocked from a segment of this shoreline by an obstruction such as
a promontory. An indentation in the shoreline, such as a cove or bay, appearing on the
PPI when the ship is at one position may not appear when the ship is at another
position nearby. Thus, radar shadow alone can cause considerable differences betweenthe PPI display and the chart presentation. This effect in conjunction with beam width

and pulse length distortion of the PPI display can cause even greater differences.
The pips of ships, rocks, and other targets close to shore may merge with the shore-

line image on the PPI. This merging is due to the distortion effects of horizontal beam
width and pulse length. Target images on the PPI always are distorted angularly by
an amount equal to the effective horizontal beam width. Also, the target images always
are distorted radially by an amount at least equal to one-half the pulse length (164

• yards per microsecond of pulse length).
Figure 4205b illustrates the effect',; of ship's position, beam width, and pulse length

on the radar shoreline. Because of Lam width distortion, a straight, or nearly straight,
shoreline often appears crescent-shaped on the PPI. This effect is greater with the wider
beam widths. Note that this distortion increases as the angle between the beam axis
and the shoreline decreases.

Figure 4205c illustrates the distortion effects of radar shadow, beam width, and
pulse length. View A shows the actual shape or the shoreline and the land behind it.
Note the steel tower on the low sand beach and the two ships at anchor close to shore.
The heavy line in view B represents the shoreline on the PPI. The dotted lines represent
the actual position and shape of all targets. Note in particular:

1. The low sand beach is not detected by the radar., 2. The tower on the low beach is detected, but it looks like a ship in a cove. At

closer range the land would be detected and the cove-shaped area would begin to fill in;
then the tower could not be seen without reducing the receiver gain.

3. The radar shadow behind both mountains. Distortion owing to radar shadows is
responsible for more confusion that any other cause. The small island does not appear
because it is in the radar shadow.

4. The spreading of the land in bearing caused by beam width distortion. Look
at the upper shore of the peninsula. The shoreline distortion is greater to the west
because the angle between the radar beam and the shore is smaller as the beam seeks
out the more westerly shore.

5. Ship No. 1 appears as a small peninsula. Her pip has merged with the land be-
cause of the beam width distortion.

6. Ship No. 2 .lso merges with the shoreline and forms a bump. This bump .is
caused by pulse length and beam width distortion. Reducing receiver gai) might cause
the ship to separate from land, provided the ship is not too close to the shore. The Fast
Time Constant (FTC) control could also be used to attempt to separate the ship from
land.

%.I
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range as the direct echo received, assuming that the additional distance by the indirect
path is negligible.

Characteristics by which indirect echoes may be recognized are summarized as
follows:

1. The indirect echoes will usually occur in shadow sectors.
2. They are received on substantiaily constant bearings although the true bearing

of the radar contact may change appreciably.
3. They appear at the same ranges as the corresponding direct echoes.

4. When plotted, their movements are abnormal, usually.
5. Their shapes may indicate that they are not direct echoes.
Side-lobt effects are readily recognized in that they produce a series of echoes

(fig. 4206b) on each side of the ma'n lobe echo at the same range as the latter. Semi-
circles or even complete circles may be produced. Because of the low energy of the side-
lobes, these effects whl normally occur only at the shorter ranges. The effects may be
minimized or eliminated through use of the gain and anti-clutter controls. Slotted wave
guide antennas have largely eliminated the side-lobe problem.

Multiple echoes may occur when a strong echo is received from another ship ati
close range. A second or third or mor- echoes may be observed on the radarscope at
double, triple, or other multiples of the actual range of the radar contact (fig. 4206c).

Second-trace echoes (multiple-trace echoes) are echoes received from a contact
at an actual range greater than the radar range setting. If an echo from a distant target
is received after the following pulse has been transmitted, the echo will appear on the
radarscope at the coiTect bearing but not at the true range. Second-trace echoes are
unusual except under abnormal atmospheric conditions, or conditions under which
super-refraction is present. Second-trace echoes may be recognized through changes in
their positions on the radarscope on changing the pulse repetition rate (PRR); their
hazy, streaky, or distorted shape; and the erratic movements on plotting.

As illustrated in figure 4206d, a target pip is detected on a true bearing cf 090 -
at a distance of 7.5 miles. On changing the PRR from 2000 to 1800 pulses per second,
the same target is deteced on a bearing of .0900 at a distance of 3 miles (fig. 4206e).
The change in the position of the pip indicates t:.,t the pip is a second-trace echo. The -

actual distance of the target is the distanc e as indicated on the PPI plus half the
distance the radar wave travels between pulses.

Electronic interference effects, such as may occur when in the vicinity of another -
radar operating in the same frequency band as .hat o; the observer's ship, is usually
seen on the PPI as a large number of bright dots either scattered at random or in the I
form of dotted lines extending from the center to the edge of the PPI.

Interference effects are greater at the longer radar range scale settings. The inter-!
ference effects can be distinguished easily from normal echoes because they do notiappear in the same places on successive rotations of the antenna.

Stacks, masts, samson posts, and other strucures may cause a reduction in the!
intensity of the radar beam beyond these obstructions, especially if they are close to;
the radar antenna. If the angle at the antenna subtended by the obstruction is more'
than a few degrees, the reduction of the intensity of the radar beam beyond the obstruc-
tion may be such that a blind sector is produced. With lesser reduction in the intensity
of the beam beyond the obstructions, shadow sectors can be produced. Within these I

V. . shadow sectors, small target:; at close range may not be detected while larger targets h
at much greater ranges may be detected.

Spoking appears on the PPI as a nun'ber of spokes or radial lines. Spoking is easily * .- ,-
distinguished from interference effects because the lines are straight on all range-scale
settings and are lines rather than a series of dots.
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00
FIGURE A206b.-Side-lobe effects. FIGURE 4206c.-Multiple echoes.

()

FIGURE 4206d.-Second-trace echo on 12-mile FIGURE 4206e.-Position of second-trace echo on
range scale. 1?-mile range scale after changing PRR.

The spokes may appear all around the PPI, or they may be confined to a sector.
Should the spoking be confined to a narrow sector, the effect can bo distinguished from
a Ramark signal (art. 4207) of similar appearance through observation of the steady 1 - -

relative bearing of the spoke in a situation where the bearing of the Ramark signal should
change.

The appearance of spoking is indicative of need for equipment maintenance.
The PPI display may appear as alternately normal and dark sectors. This sectoring I

phenomenon is usually due to the automatic frequency control being out of adjustment.
The appearance of serrated range rings is indicative of need for equipment mainte- I

nance.
After the radar set has been turned on, the display may not spread immediately

to the whole of the PPI because of static electricity inside the CRT. Usually, the static
electricity effect, which produces a distorted PPI display, lasts no longer than a few F
minutes.

-iI
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Hour-glass effect appears as either a constriction or expansion Of the display nearthe center of the PPI. The expansion effect is similar in appearance to the expanded
center display. This effect, which can be caused by a nonlinear time base or the sweep-
not starting on the indicator at the same instant as the transmission of the pulse, is most
apparent when in narrow rivers or close to shore.

The echo from an overhead power cable appears on the PPI as a single echo always.
UP at right angles to the line of the cable. If thk phenomenon is not recognized, the echo

can be wrongly identified as the echo from a ship on a steady bearing. Avoiding action
results in the echo remaining on a constant bearing and moving to the same side of the
channel as the ship altering course. This phenomenon is particularly apparent f ,r the
power cable spanning the Straits of Messina.

4207. Aids to radar navigation.-Various aids to radar navigation have been
developed to aid the navigator in identifying radar targets and for increasing the
strength of the echoes received from objects which otherwise are poor radar targets.

Buoys and small boats, -particularly those boats constructed of wood, are poor
radar targets. Weak fluctuating echoes received from these targets are easily lost in the
sea clutter on the radarscope. To aid in the detection of these targets, radar reflectors,
of the comer reflector type, may be used. The comer reflectors may be mounted on the
tops of buoys, or the body of the buoy may be shaped as a comer reflector.

Each comer reflector, shown in figure 4207a, consists of three mutually per-_
pendicular flat metal surfaces. A radar wave on striking any of the metal surfaces or
plates will be reflected back in the direction of its source, i.e., the radar antenna.
Maximum energy will be reflected back to the antenna if the axis of the radar beam " -

makes equal angles with all the metal surfaces. Frequently, comer reflectors are
assembled in clusters to insure receiving strong echoes at the antenna.

Although radar reflectors are used to obtain stronger echoes from radar targets,
other means are required for more positive identification of radar targets. Radar'
beacons are transmitters operating in the marine radar frequency band which produce!
distinctive indications on the radarscopes of ships within range of these beacons. There =
are two general classes of these beacons: Racon which provides both bearing and range
information to the target, and Ramark which provides bearing information only.
However, if the Ramark installation is detected as an echo on the radarscope, the
range will be available also.

Racon is a radar transponder which emits a characteristic signal when triggered
by a ship's radar. The signal may be emitted on the same frequency a., that of the
triggering radar, in which case it is superimposed on the ship's radar display auto-
matically. The signal may be emitted on a separate frequency, in which case to receive
the signal the ship's radar receiver must be capable of being tuned to the beacon
frequency or a special receiver must be used. In either case, the PPI will be blank except

Fiuoan 4207a.-Corner reflectors.

p- .-.
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for the beacon signal. However, the only Racons in service are "in band" beacons which
transmit in one of the marine radar bands, usually only the 3-centimeter 'and.

The Racon signal appears on the PPI as a radial line originating at a p.;.nt just
beyond the position of the radsnc beacon or as a Morse code signal (fig. 4207b) displayed
radially from just beyond the beacon.

Ramark is a radar beacon which transmits either continuously or at intervals.
rhe latter method of transmission is used so that the PPI can be inspected without any
•utter introduced by the Ramark signal on the scope. The Ramark signal as it appears
:n the PPI is a radial line from the center. The radial line may be a continuous narrow
ihe, a broken line (fig. 4207c), a series of dots, or a series of dots and dashes.

4208. Radar navigation.-Radar provides a means of establishing position, or
keeping a vessel in safe water during periods of reduced visibility, or at considerable
.istance from shore, when other methods may not be available. Since both range and
bearing can be obtained, a single identifiable object is needed. However, if a visual

beaingisavalabeit should be more reliable than one obtained by radar. Since
radar range is usually more accurate than radar bearing, a fix by two or more ranges
is generally preferable to one obtained by two bearings or by range and bearing. How-
-ever, accurate range requires reliable identification of the part of the target returning
-the echo. This is not always apparent when natural objects are used.

In addition to the usual methods of piloting, radar is adapted to several methods
of somewhat limited application. If a single prominent target is available in an oper-

' ating area, a series of concentric circles and radial lines can be drawn on the chart and
suitably labeled. If bearing and distance are measured frequently, an almost continuous
-fix cau be obtained by spotting in the positions by eye. If a polar plot is made on a piece
,of transparent material to the same scale as the chart, the ranges and bearings of a num-
-ber of points can be plotted in quick succession, and the transparent material fitted to the
fchart by trial and error. The center of the plot is then the position of the radar.

350 0 0-

0

......................... ...... .. ... , o

II

0 061 091 OL

FiouRE 4207b.-Coded Racon signal.
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FzouE 4207c.-Ramark signal appearing as a broken radial line.

In that the navigator of a radar-equipped vessel always must be prepared to useM-
radar as his primary means of navigation in pilot waters, during the planning for a transi I
of these waters it behooves him to study the navigational situation with respect to anyq-
special techniques which can be employed to enhance the use of radar. The effectivenesm. -
of such techniques usually is dependent upon adequate preparation for their use
including special constructions on the chart or the preparation cf transparent chard _
overlays.

The correlation of the chart and the PPI display during a transit of confined water_
frequentl- can be aided through the use of a transparent chart overlay on which properl
scaled concentric circles are inscribed as a means of simulating the fixed range rings ol -

the PP. By placing the center of the concentric circles at appropriate positions on thq
chart, the navigator is able to determine by rapid inspection, and with close approxhnaa
tion, just where the pfps of certain charted features should appear with respect to thd
fixed range rings on the PPI when the vessel is at those positions. This techniqud~~compensates for the difficulty imposed by vieuing the PPI at one scale and the chart a|t |

another scale. Through study of the positions of various charted features with respect -
to the simulated fixed range rings on the transparency as the center of the simulated
rings is moved along the intended track, certain possibilities for unique observation

may be revealed.
By placing the center of the properly scaled simulated range ring transparency

over the observer's most probable position on the chart, the identification of echo-J
is aided. The positions of the range rings relative to the more conspicuous objects aid 4
6e-.,ablishing the most probable position. With better positioning of the center of th-
simulated rings, more reliable identification is obtained. -

By placing the simulated range ring transparency over the chart so that the
simulated rings have the same relationship to charted objects as the actual range ring
have to the corresponding echoes, the observer's position is found at the center of the
simulated range rings. Under some conditions, there may not be enough suitablE
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lobjects and corresponding echoes to correlate with the range rings to obtain the desired
.ccuracy.

This method of fixing should be particularly useful aboard small craft with limited
aavigational personnel, equipment, and plotting facilities. It should serve to overcome
difficulties associated with unstabilized displays and lack of a variable range marker.

Preferably, radar fixes obtained through measuring the range and bearing to a
3ingle object should be limited to small, isolated fixed objects which can be identified
with reasonable certainty. In many situations, this may be the only reliable method
which can be employed. If possible, the fix should be based upon -a radar range and-
visual gyro bearing because- radar bearings are less accurate than visual gyro bearings.
A primary advantage of the method is'the rapidity with which a fix can be obtained.
A disadvantage is that the fix is based upon only two intersecting lines of position, a
bearing line and a range arc, obtained from observations of the same object. Identifica-
tion mistakes can lead to disaster. If the fix is based upon afloating aid, it 8hkuld be treated= with contiderable caution.

Generally, fixes obtained from radar bearings are less accurate than those ob-
tained from intersecting range arcs. The accuracy of fixing by this method is greater
when the center bearings of small, isolated, radar-conspicuous objects can be observed.
The rapidity of the method affords a means for initially determining an approximate
position for subsequent use in more reliable identification of objects for fixing by means 51
of two or more ranges. 2

Fixing by tangent bearings is one of the least accurate methods. The use of tan-
gent bearings with a range measurement can provide a fix of reasonably good accuracy.
As illustrated in figure 4208a, the tangent bearing lines intersect at a range from the I
sland observed less than the range as measured because of beam width distortion.
'Right tangent bearings should be decreased by an estimate of half the horizontal beam
-width. Left tangent bearings should be increased by the same amount. The fix is taken
as that point on the range arc midway between the bearing lines.

It is frequently quite difficult to correlate the left and right extremities of the
island as charted with the island image on the PPI. Therefore, even with compensation
for half of the beam width, the bearing lines usually will not intersect at the range arc.

In many situations, the more accurate radar fixes are determined from nearly
simultaneous measurements of the ranges to two or more fixed objects. Preftrably,
at least three ranges should be used for the fix. The number of ranges which it is feasible
to use in a particular situation is dependent upon the time required for identification
and range measurements. In many situations, the use of more than three range arcs
for the fix may introduce excessive time lag.

If the most rapidly changing range is measured first, the plot will indicate less
progress along the intended track than if it were measured last. Thus, less lag in the
radar plot from the vessel's actual position is obtained through measuring the most
rapidly changing range last.

.........

/h. ". Fiouiz 4208a.&-Fixing by tangent bearings and radar range.
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Similar to 9 visual cross-bearing fix, th3 accuracy of the radar fix is dependent upon!
the angles of cut of the intersecting lines -f position (range arcs). For greater accura y
the objects selected should provide range arcs with anglesof cut as close to 90? as is
possible. In cases where two identifiable objects lie in opposite or nearly opposite direc4
tions, their range arcs, even though they may intersect at a small angle of cut or mayf
not actually intersect, in combination with another range arc intersecting them at ant
angle approaching 900, may provide a fix of high accuracy (fig. 4208b). The near tan-
gency of the two range arcs indicates accurate measurements and good reliability of the:
fix with respect to the distance off the land to port and starboard.

Small, isolated, radar-conspicuous fixed objects afford the most reliable and ac-
curate means for radar fixing when they are so situated that their associated range
arcs intersect at angles approaching 900.

Figure 4208c shows a fix obtained by measuring the ranges to three radar-.
conspicuous objects well situated. The fix is based solely upon range measuementsi
because radar ranges are more accurate than radar bearings even when small objects are
observed. Note that in this rather ideal situation, a point fix was not obtained. Due to
inherent radar errors, any point fix should be treated as an accident dependent upon
plotting errors, the scale of the chart, etc.

Although observed radar bearings were not used in establishing the fix as such,'
the bearings were useful in the identification of the radar-conspicuous objects.

As the ship travels along its track, the three radar-conspicuous objects still afford
good fixing capability until such time as the angles of cut of the range arcs have
degraded appreciably. At such time, other radar-conspicuous objects should be selected
to provide better angles of cut. Preferably, the first new object should be selected and
observed before the angles of cut have degraded appreciably. Incorporating the range
are of the new object with range arcs of objects which have provided reliable fixes
affords more positive identification of the new object.

While fixing by means of intersecting range arcs, the usual case is that two or
more small, isolated, and conspicuous objects, which are well situated to provide
good angles of cut, are not available. The navigator must exercise considerable skill in

N
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Piouxm 4208b-Fixng by range arcs.I,'h. ,
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FPOURr 4208c.-Fix by small, isolated radar-conspicuous objects.

radarscope interpretation to estimate which charted features are actually displayed.
If initially there are no well defined features displayed and there is considerable
uncertainty as to the vessel's position, the navigator may observe the radar bearings of
features tentatively identified as a step towards their more positive identificatio-i. If
the cross-bearing fix does indicate that the features have been identified with some
degree of accuracy, the estimate of the vessel's position obtained from the cross-bearing
fix can be used as an aid in subsequent interpretation of the radar display. With better
knowledge of the ship's position, the factors affecting the distortion of the radar display
can be used more intelligently in the course of more accurate interpretation of the
radar display.

Frequently there is at least one object available which, if correctly identified, can
enable fixing by the range and bearing of a single object method. A fix so obtained
can be used as an aid in radarscope interpretation for fixing by two or more intersecting
range arcs.

The difficulties which may be encountered in radarscope interpretation during a
transit may be so great that accurate fixing by means of range arcs is not obtainable.
In such circumstances, range arcs having some degree of accuracy can be used to aid
in the identification of objects used with the range and bearing method.

With correct identification of the object observed, the accuracy of the fix obtained
by the range and bearing to single object method usually can be improved through
the use of a visual gyro bearing instead of the radar bearing. Particularly during periods
of low visibility, the navigator should be alert for visual bearings of opportunity.

Although the best method or combination of methods for a particular situation
must be left to the good judgment of the experienced navigator, factors affecting -- _
method selection include:

1. The general need for redundancy-but not to such extent that too much is
attempted with too little aid or means in too little time.

2. The characteristics of the radar set.
3. Individual skills.
4. The navigational situation, including the shipping situation.

I
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5. The difficulties associated with radarsdope juterp, -on.
6. Angles of cut of the lines of position. I
Beam compasses (art. 602) shown in figure 4',;8, can be a v y valuable radar I

navigation tool. If the navigator does not have such tool . . m' vailable, he may
find himself in a situation where his only observations are . r. iges, but he cannot ,

strike the range arcs to fix his position because of the limited spread of the points of
his compasses.

1 I 1

II

FiounE 4208d.-Beam compasses.
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CHAPTER XIII

RADIONAVIGATION SYSTEMS

General

4301. Introduction.-Radionavigation systems are characterized wth respect to
their transmissions by the radiofrequency of the carrier wave, the power, and the signal
type. These systems are also characterized by how the signals are analyzed upon re-
ception, the nature of the lines of position they supply, their range or area of coverage,
their availability to the user, their passivity, and their accuracy.

As discussed in article 4014, the frequency and power of the radio wave transmission
are among the factors determining the effective range of a system. However, very low
frequency (1'LF) signals travel very long distances with relatively small amounts of
power radiated. Although low frequency (LF) transmissions generally show greater
attenuation with distance than gLF sinals, the 100 kHz Loran-C (art. 4329) trans-

missions in particular, provide reliable groundwave reception at dista ices of about
800 to 1,200 nautical miles. The Decca Navigator System (art. 4344), also operating in
the LF band at 70 to 130 kHz but at considerably less power than Loran-C, provides
reliable groundwave reception at distances of more than 400 nautical miles during day-
light under good reception conditions. At night this reception may be reduced signifi-
cantly by skywave contamination of the groundwave. The very high frequency (VHF)
transhission, as from navigational satellites (ch. XLIV); and the super high frequency
(SHF) transmissions, as from navigational radar (ch. XLII), are limited to the line-of-
sight.

The signal type affects how signals are analyzed upon reception. In general, the
receivers of pulse modulated s'stems determine time intervals; the receivers of con-
tinuous wave (OW) systems compare phases. From the point of view of reception,
these systems are designated as time difference measuring systems and phase compari-
son systems. This distinction is made despite the fact that both systems detect time
intervals. The phase comparison consists in fact in determining the time shift of one
wave with respect to another, taking as a unit of time the inverse of the frequency.

Using Loran-C as a specific example, however, the pulse type signal is processed
in the receiver by both time difference and phase comparison methods.

The difference in the ranges of reliable reception of Loran-C and Decca signals
is also du to the pulse modulation of the Loran-C signal. Multiple pulse formats
raise the average power and thus increase the range. Other advantages to be derived
from pulse modulation include:

1. freedom from lane ambiguities,
2. means to discriminate between g-oundwaves and skywaves,
3. suitable coding techniques can be used for groundwave and skywave discrimina-

- tion even if the skywave of an earlier pulse coincides wit., the groundwave cf a later =

pulse, and
-4. the envelope of the pulse permits identifica lion of a specific carrier wave cycle

- - of a coheren L radiofrequency signal for phase measurement purposes.
The use of continuous wave transmissions for wide area coverage from a single N-

complex of stations results in two serious problems: (1) ambiguities in position deter-
967
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968 RADIONAVIGATION SYSTEMS110
mination, and (2) difficulties in discriminating against skywave contamination. Also, I
where high accuracy coverage of long coastlines and vast ocean areas is required, and
where relatively few suitable sites for transmitting stations are available, continuous
wave systems are generally unsatisfactory b, ause of the limitations of the maium
permissible baseline lengths of the high accuracy continuous wave systems.

According to the nature of the lines of position provided, radianavigation systems
may be described as hyperbolic, ranging, azimuthal, or composite.

Radionavigation systems may be described as short range if their positicning
capability is limited to coastal regions, or the maximum useftl range is limited to
making landfall. Examples are radar and the radio direction finder. The systems may
be des-ribed as medium range if their positioning is generally limited to ranges per-
mitting reliable positioning for about, 1 day prior to maling landfall; Decca is an example.

Those radionavigation systems providing positioning capability on the high
seas in areas well beyond the positioning capability of the medium range systems are;

- described as long range systems. Examples of these systems are Loran-C and Omega.
When the latter system is fully implemented, it may be described as a worldwide or
globas system. The N..vy Navigation Satellite System is an exampie of the worldwide
or global system. The worldwide or global system provides positioning capability
wherever the observer may be located on navigable waters.

The maximum range of a radionavigation system depends upon the frequency,
transmitter power, signal-to-noise ratio in the service area, receiver sensitivity, and
losses over the signal path. The signal-to-noise ratio, often expressed in decibels (app.
D), is a more realistic indicator of range capability than the field intensity of the
gro-mdwave.

Radionavigation systems may also be classified with respect to availability. -
Loran-C may be described as a continuous system because the user within the effec-
tire range of the system can use it at any time to determine his position. Omega sipnAss
as transmitted in the 10-second commutation pattern (tab. 4312) may be considered
as continuously available. Therefore, for practical purposes positioning can be effectedI
continuously. When using the Navy Navigation Satellite System (ch. XLIV) near
the equator, the time between fixes may be well in excess of 1 hour because one of (
the satellites in near polar orbit is not available for observations. Therefore, the Navy
Navigation Satellite is an example of a system that is not cntinuois.

Those systems whose operation does not reodire the user to transmit signals and
can be used simultaneously by an unlimited number of users are described as non- A
saturable. Saturable systems are limited to a singlc user or a limited number of users
on a time-shared basis-

Systems whose operation does not require the user to transmit a signal me-y be
described as passive.

Due to varying i.ccuracy requirements among users, accuracy (app. Q) class&-
cations, such as high, medium, and low, have limited value. In this chapter Loran-C
is described as a system of high accuracy when the groundwave is used; except for
differential Omega (art. 4321), Omega is described as a system of medium accuracy;
Consol is described as a system of low accuracy.

4302. Distance-difference measuremenL-If synchonized signls, from two sta-
tions are transmitted, the difference in distance from the stations can be measured, -
either by means of the elapsed time interval between the arrival of the two signals, or
Sy measurement of the phase difference between the signals.

Refer to figure 4302. Let M and S be two stations. Synchronization is achieied
by letting the signals of M, the master, control those of S, the slave or secondary. Crcles
M1, 212, M3, etc., are units of distance from A; and circles Si, S2, 83, etc., are units of A

-" .
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distance from S. If both signals are transmitted at'the same instant, they will arrive
together at any point. along a line equidistant from the two z.ations. This centerline
is the perpendicular bisector of the baseline joining the two stati.,ns. On a sphere, both
centerline and baseline are great circles.

The centerline is the zero time diff-ence line. If the M signal arrives at some point
before the 'S signal, the time difference can be found by subtracting the M signal
travel time (or distance) from the S signal travel time (or distance). If a line is drawn
through all intersections at which units of distance from S are greater by one than those
from M (S8, M7; S7, M6; S6, M5; etc.), a curve is formed, as shown at "+1" in figure,
4302. A similar curve labeled "-1" is formed if all points at which units of distance
from S are less by one than those from M (M8, 87; M7, S6; etc.) are connected. The
minus sign indicates that the M signal arrives (-)1 time unit before the S signal,
or S-M=(-)1. On a plane surace, such curves are hyperbolas (art 134, vol. II) be-
cause they connect points of equal difference of distance between two fixed points. On a
sphere, such curves are called spherical hyperbolas. On the spheroidal earth the curves
are called spheroidal hyperbolas and differ somewhat from spherical hyperbolas.

: Other, more sharply curving hyperbolas are formed by connecting lines of greater
time (distance) difference, as at (+)2, (-)2, (+)3, (-)3, etc. The maximum difference
occurs along the baseline extensions beyond the transmitters. This difference depends A
upon the distance between stations. A pattern of all positive readings can be obtained
by delaying the start of the S signal until the M signal is received at S, or longer.
Suppose the S signal is transmitted 10 units after the M signal. The M signal for a base-
line six units long will already have traveled four units beyond S when the S signal
leaves the transmitter. Therefore, the reading along the baseline extension from S is
(+)4, or 10 more than shown in figure 4302. By the time the S signal arrives at the in
master transmitter, the M signal will be at 10 (the delay) plus 6 (the number of units 1
between M and S) units, or 16 units away. Therefore, the reading along the baseline
extension beyond M is 10+6= (+)16. Similarly it can be shown that all other readings 2
are also increased by (+)10. 0

Each hyperbola is a line of position for the associated distance-difference measure-
ment. Intersecting families of hyperbolas, as derived from three or more stations, is -.

known as a hyperbolic lattice.

Hyperbolic Radionavigation Systems
4303. Hyperbolic radionavigation systems are so called because of the hyperbolic

lattices (art. 4302) formed in their signal fields and the associated hyperbolic lines of
position supplied. With appropAate modifications hyperbolic systems can be operated

L in the circular or ranging mode with circular lines of position.
Hyperbolic systems provide the greatest potential capability to date for coverage

of large areas with the smallest number of transmitting sites, and the best compromise
between accuracy and coverage. Also, the hyperbolic mode of operation enables simpler
receiver design because time differences can be measured with sufficient precision
without the need for a precision oscillator. Since the precision control equipment is U
located at the transmitting sites, user equipment can be designed to meet different -
requirements at reasonable cost. The systems are continuous, non-saturable, and
passive (art. 4301). 

-

The disadvantage of a hyperbolic system in needing two stations to provide a
single family of hyperbolas (figure 4303) can be partly overcome by using a group or
chain of stations that operates to form a lattice of intersecting families of hyperbolas.

The accuracy (app. Q) of the fix provided by a hyperbolic radionaviation system
is dependent upon the accuracy of each line of position used to obtain the fix and the

-R -
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angle of cut of the lines of position. The a-uracy of each line of position depends upon

~the following factors:I 1. the precision with which the difference between the times of arrival of two
signals can be measured;

2. the synchronization of the transmitting stations;
3. the accuracy of propagation predictions;
4. operational or receiver acc'iracy;
5. user's position relative to the transmitting stations; and
6. lattice table and charting accuracies, including the accuracies of the positions

of the transmitting stations.
Since the velocity of propagation of radio energy is approximately 1 foot per nano-

second, for accuracies on the order of tens or hundreds of feet, measurements must be made
to tens or hundreds of nanoseconds. If the time differences are to be converted to lines
of position accurately, propagation conditions must be reliably predictable to tens or
hundreds of nanoseconds. Receiver accuracy is dependent upon signal-to-noise ratio,

Soperator skill, and instrumentation. The user's position relative to the transmitting
stations governs the gradient or spacing between consecutive lines of position per unit
time difference, as 1 microsecond. If the gradient is high a relatively small time-differ-
ence error will result in a relatively high position error. Lines are most closely spaced,
giving highest accuracy, along the baseline between stations. As the distance between
consecutive lines increases, the accuracy decreases, being so low along the baseline

Sextensions that the use of this part of the lattice is normally avoided.
The undesirable divergence of the hyperbolic lines of position varies with the

length of the baseline. However, each hyperbola becomes more nearly a straight line
(great circle) as distance from the baseline increases. At a distance from the center
of the baseline of five times the length of the baseline, the departure of the hyperbola[
from a great circle becomes very small. Thus, if the baseline is very short, as in Consol
(art 4354), the system can be considered directional (azimuthal) beyond it distance
of a few miles from the station.

The use of time-difference measurements to establish lines of position servcs to
minimize the effects on position taccuracy of errors caused by propagation anomalies.

/ Ii -'

Master Slave

R of 0 A theaase i ly of v hyperbolas. Each hyperbola is a line of position for the associated time-
The ~.o us 03.-A faily of tidifference measurement.
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4304. The ranging mode, often called the Range-Range or Rho-Rho mode, is that
method of operation in which the times for the signals to travel from each transmitting
station to the receiver are measured rather than their differences. Each time measure-
ment (range measurement) provides a circular line of position.

The feasibility of ranging mode is dependent upon a stable frequency source,
propagation predictability, and a stable time reference within the receiver. The range
to a station is calculated from the difference "n the known time of transm:ssion and the
measured time of arrival of the signal at the receiver. The user's time reference must
be initially synchronized to the time standard at the transmitting station. Since perfect
synchronization is, in general, not feasible, calibration of the user's time standard
is required.

While the gradient (art. 4303) in the hyperbolic mode d3grades with increasing
distance from the transmitting stations, the gradient in the ranging mode is a constant.
equal to the propagation velocity.. Therefore, the ranging m-de overcomes the geo-
metric dilution associated with the hyperbolic mode at extended ranges. Thus, the
ranging mode can be used to increase the coverage area.

For a given service area and the Lssociated transmitting station locations, the
ranging mode may provide better system geometry, i.e. better angles of cut of the
intersecting circ.ks forming the lattice. Greater freedom in selecting stations for better
system geometry is afforded by not having to use a master station, two intersecting
lines of position being obtainable from two slave (secondary) stations. The ranging
mode of operation can be used to extend the coverage area since the user must be
within range of only two transmitting stations. Also the coverage area is extended by R
overcoming the geometric dilution of the hyperbolic mode.

When three stations can be received, the runging mode ia enhanced by redundant :
information since only two stations are needed. This redundancy serves to increase
fix accuracy. With these circular lines of position, the fix determined by the inteisection l
of one pair will, in general, be inconsistent with a fix determined by the intersection of
a second pair. Since the inconsistency will be due to trrors in the system, including
drift in the time standard, the third (redundant) measurement can be used to estimate
the errors. If the estimate is correct ths three lines of position will intersect at a common
point.

Omega Navigation System

4305. The Omega Navigation System is a worldwide continuous radionavigation
system of medium accuracy which provides hyperbolic lines of position through phase
comparisons of VLF (10-14 kHz) continuous wave signals transmitted on a common
frcquency on a time shared basis. The fully implemented system is comprised of only
eight transmitting stationF.

4306. Omega Navigation System principles.-The navigator using what may I
be described as a standard Omeg% receiver determines his position within a byperbolic
lattice formed by contolirs of constant phase differences in tt e signal field of the trans-
mitting stations. If the design of the receiver includes a very Q sable oscillator, the
navigator may employ a circular or ranging lattice to Cetermine his position. However,
this mode of operation requires that the local oscillator be synchronized, both in
frequency and time, with the oscillator at the transm;tting station.With the Omega rece ier being used in the hyperbolic mode, the measured phase

difference of phase synchronized and time shared signals received at a particular
position from two stations transmitting on the same frequency depends solely upon I
how much farther the pobition is from one transmitting station than the other. The
term phase synchronized or phase coherent indicates that the phases of all trans-
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missions are maintained coherent at their sources. This is accomplished through the
use of cesium frequency standards. Phase coherence between transmitter and re-
ceiver oscillator is not required in the hyperbolic mode of operation because the phase
error is cancelled on taking the difference. The term "time shared" indicates that I
the signals from the stations are not transmitted simultaneously but sequentially in a
10-second commutation pattern (tab. 4312). Time sharing or sequential transmission
is necessary because of the use of the single frequency.

Although the signals from the transmitting stations are actually transmitted!
sequentially in accordance with the commutation pattern, simultaneous transmission
can be used to explain the basic principles. Unless ionospheric characteristics change
suddenly within the period of the sequence, the same phase-difference measurement i
can be obtained by a stationary observer, theoretically, whether the transmissions are
simultaneous or sequential. When the observer is in motion, die use of sequential
transmission for practical considerations, including station identification and simplicity
of receiver design, does introduce an error because the difference in phase between i
the local oscillator and one station will be measured at a position different from that i
at which the measurement is made between the local oscillator and the second station. j

However, at the relatively low speeds of marine applications this error is inconsequential.
As illustrated in figure 4306, phase coherent signals are considered as being trans-

mitted from stations X and Y' simultaneously. At the instant the phase of the signal
transmitted from station Y is 1800 at a point one-half wavelength (yx) from Y, the G
phase of the signal transmitted from station X is 1800 at a point one-half wavelength
from X. When the phase of the signal transmitted from station Y has increased to 360*
(or returned to 00) at a point one wavelength from station Y, the signal transmitted
from station X will have increased to 3600 (or returned to 00) at a point one wavelength -
fro'a station X at the same instant, etc.

Theoretically, the phase of the signal received from each station can be compared _j
with a locally generated reference signal, having the same wavelength and synchronized
in .liase with the phase of the signal being transmitted from each station. Each such -
comparison will indicate the fractional part of a wavelength in excess of an integral
number of wavelengths that the receiver is distant from a station. I

In actual practice (sequential transmission), the receiver first measures the
difference in phase between the locally generated signal and the phase of the signal
received from that station of the pair the letter designation of which appears first in the
alphabet. The difference, the phase angle, is stored for future reference. Then the
receiver measures the difference in phase between the locally generated signal and the i
phase of the signal received from the other station of the pair. This phase angle is
subtracted from the phase angle previously obtained using the station the letter desig-j
nation of which precedes that of the second station in the alphabet. This phase-differen'e-
measurement represents a difference in distane of the receiver from the two stations. - 1
Insofar as the observer is stationary, the storing of the first phase-angle measurement
for future (within 10 seconds) comparison with the second measurement is comparable

-t. ito a simultaneous transmission format. The same phase-difference measurement will be -
observed at all points which have the same difference in distance from the two trans-
mitting stations. The locus of such peints is a contour of constant phase (isophase Al
contour) which is fixed on the surface of the earth with respect to the positions of the 7;
two transmitting stations. j= - 1-

By repeating measurements for another pair of stations, a second isophase contour
or line of position is obtained. The intersection of the lines of position establishes
the position of the observer.

~i
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4307. Omega lanes.-With the stations transmitting at 10.2 kHz, the wavelengthis approximately 16 nautical miles. Thus, identical phase angles are repeated at 16-mileintervals. However, on the baseline between two transmitting stations a specific differ-ence in the phase angles of the radio waves received from the two transmitting stationsrepeats itself every one-half wavelength or about every 8 -miles.
As is obvious from inspection of figure 4307, isophase contours pass through allpoints which are an integral number of wavelengths distant from the two transmittingstations, X and Y. At points any integral number of wavelengths plus a half wavelengthfrom the stations, the phase-difference is also zero. Thus, isophase contours pass throughpoints on the baseline a half wavelength apart.
Since a representative baseline in the Omega system is about 5,000 nautical milesin length, or about 300 wavelengths at 10.2 kHz, specific phase-angle differences inthe 10.2 kHz signal field are repeated about 600 times on the baseline. Hence, at 10.2kHz there are about 600 points on the baseline at which the phase-angle differences

are zero.
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FioURE 4308.-Omega line of position.

Contours connecting points in the signal field at which the phase-angle differences
are zero are the constant phase or isophase contours plotted on Omega charts and
tabulated in the Omega lattice tables. At 10.2 kHz each such contour is spaced at
intervals of about 8 nautical miles on the baseline. Away from the baseline there is a i
small divergence of the hyperbolic contours. The exact spacing of the hyperbolic i
contours on the baseline as printed on a chart is governed by the value used for the
phase velocity, v. For 10.2 kHz charted contours, c/v=0.9974, where c is the group
velocity (299,792.5 km/sec). The group velocity, c, efers to the velocity at which the
energy is being transferred. This cannot exceed relativistic limits. The phase velocity, v,
refers to the transfer of a point of reference, a phase difference, rather than a physical
quantity in'., therefore, is not subject to relativistic velocity limitations.

The area lying between two zero phase-difference contours is known as an Omega -
lane. Thus: on the baseline between two stations transmitting at 10.2 kHz the lane IF
width is about 8 nautical miles. Each such pair of stations transmitting at 10.2 kHz
produces a pattern of about 600 lanes. Away from the baseline the lane width for I
10.2 kHz transmissions increases gradually. When the two transmitting stations and pi
the receiver form an equilateral triangle (the receiver being 4,300 nautical miles from U
the baseline), the lane width will have increased to about 12 nautical miles. I --

In the ranging mode of operation, the lane is the area lying between two zero
phase-difference contours within which there is a 3600 change in phase of the CW wave
received from a single transmitting station as the receiver is moved from one isophase I
contour to the other. Thus. in the ranging mode, lane width at 10.2 kHz is constant
at about 16 nautical miles.

4308. Omega line of position.-In the normal hyperbolic mode, the phase-difference
readout from the receiver (with the propagation correction applied) only indicates the
isophase contour (LOP) corresponding to the observer's position within a lane. When
the stations are transmitting at 10.2 kHz, the observer must know the lane in which
he is located or his position within an accuracy of 4 miles, if on the baseline.

The difference in phase angle measurements for a pair of stations (with the
propagation correction applied) establishes the percentage value of the lane defining
the LOP. For example, the phase angle for station A of figure 4308 is 25 percent of a
cycle (25 centicycles or 25 ces) and the phase angle for station B is 75 percent of a cycle
(75 centicycles or 75 cecs). The difference, 50 percent of a cycle or 50 cees, is numerically
equal to the percentage value of the lane defining the LOP. That is, the LOP is defined
by 50 percent of the lane or 50 centilanes (50 cels).

4309. Lane identification.-Normally, the lane counter of the receiver, which is 4
set on departure from a known position, provides the lane. If the lane counting capability
of the equipment is lost for any reason, such as temporary equipment failure, the
navigator usually can determine the lane he is in by dead reckoningor other navigational %l--
means.

- !s
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Should there be any ambiguity with respect to the lane, the multiple Omega
frequencies can be used to determine the lane by obtaining fixes on two or more pairs
of stations if the user has a multi-channel receiver. Any two stations can be used as a
pair rather than a particular master and slave as in the Loran concept.

If one of the Omega frequencies were 3.4 kHz, the wavelength would be 48 nautical
E- miles; the lane width on the baseline would be 24 nautical miles or three times the lane

width at. 10.2 kHz. The difference between the 13.6 kHz and 10.2 kHz Omega frequencies
is 3.4 kHz. By observing the difference in the phase-difference readings at 10.2 kHz
and 13.6 kHz, it is possible to form a coarse lane corresponding to a frequency of 3.4
kHz, neglecting the slight difference in propagational velocities at 10.2 kHz and 13.6
kHz. With the coarse lane so formed, the navigator now need only to know his position
within an accuracy of 12 miles to identify the coarse lane without ambiguity. Since
the 3.4 kHz coarse lane is formed by three 10.2 kHzfine laneq as shown in figure 4309,
the correct fine lane can be identified by means of the equivalent of the phase-difference

!reading for 3.4 kHz. The equivalent phase reading is obtained by subtracting the
10.2 kHz phase reading from the 13.6 kHz phase reading and then applying a 3.4 kHz

Scorrection. The ase of this technique i.3 dependent upon. the availability of a multi-channel
;receiver and propagation corrections for 10.2 kHz and -.4-kHz. With the correct 10.2
.kl-z lane so identified without ambiguity, it is then possible to determine a more
-exact line of position within the fine lane by means of a phase reading at 10.2 kHz.

4310. Identification of coarse lane.-Since the equivalent of the 3.4 kHz coarse
ilane is formed by three 10.2 kHz fine lanes, the first step is to inspect the 10.2 kHz
Sisophase contours on the chart to determine which lane numbers are multiples of three,
or which numbers on the contours can be divided exactly by three. Having identified
the coarse lane or lanes in which the observer might be located, the next step is to apply
the equivalent of the phase-difference reading for 3.4 kHz. If the correct coarse lane
has been selected, the isophase contour (LOP) as plotted within the coarse lane will
lie within 12 miles of the DR position, assuming that such position is not in error by
more than 12 miles. The LOP will establish in which of the three fine lanes the observer
is located. If the LOP as plotted within the coarse lane does not lie within 12 miles of
the DR position, an adjacent coarse lane should be selected for use in identification of
the fine 10.2 kHz lane.I-

The lane resolution process can be extended further by using even lower difference
frequencies. By taking the difference of 11.333 kHz and 10.2 kHz Omega frequencies
to obtain a difference frequency of 1.133 kHz, a coarse lane having a width of 72
nautical miles on the baseline can be used.

4311. Station locations and coverage.-The Omega stations, their letter designators,
and approximate locations are given in figure 4311. The Omega coverage diagram,
not shown here but generally similar to the Loran-C coverage diagram (fig. 4340),

345 1

Lane 344 (10.2 kHz) 8 mi.

-- / I 3 4 kHz
10 2 kHz Lane 343 (10 2 kHz) 8 mi. 'Coarse" Lane

contours -

Lane 342 (10,2 kHz) 8 mi

Lane 341 (10.2 kHz) 8 mi.
.341
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Letter Station Approximate Location

Designation Nome General Latitude Longitude

A OMEGA Norway Norwegian Coost at 66'N 13*E
Arctic Circle

B OMEGA iberia Monrovia. Liberia 6*N 11*Wj
C OMEGA Hawaii Oahu, Hawaii 21*N 158*W
D OMEGA North Dakota La Moure, Narth Dakota AWN 981W
E OMEGA Reunion La Reunion Island, 21'S 55*E

France
F OMEGA Argentina Golfo Nuevo, Argentina 43'S 65*W
G

OMEGA Japan Tsushima, Japan 35*N 129*E

-LA REUNIONN A

Aste 431.Omg satonlcaios
JAPAN

NOWA
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provides the repeatable accuracy for different regions expressed in terms of d,,.
(arts. Q7 and Q8). The accuracy is determined using a standard deviation of 4
centilanes for each of the two lines of position making up the fix.

4312. Characteristics of the Omeg' transmission.-Omega is a VLF, continuous
wave, time shared radionavigation systxin wi-h all stations transmitting at the same
frequencies. The stations always, transmit in the same order, with the length of each
transmission varying between 0.9, 1.0, 1.1, and 1.2 seconds from station to station.
The order and lengths of the station transmissions at 10.2 kHz, in accordance with the
Omega station identification code, are~contained in table 4312.

Station A B C, D E F G H
Length of transmission in seconds ------ 0.9 1.0 1.1 1.2 1.1 0.9 1.2 1.0

TABLE 4312.-Omega commutation pattern.

4313. Signal format.-As shown in figure 4313, the order of transmission is such
that when station A transmits at 10.2 kHz, stations G and H transmit at 11.33 kHz
and 13.6 kHz, respectively, for the same time duration that station A transmits at 10.2
kHz. When station B transmits at 10.2 kHz, stations A and H transmit at 13.6 kHz
and 11.33 kHz, respectively, for the same time duration that station B transmits at
10.2 kHz, and so on until the whole sequence of transmissions has been completed.
Since there is a time interval of 0.2 second between transmissions, the entire cycle of
the commutation pattern is repeated every 10 seconds. The start of one of the segments
of the 10-second cycle is sufficiently close to Coordinated Universal Time (art. 1805)
to permit station identification while listening to UTC.

The 0.2-second interval betw#een transmissions rules out the possibility of over-
lapping of the signals received from different stations. The 0.2-second interval between
transmissions also eases the requirement for perfect alignment of the receiver com-
mutator. A 0.1-second error in setting the commutator cycle has negligible effect.

4314. Identification of the Omega signaL.-Depending upon the observer's distance
from the various transmitters, the Omega signals are of differing amplitude or strength.

START START
1TRANSMISIO 10 SECONDS -. -C

INTERAL 0.9 1.0 1.1 1.2 1.1 0.9 12 1.0 0.

STATION A 102 13.6 11.33 -f,--- 102

B f2 --- 10.2 13.6 11.33 f 2 - - -

C - -f3  102 13.6 11.33 -

O f 102 13.6 11.33 -:

-- E - - -- 10.2 13.6 11.33 t

F -6 -- '- 102 13.6 11.3 -f. -

G 11.33 -- -f" 102 13.6 11.33

II 13,6 11.33 --. ' 102 13.6 A

0.2 SEC.

FIGURE 4313.-Signal format.
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The relative strengths of the signals received and the time sequence of transmission
can be used to iden~fy the Omega signal.

By the signal strength method of identification, the various stations can be recog-
nized either by the relative sound levels or by the heights of the signals on an oscillo-
scope. In identifying the stations aurally, the signals from the nearer stations will
sound relatively loud, whereas the signals from the more distant stations will be rela-
tively weak, or they may not be heard. On an oscilloscope display, the amplitudes of the
signals from the nearer stations will be relatively large whereas the amplitudes of the
signals from the more distant stations will be relatively small, or the signals may not be
seen. It should be kept in mind, however, these methods depend upon observing or
listening to the entire signal format. The transmission from any single transmitter can
be distorted by propagation effects, and unless all the sign.'. are taken into considera-
tion, an erroneous lane count can be established. Also, "long path" signals, or signals
which travel the longer of the two possible great-circle paths from the transmitter,
degrade this technique.

-
I Each of the eight transmissions during the 10-second period of transmitting the

complete sequence of signals is called a time segment. The first transmission in the
sequence is segment A, the second is segment B, etc. (the time segment designation 1
should not be confused with the station designations). A particular station can be
identified by observing the relative time of its transmissions in the segment sequence.
The 13.6 kHz transmission from station B occurs during time segiaent C, the 13.6
kHz transmission from station C occurs during time segment D (the commutation
cycle in the receiver must be synchronized so that this condition occurs). By reference
to standard time transmissions (WWV, WWVH, etc.), the start of the sequence of
transmissions can be determined. Through identification of the various time segments,
the various stations can be identified.

Some Omega receivers are designed for automatically adjusting the receiver s "  -
internal timing circuits to agree with the Omega transmission pattern.

4315. Characteristics of Omega propagation.-The propagation of very low
frequency (VLF) electromagnetic waves in the region between the lower portion of theionosphere and the surface of the earth may be described in much the same manner|

as the propagation of higher frequency waves in conventional waveguides. The basic
quantities in the description are certain electromagnetic waves that satisfy (1) the

Iconditions on the electric and magnetic fields at the material boundaries, i.e., the earth's
surface and the lower ionosphere; and (2) the equations for propagating waves every-
where within the region between these boundaries. These waves can be described
by "the natural modes of propagation," or simply "modes." The behavior of the VNLF
wave may be discussed in terms of the modes.

There are three parameters that indicate how a mode will propagate in the earth-
ionosphere waveguide: its attenuation rate, excitation factor. and phase velocity. The
first and second parameters are measures of the energy lost by the mode per unit length
and how strongly the source generates the mode in comparison to other modes, respec-
tively; the third parameter is the mode's velocity of propagation (phase velocity).
The modes are usually ordered by increasing attenuation rates, so that normally mode 1
has the lowest rate. For frequencies in the 10-14 kHz band, the attenuation rates for the I
second and higher modes are so large that only the first mode is of any practical impor-
tance at very long distances. However, since mode 2 is more strongly excited than mode 1
by the type of transmitters used in the Omega system, both modes must be considered
at intermediate distances. In the near field region of a transmitter, other higher-order 1*0,
modes may have to be taken into account.

__ 4 "
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Another consideration of some importance is the fact that the modes have different
phase velocities. In particular, mode 2 has a higher phase velocity than mode 1. Thus,
as these modes propagate outward from the transmitter. they move in and out of phase
with one another, so that the strength of the vertical electric fieli of the signal displays
"dips" or "nulls" at several points on a radial from the transmitter. These nulls
gradually disappear, however, as mode 2 attenuates, so that the strength behaves in
a smooth and regular manner at long distances (where mode 1 dominates). T-mvever,
within about 450 nautical miles of a transmitter the modal interference is such that the
use of Omega is not generally reliable.

Since the degree of modal interference is also dependent upon factors other thanI proximity to the transmitter, e.g. path geomagnetic latitude and bearing, the minimum
distance for reliable use is variable. For applications sensitive to spatial irregularities,
such as lane resolution, separations greater than 450 miles may be required. Lesser
separations may be adequate for daylight path propagation at 10.2 kHz. As a warning,
the Omega LOPs depicted on charts are dashed within 450 nautical miles of a station.

Since the characteristics of the Omega signal are largely determined by-the elec'tro-
magnetic properties of the lower ionosphere and the surface of the earth, any change
in these properties along a propagation path will generally affect the behavior of these
signals. Of course, the changes will not all produce the same effect. Some will lead to
small effects due to a relatively insensitive relationship between the signal character-
istics and the corresponding properties. For Omega signals, one of the most important
properties in this category is the effective height of the ionosphere. This height is
about 90 kilometers (kin) at night, but decreases quite rapidly to about 70 km soon
after sunrise due to the ionization produced by solar radiation. As expected, it increases
again after sunset.

The phase velocity of mode 1 is critically dependent on this height, increasing as
the height decreases or vice versa. Since the phase of the Omega signal at long distancw,
is inversely proportional to this velocity, it will readily increase or decrease in step
with the effective height. In other words, the phase will be advanced or retarded as
the effective height changes. One therefore expects regular diurnal changes in the
phase from day to day, and studies have shown that this is indeed the case, although
the exact shape and magnitude of this diurnal variation depends on several factors,
including the geographic position of the receiver and transmitter and the orientation
of the path relative to the boundary between the day and night hemispheres.

In general, however, if an initially all-night path is partially illuminated by the
sun, starting at the transmitter, the phase will decrease, i.e. be advanced, from the
night value to the nominal day value; while the opposite change will take place on
an all-day path that moves into the night hemisphere starting at the transmitter.
Moreover, the transition from night to day values of phase, or vice versa, will be
relatively long - r east-west paths, and will become shorter as the propagation path
approaches a north-south orientation. Clearly, these changes will have an important
effect on imcompensated LOPs. Since one wavelength is the distance covered by a
wave (traveling with a given phase velocity) in one period, the LOPs constructed
from the measured phase-difference will be scweezed together in going from all day
to all night conditions over the propagation pih, and stretched out for night to day

-. transitions, relative to the chiarted LOPs.
Finally, while the diurnal variation in phase represents the major time-variation

in the characteristics of the Omega signal at long distances, the presence of a boundary
between the day and night hemispheres may produce an additional variation that
arises in the following manner. In the night hemisphere, both mode 1 and mode 2 a-e
usually present. In the day hemisphere, however, only mode 1 is usually presenT..



982 RADIONAVIGATION SYSTEMS

Hence, as the signal passes from the night to the day hemisphere, mode 2 will be con-
verted into the daytime mode 1 at the day-night boundary. This resultant mode 1g
may then interfere with the nighttime mode 1 that passes unchanged into the day~hemisphere. Thus, some additional variation in the characteristics may be present

4316. Geophysical parameters.&-Effects less pronounced than those associated a
with diurnal phase shift are produced- by various geophysical parameters including:

ground conductivity. Very high attenuation is incurred with propagation over
freshwater ice caps.

earth's magnetic field. Propagation towards magnetic west is attenuated more
than propagation towards magnetic east.

solr activity. See Sudden Ionospheric Disturbances (art. 4317) and Polar Capi Absorption (art. 4318).

latitude. The height of the ionosphere varies with latitude, being slightly higher
ove th hihe laituesthan over the lower latitudes during the summer.

solar zenith angle. The height of the ionosphere varies with the solar zenith angle.
For example, the ionosphere is higher in the summer than in the winter of the Northern
Hemisphere.

4317. Sudden Ionospheric Disturbances (SIDs) occur when there is a very sudden
and large increase in X-ray flux emitted from the sun, usually during a solar flare.
SIDs also occur during flares called "X-ray flares" that produce large X-ray flux, but "
which have no components in the visible light spectrum. The efect, which is restricted
to sunlit propagation paths, causes a phase advance and is known as a sudden phame

* anomaly (SPA). The SID effects are related to the solar zenith angle, and consequently,
occur mostly in lower latitude regions. Usually there is a fast advance over a period of 5 RI to 10 minutes followed by a recovery over a period of about 30 to 60 minutes. Significant 22SIDs could cause position errors of about 2 to 3 miles. a l

4318. The polar cap disturbance (PCD) is an ionospheric disturbance which is in
no way dependent on the ice eap in the polar region. It is the result of the focusing effect j
the earth's magnetic field has on particles released from the sun during a solar proton I
event. The effect concentrates high-energy particles in the region of the magnetic pole =
with the result that normal VLF transmission is disrupted. I

The effect on radio waves is known as polar cap absorption (PCA). Historically, -
PCDs produced lage or total absorption of high frequency radio waves crossing the 1
polar region, hence the term polar cap absorption. The amount of transmission anomaly
depends on how much of tl~e total transmission path actually crosses the region of the I
magnetic pole and its associated auroral zone. A transmission path which is entirely !
outside the Arctic region wil! be unaffected by the PCD. Although the occurrence of a
PCD iz random and unpredictable, the probability of PCD incidence increases during
periods of high solar activity. The Omega P:opagation Correction Tabks make no allow-
ance for this phenomenon which is random in occurrence, although the frequency of
occurrence increases during those years of peak solar activity.

The PCDs, often called PCA events (PCAs), may persist for a week or more I
although a duration of only a few days is more common. HYDROLANT/HYDROFAC
messages are originated by the Defense 'Mapping Agency Hydrographic Center if
significant PCDs are detected.

The position error that will be experienced for a giver LOP will depend upon the I
transmitting stations used and the effect of the PCD on each signal. In some cases the I

J. effect will tend to be cancelled out if the navigator is using the hyperbolic mode and has I
chosen station pairs whose transmission paths through the auroral zone are similar. I
However, no cancellation will be realized if the ranging mode is used. Using circular

Mom
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LOPs in this case, the position error will depend upon the severity of the POD and the
propagation path geometry involved. Phase shifts of as much as 50 cecs for a given
signal have been observed. At 10.2 kHz in the ranging mode, this would correspond to
a position error of approximately 8 nautical miles.

4319. Arctic paths.-rhe predicted propagation corrections include allowance for
propagation over regions of very poor conductivity such as Greenland and parts of
Iceland. Little data are available for these areas, hence even the best estimates are un-
certain. In particular, rather rapid abtenuation of the signal with position occurs as one
passes into the "shadow" of the Greenland ice cap.

4320. Auroial zones.-Paths which intercept the auroral zones r'irrounding the
north and south geomagnetic poles are knowri to affect the phase of vmega signals.
Auroral effects are believed to arise from electron precipitation in the higher regions of
the ionosphere which serves as a source of ionization for the D-region of the ionosphere.
Although the visual auroral zone is generally oval in shape, it is now thought that the
shape of the effective region producing ionization of the D-region is circular about the
geomagnetic p'les. Thus, auroral effects occur in a circular band between 600 and 800
north and south geomagpetic latitude In terms of phase velocity, the nighttime aurora:,
variation is about four times that of the daytime variation. The actual effect on Omega
signals for paths intersecting this region is a decrease in phase, i.e. a phase advance
with respect to nominal values.

4321. Spatial and dispersive correlation.-Over very long transmission paths from
a transmitting station to various points within a limited area, approximately the same
errors Nxill l,e acamulated along segments of the diffelent paths. It follows that within
this limited area, two Omega receivers will exhibit similar errors. This spatial correla-
tion results in Omega having excellent rendezvous capability. Differential Omega, in
wl"'i a propagation correction as accurately determined at a fixed site is broadcast to
Omega users within "Lie immediite area (radius up to about 300 nautical miles), makes
-6 of this spatial correlation.

Over tae same propagation path, i.uctuations on 10.2 kHz are usually closely
related to those on 13.6 kHz. This dispersive correlation generally reduces errors
associated with the use of the two frequencies in lane resolution.

4322. The stability of propagation has been demonstrated by long term monitoring
of Omega signalr, at fixed sites by the Naval Electronics Laboratory Center (NELC)
and others. The monitoring verifies that the standard deviation of an LOP derived from
a station pair is on the order of 4 eels. This monitoring also indicates that the phase-
difference measurc At is dependent upon the time of day. During the day the required
propagation corrections are relatively small but undergo more variations than the
required nighttime corrections; during the nighttime, the required corrections are
relatively large but more nearly constant. During the daytime the actual and charted
Omega lanes differ than during the night.

4323. Propagation prediction.-The practicality of the Omega Navigation System is
duqend, nt upon the fact that the radio signals in the VL1, band have very good phase

.... stability over extremely long distances. The accv,:acy of tb- system is dependent upon
this inherent stability and the predictability of tie phase v,.iations along the prop-
agation path. Long term studies indicate that the 0 nega sig! al phase, which varies
diurnally in response to diurnal changes in the ionosphere, cau be predicted with enough
accuracy to enable positioning to within 1 to 2 nautical miles dr,. (app. Q).

The model for propagation predictions, based on thleoretical and empirical physical k
principles, is revised periodically to account for char ges in solar activity and other
propagation anomalies. It is necessary to update the propagation correction tables
about every 2 years. Through force fitting, the tabular corrections are adjusted in

_ -
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accordance with local prediction errors determined by monitoring phase data at the
transmitting stations and other sites.

4324. The Omega Propagation Correction Tables contain the necessary data';
for correcting Omega receiver readouts, affected by the prevailing propagation condi-
tions, to the standard conditions on which all Omega hyperbolic cherts and tables are
based. Propagation corrections are always necessary.

The corrections are presented in the single station (range) mode so that the
navigato ly need acquire the tables for the stations and areas desired. Each table
contains propagation corrections for the station and area listed on the cover.

The publication number, pertinent suffix followed by the letter 0, and thedesignator of the single stationm for which they are computed fully identify each

propagation correction table. Using Pub. No. 224 (109-C) D shown in figure 4324a
as an example, the 224 designates an Omega publication; the first digit of the suffix
(109) identifies the frequency as 10.2 kHz (2 denotes 3.4 kHz); the last two digits of
the suffix identify the area of coverage of the table as 09 (fig. 4324b); the letter C
indicates that the table is a PPC table as opposed to a lattice table; and the station I
designator (D) completes the full identification of the table. 1

I
Pub. 224 (109.C) D

I

OMEGA PROPAGATION
CORRECTION TABLES

FOR 10.2 kHz

AREA 09
NORTHWEST PACIFIC

STATION D (NORTH DAKOTA)

F .1. tP.4he'S by tb.
OEINSE M"NG AGCNCY NfDOORA'-C CENT[R

w Dsb D C 20A
R40".~ 1976

F.. Wet p *thJo
4
fe S&l 'l~ A l lof the Do MIappt Aom PI N ydht,.P~c C.AnW

DMA STOCK NO OMPUB224109CD

FGuRE 4324a.-Omega Propagation Correction Tables.
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'Propagation corrections aie -tabulated for each grid point of a grid constructed
for 40 intervals for latitudes between 00 and 45' . The longitude interval is increased
to 60 for latitudes between 450 and 600, and to 80 for latitudes between 60' and 800.
Additionally, propagation corrections for the north and south polar areas between 700
and 900 are tabulated at intervals of 40 of latitude and 20' of longitude.

The corrections for a given coverage area are arranged in order of increasing west
longitude and increasing north latitude as shown in figure 4324c. The numbers in the
centers of the small quadrangles of this figure are the page numbers of the table in
which the corrections are tabulated. Also, the centers of these quadrangles are the grid
points at which sets of corrections are computed. As shown in figure 4324d, each set
contains a matrix of propagation correction values arranged horizontally by Greenwich
mean time (GMT) and vertically in semimonthly periods.

4325. The propagation corrections effect a conversion froi.i the prevailing propaga-
tion conditions to the standard c3nditions on which the Omega charts and lattice tables
are based.

The values as extracted from the tables are in units of centicycle; (cecs). The
centicycle (cec) is equal to 1 percent of a cycle. Note, however, th the dhference in
cecs of the phase rcadings of a station pair is numerically e.:w. ihe percentage
value of the lane defining the LOP, i.e., the difference in ee: s is siincrically equal to
the number of eels defining the LOP within the lane.

To obtain the propagation correction for a station psir, the correction for each
station is determined first. Following such determinations, the correction for the
station the designator of which follows the designator of the other station in the
alphabet is subtracted algebraically from the propagation correction of the other

1.3..... ,0-, 03V.
02 '1 09 222 ,9. 2

i0a 14 "-16 17 : 8

/.OW

19 20 21 22 23 24

.- 1Z-*1. 1.1, 1.,. 12Wss b".D

FIGURtE 4324b..Omega table areas.
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120 " 12 8 " 13 6 * 1 44 " 15 2 " ItO ' 16 8 " 17 6 "

97I 97 96 96/ 95 9 4 94 3 93 92 92 91 91 90 90

0)88 88 87 786 86 85 85 84 84 83 83 82 32 40'

81 80 78 78 77 77 76 76 75 75 74 74

31 73 73 72 1 71 70 70 69 69 68 68 67 67 66 66

65 65 64 64 63 63 62 62 61 61 60 60 59 59 58 58

57 56 56 55 55 4 54 53 53 52 52 51 51 :o s0

49 49 48 48 47 4G 46 45 45 44 44 43 43 42 42

32 31 31 30 30 29 29 28 28 27 27 26 26

1625 24 24 23 23 22 22 21 21 20 20 19 19 38 18 .

17 17 16 16 15 15 14 14 13 13 12 12 11 Ii 10 10

1 2 0 " 12 8 " 1 3 6 " 1 4 4 " 1 5 2 
°  

1O ' 1 6 8 * 1 6 " 

FiGUR 4324c.-ndex to corrections for a given coverage area.

FRE station. The net value is added algebraically to the pbase-difference readout on the

receiver for that station pair.Although extracting the correction data for each station of a pair from the -
pertinent tables and forming the propagation correction for the station pair are simple

processes, the navigator may prefer to construct graphs in advance for a particular
area. Since the corrections are for semimonthly periods, the graphs can be used during
a 2-week period. The-e grapi., -nay be constructed for single stations, pairs of stations,
or both. As an example, the following corrections are extracted from the pertinent

w tables:
PROPAGATION CORRECTIONS

GMT Station A Station B Hyperbolic A-B
07 -71 -(-36) -35
08 -71 -(-36) -35
09 -14 -(-36) 22
10 -05 -(-25) 30

- 11 -02 -(-08) 06
12 -01 -(-02) 01 1 _A
13 00 00 00
14 01 - (03) -02
15 00 -(04) -H

Note that since B follows A in the alphabet, the correction for station B is subtracted -.

aigebraically from the correction for station A.

--IKnr
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LOCATION 20.0 N 160.0 E
STATION 0 NORTH DAOTA

DATl. GMTD 0 01 02 03 06 05 06 07 08 09 10 11 12 13 14 I0 16 17 18 19 20 21 22 23 26

1-15 JAN -19 26 35 - 46 -bB -71 -87 -98-101 103"103" 103 103 
1 0 

4 
10 

3 -90 - 00 -68 - 54 2 8 -7 :9 :8 -13 - 9

16-31 JAN -15 -23 -33 -%2 -56 -68 -86 -97-101-102-103103-103-104-102 -RB -7S -65 :50 -25 -5- -5-71|

1-1 4 co -F *9 -28 -38 -49 -63 -80 -95-100-102-103-103-10 -90 -85 -73 -61 -5 20 -3 -4 -2 - -

15-29 IES -3 -12 -22 :33 -65 -59 -76 -92 -99-102-103-103-103-103 -92 -78 -60 -56 -38 
-13 -2 -2 1 1 -3

1-1b 14A 1 -7 -10 -20 -41 -55 -72 -90 -99-102-103-103-103-100 -85 -73 -63 -50 -32 -7 -1 0 3 6 1

16-31 MAR 4 -2 -12 -29 -36 -50 -68 -07 -98-101-103-103-103 -95 -79 -69 -58 -44 -24 -2 9 2 5 6 4

1-1' APR 7 2 -8 -19 -31 -45 -63 -8 .97-101-102-103 -99 -06 -73 -A5 -51 -37 -06 0 2 5 7 8 7

16-30 APR 0 6 9 -15 -27 -61 -58 -80 -96-100-102-103 -92 -79 -67 -58 -66 -30 -10 1 3 6 8 9 a

1-15 MAYr 9 7 0 -11 -23 -37 -5 -77 -94 -9-102 -9 -85 -73 -63 -53 -40 -26 -6 2 6 I 9 10 9

16-31 MAY 10 0 2 -8 -20 -33 -69 -72 -92 -99-101 -93 -01 -69 -60 -50 -37 -23 -3 2 5 8 10 11 10

1-1 JUN 11 9 3 -5 -17 -30 -6 -68 -89 -95-100 -90 -78 -67 -59 -69 -37 -21 -5 2 6 9 11 11 11

16-30 JUN 11 9 6 -4 -16 -29 -63 -66 -88 -97-100 -90 -75 -67 -60 -69 -37 -21 -3 2 5 9 11 11 1

1-AS JUL 11 9 -5 -16 -29 -66 -66 -88 -97-100 -91 -79 -69 -60 -51 -37 -23 -5 2 5 a 10 It 11

16-31 JUL 10 9 3 -6 -18 -31 -66 -68 -09 -98-101 -96 -83 -72 -62 -51 -62 -25 -7 2 5 0 10 11 10

1-15 AUG 10 7 1 -10 -22 -35 -51 -71 -92 -99-002-101 -87 -76 -66 -55 -65 -29 -10 1 6 7 9 10 10

16-31 AUG a 5 -3 -15 -27 -40 -57 -79 -95-100-102-103 -93 -80 -69 -57 -66 -33 -15 1 3 6 8 9 0

1-15 SEP 6 1 -9 -20 -33 -47 -65 -86 -97-101-102-103 -99 -89 -76 -63 -51 -36 -15 
0 2 4 7 7 6

1b-30 SEP 3 -4 -15 -27 -39 -54 -73 -91 -99-102-103-03-203 -90 -77 -65 -55 -39 -19 
0 0 3 5 5 3

1-15 OCT -z -11 -22 -33 -46 -61 -60 -95-100-102-103-103-10 -96 -82 -71 -59 -66 -24 -1 -1 1 3 3 -2

16-51 OCT -7 -10 -28 -39 -S2 -67 -85 -97-101-102-103103-103-100 -85 -76 -63 -49 -28 -3 3 - I -1 -7

1-1 NOV -14 -24 -3 -44 -57 -72 -89 -99-101-103-103-103-103-103 -92 -79 -69 -55 -36 -7 -5 -6 -3 -6 -16

16-30 NOV -19 7-27 -36 -48 -60 -75 -90 -99-102103103-03-103-104 -96 -85 -73 -61 -43 -11 -7 -7 -6 -11 -19

115 DEC -21 -29 -30 -49 -61 -75 -91 -99-102-103-103-103-103-10 -100 -80 -77 -66 -48 
-18 -8 -9 -8 -16 -21

16-31 DEC -20 -20 -38 -48 -60 -76 -89 -99-102003-10 -03 -10%-102 -91 -79 -68 -52 -26 -8 -0o -9 -15 -20

LOCATION 20.0 N 160.0 C
STATION m JAPAN

DATE GUT

00 01 02 05 06 05 06 07 08 09 10 11 12 13 16 15 1S 17 18 19 20 21 22 23 26

1-15 JAN -9 -8 -7 -7 -8 -9 -11 -21 -36 -13 -46 -47 -68 -48 -60 -48 -60 -68 -66 -48 -39 -21 -9 -20 -9

16-31 JAN -9 -8 -7 -7 -7 -8 -10 -18 -33 -63 -66 -67 -68 -46 -t8 -68 -68 -68 -46 -68 -39 -21 -8 -10 -9

1-14 FEB -9 -7 -6 -6 -7 -8 -9 -15 -30 -41 -N5 -4?7 %8 -68 -8 -68 .48 -%8 -68 -48 -37 -19 -8 -16 -9
15-29 FES -8 -6 -6 -5 -6 -7 -9 -14 -27 -39 -44 -47 -47 -48 -48 -48 48 .-8 -48 -48 -33 -1

, 
-8 -10 -81

1-15 NAR -7 -6 -5 -S -5 -7 -8 -12 -25 -38 -46 -66 -47 -46 -48 -40 - 65 -4 8 -8 -28 -9 -9 -9 -7

16-1 MAR -7 -5 -4 -6 -5 -6 -8 -11 -23 -36 -43 -66 -67 -6a -4a -6,8 -68 -68 -64 -66 -22 -6 -9 -9 -7

1-15 APR -6 -5 -6 -4 -5 -6 -8 -11 -21 -34 -63 -46 -67 -18 -48 -68 -68 -48 -51 - -15 -7 -10 -8 -6

16-30 APR -5 -6 -6 -6 - -6 -7 -10 -19 -33 -62 -45 -67 - -6 -68 -40 -48 -68 -35 -8 -9 -9 -7 -S

1-15 NAY -s -4 -3 -3 - -5 -7 -10 -18 -51 -61 -45 -67 -48 -68 -68 -48 -48 -48 -28 -6 -9 -9 -7 -5

16-31 MAY -5 -- -3 -3 -4 -5 -7 -9 -17 -29 -39 -45 -47 -47 -48 -48 -48 -48 -4 -24 -6 -10 -9 -7 -5

1-15 JN -5 -4 -3 -6 -5 -7 -9 -15 -27 -38 -66 -66 ..- 7 -68 -48 -48 6% -68 -P2 -7 -10 -9 -7 -5

16-30 JUN -5 - -3 -3 -6 -5 -7 -9 -15 -26 -37 -166 -66 -67 -68 -68 -68 -46 -46 -23 -7 -10 -9 -7 -5

1-15 JUL -5 -6 :3 -3 - - -7 -9 -14 -26 -38 -4 - 6 -47 -48 -48 -48 -65 -8 -26 -6 -00 -9 -7 -5

16:31 JUL -5 -4 -33 - -4 -S -7 -9 -15 -27 -38 -66 -46 -47 -68 -8-68 -68 -8 -29 -6 -9 -9 -7 -5
1-15 AUG -5 -4 -3 -3 - -7 -9 -16 -29 "40 - 5 -67 -67 -48 -8 -4 8 -8 -68 -36 -6 -9 -10 -7 -5

16-31 AG -6 -4 -6 -4 -5 -7 -10 -19 -32 -41 -65 -67 - 0 -6 - 68 -46 -- 8 -38 -11 -8 -10 -7 -6

1-15 SEP -6 -5 -6 -6 -5 -6 -8 -11 -22 -36 -43 -66 -67 -68 - 8 -68 -48 -68 -6 -60 -15 -7 -10 -8 -6

16-30 SEP -6 -5 -6 -4 -5 -7 -8 -13 -26 -39 -66 -46 -47 -68 -68 .4$ -48 -68 -68 -62 -108 -7 -9 -8 -6

1-15 OCT -7 -5 -5 -5 -6 -7 -9 -16 -31 -61 -45 - 7 -68 -6 -8 -48 -48 -68 -68-43 -20 -7 -9 -9 -7

16-31 OCT -7 -6 -6 -6 -7 -8 -10 -20 -31 -63 -66 -47 -63 -68 -48 -48 -48 -68 -66 -45 -26 -9 -9 -9 -7

1-15 NOV -8 -7 -6 -6 -7 -9 -12 -23 -37 -4 -46 -47 -68 -46 -68 -68 -45 -68 -68 -47 -28 -12 -9 -10 -6
16-30 NOV -9 -7 -7 -7 -8 -9 -13 -25 -38 -44 -6 -47 -48 -6 -48 -6 -68 -6 -68 -7 -30 -13 -9 -10 -9

1-15 DEC -9 -0 -7 -7 -8 -9 -13 -25 -38 -66 -46 -47 -48 -5 -48 -68 -68 -6 -65 -48 -35 -15 -9 -10 -9

16"31 DEC -9 -8 -7 -7 -8 -9 -12 -23 -3 -6 -46 -7 -46 -48 -6 -68 -68 -68 .4 -48 -37 -19 -9 -10 -0

FIGURE 4324d.-Extracts from Omega Propagation Correction Tables.

As illustrated in figure 4325a, a simple graph can be constructed which simplifies
any interpolation that might be required and depicts any rapid variations in the cor-
rections indicating uncertainty in the validity of the correction. In this graph propaga-
tion changes occur quite rapidly about 0830Z. Station A (Norway) corrections only
are graphed in figure 4325b. 'These corrections for 10 January are for a grid point
(lat. 160 N, long. 40*W) at which the sun rises at about the same time as at station A.
Hence, propagation changes over most of the 2,300 nautical mile propagation path from
northern Norway to 160 N, 40°W occur quite rapidly about 0830Z. The prudent pro-

cedure would be to use a different station pair at this time for obtaining an LOP. -

When forming the 3.4 kHz coarse lane from the 10.2 kHz and 13.6 kHz trans-
missions from a station pair and determining in which 10.2 kHz fine lane the observer
is located by means of the equivalent 3.4 kHz phase-difference reading, the phase-

difference reading at 10.2 kHz is subtracted from the phase difference reading at 13.6
kHz. 'The correction as extracted from the Omega Propagation Correction Tables for
10.2 kHz is subtracted algebraically from the correction extracted from the tables for 7AT;
13.6 kHz. The algebraic difference of the corrections so found for each station of the
pair is then applied to the phase difference reading.

4326. Omega plotting cbarts.-Several series of charts have either been produced _6
or are under development for use with the Omega system. The 7600 and 7700 series,
designed to give global coverage on the Mercator projection with a scale of 1:2,187,400

t
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FIGURE 4325.-Diurnal effects. FiGUm 4325b.-Diurnal effects.

(1 inch=30 nautical miles), are plotting sheets overprinted with Omega zero phase-
difference contours for standard propagation conditions. M

On these plotting charts the LOP for a corrected receiver reading of a station Z
pair is constructed by graphical linear interpolation between the charted LOPs.

Notice to Mariners are not issued for changes to hydrographic information on these
*: ,plotting charts. The mainer should consult the nautical charts covering the same .

area for hydrographic information.
4327. Lattice tables.-It is not feasible to provide the great number of large-scale

charts required for every application of the Omega System. The counterpart to the k

Omega chart is the lattice table (Omega charting coordinate table) contained in the I
Pub. 224 Series. Through use of this table, Omega lines of position can be plotted on
a suitable plotting sheet or chart having a scale as large as 1:800,000.

Because all Omega frequencies are integral multiples of a common base frequency f-
(1.133 kHz), there is no real need to publish lattice tablks for frequencies other than
10.2 kHz. For instance, every third 10.2 kHz hyperbola is also a 3.4 kHz hyperbola;
every fourth 13.6 kHz hyperbola is also a 3.4 kHz hyperbola. The tables are computed
for hyperbolic lanes at a frequency of 10.2 kHz. Every 10.2 kHz hyperbola, exactly
divisible by three (897,900,903, etc.) is also a 3.4 kHz hyperbola.

The numbering of the lanes established by a station pair increases in the direction
away from that station of the pair the designator of which appears first in the alphabet; :
the 10.2 kHz lane at the perpendicular bisector of the baseline of the pair is assigned
a value of 900. A fictitious minimum lane count is inserted in the lattice computations
to provide this 10.2 kHz lane count of 900 lanes on the perpendicular bisector of the
baseline.

For each coverage area as shown in figure 4324b there is a separate Omega Table
(lattice table) for each station pair that can be used in that area. 21

The publication number, pertinent suffix, and station pair fully identify each 1 --it

lattice table. Using Pub. No. 224 (109), Pair D-H, as an example, the 224 designates
an Omega publication; the first digit of the suffix (109) identifies the frequency as
10.2 kHz; the last two digits of the suffix identify the area of coverage of the table
as area 09; the station pair (D-H) completes the full identification of the table.

/h

' _~-~.
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T O-H 1090 0-H 1091 0-H 1092 0-44 1093 0-H IO94 I T

a 0 62 16.2! -121 162 04.OE -121 161 51.9t -122 161 39.6E -122 161 27. 11 -1?2
1 N 162 18.7! -120 16 06.5E -121 161 54.4E -121 161 42.3E -121 161 30.1E -121 4
2 N 162 20.n. -120 162 08.7! -120 161 $6.6t -120 161 44.5E -120 161 32.5E -120
3 Ni162 22.4E -119 16Z 13.4! -119 !

r : 
58.5! -119 161 4G.4( -120 161 34.4E -1201

4 162 23.7E -119 162 11.8! -119 :61 59.9E -119 161 47.9! -119 161 36.0! -119i

S N.162 24.S -118 162 12.8E -118 16. 2.9E -118 161 S9.0! -118 161 37.E -118!
6 N 162 25.1! -117 162 13.QE -117 162 .6! -118 161 49.7! -118 161 37.9E -118 1

1 N 62 25.2E -136 162 13.6! -117 162 ..8 -117 161 50.0! -117 161 38.3! -117
9 N 12 24.9E -1116 13.3[ -116 162 O.E -116 161 49.9! -107 161 38.2C -117

9 N 62 14.2 -15 12 12GE Its16? 01.0! -116 161 49.3r -116 161 37.7E-:6

10 N 16Z 25.0! -115 162 11.5! -115 161 59.9E -115 161 48.3! -115 161 36.7! -115~
It N.162 21.4!E -114 162 09.9! -115 161 58.-3 -115!161 46.8! -I15 161 35.3! -115'
12 N1162 19.2! -114 162 07.4 -114 161 56.3! -11it161 44.8! -114 161 33.3E -11 4

- 13 N.162 16.6 -1113 162 05.3! -114 161 53.8! -1141161 42.3! -114 161 30.9! -114-
.- 162 13.5! -113 162 02.2! 1 161 50.8! -1145161 39.3C -114 161 27.9! -114'

15 N4l.12 09.8E -113 161 58.5! -113 161 47.2! -1131161 35.8t -113 1G1 24.5! -113K
is N1162 05.6E -112 161 54.3t -112] 1&1 43-.OE -112'161 31.7C -112 161 20.4E -112=

17 N1162 00.8! -112 161 49.5! -112 161 38.2! -112;161 27.0! -112 161 15.7! -112k
18 N'161 55.3E -112 161 4.1! -112 161 32.9! -111 161 21.7E -112 161 10.4! -112V
1 N.1161 49.2! -111 161 38 .1 .'l161 26.9! -112 161 15.6! -112 162 04.4C - 1119
20 4L.161 42.4! -111 161 31.3E -111 161 20.1! -1111161 09.0! -111 160 57.6! -li

21 161 34.9! -110 161 23.8! -111 161 12. -1111161 01.G! -111 160 50. 4 -111H
.122 N|61 26.7! -1101 16 15.6! -113 161 (14. -111 160 53.4E -I11 160 42.3! -111i

23 N 161 17.G -110 161 06.6! -110 161 55.5! -111 160 44.3! -111 160 33.3! -1101
24 N.161 07.7! -110 160 56.G6 -110 160 45.6! -11O1G1 34.5[ -111 160 23.3! -1t.I

25 N 10 56.9! -110 160 45.9! -110 160 34.8L -1115160 23.6! -110 160 12.6!

27 41160 45.1! -110 160 34.1! -110 16023! -111 19! -110 160 00.8! -110P
28 N1160 32.3! -11! 160 1 .3! -11 160 10 E. -111 159 59.0! -110 15)8. -110

018.4! -110 160 07.3! -110159 56.! -111 159 45.1! -111 159 34.0! -110.
29 N'1160 03.3! -110 159 52.2! -111 159 41.0! -1111159 29.9! -11 159 18.8! -110,

30 N1159 46.9! -110 159 35.8! -111 156 24.6E -1111159 13.4! -111 159 02.3! -lilt
31 N1159 29.2! -111 159 18.0! -111 159 06.8E -1121158 55.6! -111 158 44.4! -1111-
32 U3159 1O.O -112 158 58.8! -112 158 7S-5E -112 158 36.3E -112 158 25.1E -112t33 N1184.E-112 ..58 37.sr -113| Is 6G 12IS1.E IZ15O E-11
34 N1158 26.8! -113 158 15.4! -114 158 04.0! -113157 52.6! -113 157 41.3!33 415N 93 -1 5 79 123 15 66 11 5 33! -1215 0.1! 11

35 N 158 02.4! -114 157IS7 0. -14 157 39.5 -1141157 28.0! -114 157 16.5! -list
36 4".157 36.1! -116 157 24.4! -115 157 12.9! -115 157 0.14! -115 156 49.7! -116"
37 N1=157 07.5! -117 156 55.8! -11SI s 44.iE -116 156 32.4! -117 156 20.7! -1171
38 N156 36.5! -118 156 24.7 -1181 156 12.9! -118 156, 01.O0 -119 155 49.1! -118[
39 N1156 03.0E -119 155 51.0! -120 15S 38.9! -12. 1 55 26.8! -120 155 14.8! -120f

40 N]155 Z.5! -121 155 14.3! -122 155 o.O! -122 154 49.7! -122 154 37.4E -122
41 N.1154 46.8! -124 1 154 34.3! -125 154 21.7! -1251154 09.2! -124 153 56.8! -125E
z Nils 03.5E - 27. 153 50.7 - Z8 153 37.8E -128 153 25.1E -127 153 12.2! -128k

43 N' 153 16.1! -1311 153 03.0! -131 152 49.9 -131 152 36.2! -132J152 23.5! -132
44 4. 152 2..4! -1341 152 10.9! -135 151 57.3! -13511SI 43.7! -135151 30.1! -136

4S 4.. 52.5 ! -1391 151 13.5! 10 59.4! -140 150 45.3! 40 So 31.2E

T 0 - 1090 0-H1 091 O-H IM9 D-H 1093 0H 1094 t T

FIGURE 4327.-Extract from Omega Table.

As shown in figure 4327, the columns are headed by lane values at intervals of
one lane in most cases. Lane values corresponding to the baseline extensions are so
marked.

Because Omega isophase contours fan out in all directions, it is sometimes neces-
sary to tabulate the latitude at which the contours intersect meridians; at other times- -

it is necessary to tabulate the longitudes at which the contours intersect parallels of
latitude. The tables are arranged so that the latitude always appears to the left of

the longitude.

If
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For the entire area of coverage, points on the isophase contours are tabulated at
intervals of 1* of latitude or longitude from the equator to 600 north and south. From
600 latitude to 800 latitude, the points are tabulated at intervals of 10 of latitude or
2* of longitude. From 800 latitude to the pole, the points are tabulated at intervals of
1 0 of latitude or 50 of longitude.

Close to the transmitting stations where the hyperbolic contours curve sharply,
additional points are tabulated at intervals of 15 minutes of arc. The spacing of the i
points is such that the navigator can safely use a straight line between any two adjacent
tabulated points as an approximation of the hyperbola. Within approximately 20
miles of a transmitting station, the curvature of the hyperbolic contours is excessive.
The navigator is cautioned that straight line segments will introduce appreciable errors. .
A plot of three consecutive points will indicate the amount of curvature and the actual I
contour. When operating within 450 nautical miles from a transmitting station, caution I
should be exercised because transmissions from the station may not be reliable. The
use of the signals when within 450 nautical miles of a transmitting station should be
avoided if possible.

4328. Interpolation.--The usual situation is that the LOP corre_,ponding to a
corrected receiver reading lies within a lane, i.e., 0- -LOP usually lies between adjacent
zero phase-difference contours for standard propagation conditions. Since the lattice
table tabulations are points on these contours, interpolation is usually required.

To facilitate linear interpolation in the lattice tables, the rate of change of latitude
or longitude per lane is tabulated immediately to the right of each tabulated point
on the zero phase-difference contour or lane boundary. This A value is only an average R
rate of change for a two-lane band. It is assumed to be correct at the tabulated point of
the middle hyperbola. For this reason it. always necessary to interpolate from the I
nearest tabulated lane value, T. The difference between the corrected receiver reading
and tabular lane is multiplied by A. This product is added algebraically to the value R
of latitude or longitude tabulated under the column headed by T. Either A or the I
difference between the corrected receiver reading and the tabulated lane value (T) I
can be negative.

The A value is in units of minutes of arc, the last digit being tenths of minutes of
arc. However, the decimal is not shown in the tabulation.

As the baseline extensions are approached, accurate interpolation i. impossible.
In these areas, values for A have been omitted.

Example.-The 0400Z DR position of a ship on 5 February is latitude 21*36'N,I
longitude 161 015'E. The 0400Z Omega reading for station pair D-H is as follows:

0400Z Pair D-H 1090.15.

Required.-The 0400Z Omega LOP.
Solution.-The appropriate predicted propagation correction (PPC) must be

applied to the observed receiver reading to obtain the corrected receiver reading.
- Therefore, enter the PPC tables for the pertinent stations wit, the DR position.

Select the PPC for the closest geographic intersection to the ship's DR position for the
proper time and date. Combine the PPC's for the individual stations comprising the
pair by algebraically subtracting the correction for the second station alphabetically of
the pair from the correction for the first station. Apply the :orrection to the uncorrected
receiver reading. Enter the lattice table in the T column nearest to the value of the
correted receiver reading and with the latitudes or longitudes closest to and on each.
side of the DR position. Extract the corresponding longitudes or latitudes for these two
points. Interpolate if necessary. Plot the two points thus obtained. Connect these two
points with a straight line to determine the Omega LOP.
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1~61*E 162*E

FoIGURF 4328.-Plot of Omega line of position.

PPC table excerpts for Stations D and HI are as follows (see figure,4324d):
PPC for StationD -------- --------------------------------------- -. 49
PPC for Station H------------------------------------------------ -. 07
PPC for Pair D-H=(-.49)-(-.07) ----------------- ----------------- -. 42

Pair D-1I lattice table excerpt (see figure 4327):
Receiver reading (uncorrected)-------------------------------------- 1090.16
PPC for Pair D-H------------------------------------------------ -. 42
Corrected receiver reading ----------------------------------------- 1089.73
T- T------------------------------------------------------------ 1090.00
Duff------------------------------------------------------------ -. 27

Latitude Tabulated A
lon gitud-

21 0N 161 034.9E -11.0
2 0N 1610267E -11.0

Interpolated -

Longitude change Cdiff. X A) longitude

Amsiver.-The LOP is plotted through the following positions: latitude 210N,
longitude 161'37'9E, and latitude 22 0N\, longitude 161*29:7E (see figure 4328).

Loran-C

4329. Loran-C is a long range hyperbolic radionavigation system of high accuracy
which processes at pulsed LF (100 kflz) signal by both the time dlifference and phafse
comparison mnethods. Range of 800 to 1.200 nautical iles are obtainable when using
the groundwavc. depending upon transmitter power, signal-to-noise ratio in the service
area, receiver sensitivity, andl losses over thle signal path. Wide coverage areas are made
possible by the low propagat ion losses of LF groundwaves, by the use of pulse groups to

increase the average power without any increase i h ekpwr n ytl ieo

ixt
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long baselines which, as compared to shorter baselines, serve to increase the total area!
where the angles of cut of the lines of position are 1.5 or greater.

The normal propagation mode is the groundwave. The skywave propagation mode
can be used with reduced accuracy beyond the area of groundwave reception. One-hop
skywaves may be received at ranges up to about 2,300 nautical miles.

Although it is designed and operated for use in the hyperbolic mode, Loran-C in
the Range-Range mode (art. 4304) can be used to extend the coverage area within
which accurate fixes are obtainable.

The low frequency (90-110 kHz) signals used in the Loran-C system do not suffer
from the high propagation losses over land associated with medium frequency (MF)
and high frequency (HF) signals. The MF and HF signals also suffer loss of propagation
predictability due to natural and man-made features whose sizes are significant frac-
tions of a wavelength. Higher frequency signals are range limited to line-of-sight.
Thus, the center frequency of 100 kHz was selected for Loran-C to benefit from the
stable propagation characteristics and long range of the LF band. I

4330. Loran-C chains are comprised of a master transmitting station, two or more
secondary (slave) transmitting stations and, if necessary, system area monitor stations.
The transmitting stations are located so that the signals from the master and at least j
two secondary stations can be received throughout the desired coverage or service
area. For convenience, the master station is designated by the letter M and the secondary
stations are designated W, X, Y, or Z. Thus, a particular master-secoadary pair and the I
time difference (TD) which it produces can be referred to by the letter designatins of
both stations or just that of the secondary, e.g. MX time difference or TDX (fig. 4330).

4331. The Loran-C signal format.-The transmitting stations of a Loran-C chain ' -

transmit groups of pulses at a specified group repetition interval (GRI). Each pulse has I
a 100 kHz carrier and is of the shape shown in figure 433 1a. The shape is such that 1-
99 percent of the radiated energy is contained between the frequencies of 90 and 110 1I kHz. For each chain a minimum GRI is selected of sufficient length so that it contains I
time for transmission of the pulse group from each station (10,000 microseconds for the
master and 8,000 microseconds for each secondary) plus time between each pulse group
so that signals from two or more stations cannot overlap in time anywhere in the
coverage area (fig. 4331b). Thus, with respect to the time of arrival of the master, a
secondary station will delay its own transmissions for a specified time, called the?
secondary coding delay. The minimum GRI is therefore a direct function of the numberj
of stations and the distance between them. A GRI for the chain is then selected so that
adjacent chains do not cause mutual (cross-rate) interference. Possible values for GRI
are listed in table 4331a. The GRI is defined to begin coincident with the start of the
first pulse of the master group.

Each station transmits one pulse group per GRI. The master pulse group consists
of eight pulses spaced 1,000 microseconds apart, and a ninth pulse 2,000 microseconds
after the eighth. Secondary pulse groups contain eight pulses spaced 1,000 microseconds
apart. Multiple pulses are used so that more signal energy is available at the receiver,
improving significantly the signal-to-noise ratio without having to increase the peak
transmitted power capability of the transmitters. The master's ninth pulse is used for
visual identification of the master, and for blink. Blink, used to warn users that there is.
an error in the transmissions of a particular station, is accomplished by turning the L -
ninth pulse on and off in a specified code as shown in table 4331b. The secondary
station of the unusable pair also blinks by turning its first two pulses on and off.
Most modern receivers automatically detect secondary station blink only, as this is -
sufficient to trigger alarm indicators.
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SECONDARY

(X) TDX , THE LOCUS OF ALL POSITIONS WHERE THE
OBSERVED TIME DIFFERENCE BETWEEN
THE TIMES OF ARRIVAL OF THE M & X
SIGNALS IS CONSTANT.

A -,~ Lop OBSERVER

(HYPERBOLIC FIX)

: MASTER /
O

SECONDARY
(Y)

FiGURE 4330.-Loran-C chain.

The rate structure for Loran-C is limited in theory to GRIs of 00010 to 99990
microseconds in 10 microsecond steps. In actual practice the GRIs are between 40000
and 99990 microseconds with limits placed on rates actually selected. The designation
of a Loran-C rate is by the first four digits of the specific GRI. This is a newly expanded
rate structure. The old rate structure consisted of those GRIs with old rate designa-
tions shown in parentheses (thus rate SS7 is now referred to as 9930).

4332. Avoiding skywave contamination.-A skywave may arrive at a receiver as
little as 35 microseconds (As) or as much as 1,000 As after the groundwave. In the first

case, the skywave will overlap its own groundwave while in the second case the sky-
wave will overlap the groundwave of the succeeding pulse. Either case will cause dis-

tortion of the received signal in the form of fading and pulse shape changes. Large
positional errors would result if these conditions were not accounted for in the selection
of the Loran-C signal format, and the design of the receivers.

The early arriving skywave is overcome by making time of arrival measurements
on the first part of the pulse. This ability is enhanced by the fast-rising pulse (fig.
4331a), achieving high power prior to the arrival of the skywaves. The shape of the
pulse also allows the receiver to identify one particular cycle of the 100-kHz carrier. : &! A-
This is essential to prevent whole cycle ambiguities in the time-difference measure-
ment and allows the high accuracy of the phase measurement system to be achieved.

To prevent the long-delay skywaves from affecting the time-difference measure-
ment, the phase of the 100-kHz carrier is changed in each pulse of a group in accord-

If
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9999 8999 7999 .nq9 5999 af9.

9998 8998 7998 6998 5998 4998
9997 8997 7997 6997 5997 4997

9991 8991 7991 6991 5991 4991
9990 (SS1) 8990 7990 (SLI) 6990 5990 (SHi) 4990 (Si)
9989 8989 7989 6989 5989 4989

9971 8971 7971 6971 5971 4971
9970 (SS3) 8970 7970 (SL3) 6970 5970 (SH3) 4970 ($3)
9969 8969 7969 6969 5969 4969

0 00 0 0

0 0 0 0 0 0

9931 8931 7931 6931 5931 4931
9930 (SS7) 8930 7930 (SL7) 6930 5930 (SH7) 4930 (S7)
9929 8929 7929 6929 5929 4929

*0 0 0 0 a

0 0 0 0 0 0

0 0 0 0 0 0

9000 8000 7000 6000 5000 4000

TABLE 4331a.-Group repetition intervals (GRI in tens of microseconds).

PULSE ENVELOPE SHAPE t26 -2t/65;
t IN MICROSECONDS.

o ILSEC "

CYCLE ZERO
CROSSING TO BEIDENTIFIED ANDi

TRACKED AND -

i!. ,,,FIGURE 4331a.-Loran-C pulse.

f
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4 LORAN-C CHAIN GRI

MASTER SECONDARY SECONDARY ST
PULSES X PULSES Y PULSES SECONDARY MASTERI I Z PULSES •PULSES-.

I-lil l Iii 1 11 11l ll11. ..111 111
11111111 I 11111111 !i111 .. 1; ,,,

1000 pSEC

TDY-

TDZ

FIGURE 4331b.-Loran-C signal format.

ance with a predetermined pattern. The phase codes for Loran-C are shown in table
4331c. The diffcrent phase codes for the master and secondary signals also allow auto-
matic receivers to use the code for masta:" and secondary station identification.

4333. Synchronization control-All transmitting stations are equipped with
cesium frequency standa.ds. The high stability and accuracy of these standards permit
eact station to de:rive its own time of transmission without reference to another station.

The objective for control of a Loran-C chain is to maintain constant the observed
time difference ('1D) of each master-secondary pair throughout the coverage area.
Frequency offsets in the cesium standards and changes in propagation conditions can
cause the )bserved TD to vary. Therefore, one or more system area monitor (SAM)
stations with precision receiving equipment are established in the coverage area to
monitor continuously the TDs of the master-secondary pairs. In some cases a trans-
mitting station is suitably located and performs the SAM function. A control TD is
established through calibration (art. 4334). When the observed TD varies from the
control TD b- one-half of the prescribed control tolerance, the SAM directs a change
m the timing of the secondary station to remove the error. The control tolerance is
plus or minus 200 n.noseconds er better. If the observed TD differs from the control
TD by more than the cntroi tolerance, "blink" (art. 4331) is ordered to advise users
that 4he TD is unusable.

The Loran-C system as it operates today (1977) has maintained a record of 99.7
percent availability, not including scheduled off-air maintenance, which reduces that
figure to about 99 percent. New equipment is being developed which will permit on-air
maintenance, and also improve the system availability, with a goal of better than
99.7 percent, including all interruptions of service.

4334. System calibration.-When a Loran-C chain is established (or when a
secohidary is added) and perindically thereafter, chain calibration is conducted.
The purpose of the calibration is to record the Loran-C time differences at a number
of known geographical points in the coverage area. This information is then used to:

1. verify the initial chain synchronization to ensure that the chain performs as
advertised;

2. establish the control time difference-, which are then used as the reference for
measuring synchronization control;

• ensure the accuracy of existing control time differences;
4. prnvide survey data for accurate charting and for use in determining surface

conductivities.

N. S
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MASTER STATION NINTH PULSE: i = APPROXIMATELY 0.25 SECOND
= APPROXIMATELY 0.75 SECOND

UNUSABLE ON-OFF PATTERN

TO (S) -12 SECONDS -- _ _ -

NONE

X lidm m
xi

XYZ I II

xvw I m I

XW II I I I m

" ' !lo

YZ I l

yvi

vzw

XYZ jllll MW1 l

y i -IMmi

YZW IL ll Imm I ul l

XYZW JIM l -t l o= MWl wwll

SECONDARY STATION FIRST TW ; PULSES:

TURNED ON (BLINi'-D) FOR APPROXIMATELY 0-:5 SECONDS
EVERY 4.0 SECONDS. ALL SECONDARIR USE SAME CODE,
AUTOMATICALLY RECOGNIZE,.e BY MOST MODERN LORAN-C
RECEIVERS. "- -  €

~~T.,BLE 433 Ib.-Loran-C blink code. ! f=-

In performing a calibration, an effort, is made to distribute the monitor sitesuiniformily over tile coverage area. Each site is visited for it minimum period of 4 hour.,,

during which time the Ioran-C signals are monitored precisely and the average value
for the period is detetiined. The transmitting stations and the station for which the
control time differences are to be established are also required to conduct precise
monitoring. The geo'sraphic location of the monitor site (if not already known) is de- .. . -
ternined at the sanmi. time by use of satellite positioning. The calibr'ation data is then
reduced to establish or check the control time differences, and to estimate surface
conductivities throughout the coverage area. This improves the ability to predict the
time differences at particular locations.
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MASTER EACH SECONDARY

GRI A ++--+-+- + +++++--+

GRI B +--+++++ _

NOTE: (+ INDICATES ZERO DEGREE CARRIER PHASE

(-) INDICATES 180* CARRIER PHASE

LORAN-C INTERVALS A&B ALTERNATE IN TIME

TA13LE 4331c.-Loran-C phase codes.

'A35. Receiver characteristics.-A "true" low-cost Loran-C receiver which will
be -useful to the limits of the U. S. Coast Guard's advertised coverage area for the
Coastal Confluence Zoi has the following characteristics:

1, It acquires the Loran-C signals atutomatically, without the use of an oscilloscope.
2. It accomplishes cycle matching on all pulses to take advantage of the maximum

accuracy of the system.
3. It automatically track, the signals once they have been acquired.
4. It displays two time-difference readings.
There are many combined Loran-A/C receivers on the market, exhibiting varying

degrees of performance. Few of these receivers are known to meet all of the above
requirements. There is no guarantee that all Loran-A/C receivers will accurately
measure the received Loran C signals out to the limits of the advertised coverage area,
since most of chem use pulse envelope matching techniques and little or no cycle
matching. Some receivers perform all of the desired functions except that they depend
on the operator using an oscillhcope for signal acquisitions. In a "noisy" environment
(e.g. where the atmospheric or man-made noise level is high compared to that of the
desired Loran-C signals), this will be extremely difficult, again limiting the area in
which that receiver can be used.

4336. laterference filters.-Like all radionavigation systerrs, Loran-C can be
adversely affected by interference. The effect of interference is to make it difficult
to acquire the Loran-C signals or to make the readings fluctuate more than usual or
both. .Iost manufacturers provide tuneable filters which can be used to minimize
such interference. If a user is to remain always in the same general area (about 100-mile
radius from a center point) it will probably never be necessary to readjust these filters
once they are properly set by the manufacturer or his local representative.

If the user is to travel great distances, it will be necessary for him to learn how to
readjust the filters. This is not a difficult task following some initial training.

$#
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4337. Signal acquisition.-To acquire the Loran-C signals it is important to enter
into the receiver the GRI of the local Loran-C chain. Usually, the GRI will remain
unchanged as long as the vessel stays on the same coast of the United States.

The speed at which the receiver will find the Loran-C signals depends upon the
sigual strength and how much noise is present. In some receivers, the user can expedite
the prncess by preselecting the approximate Loran-C readings he expects to read.
Most modern receivers will be automatically tracking within 5 minutes of initial turn-on,
and will continue to track until the receiver is turned off. If a user is at a known
location (at a pier and ready for departure, for example) it will be obvious to him when
the receiver is providing the correct information. In any event, most receivers show
some type of an ahrm which remains lighted until the receiver is tracking properly.

Initially acquiring Loran-C signals when arriving from far out (several hundred
miles or more) at sea is a more difficult problem than the one of a vessel at a pier where
the Loran-C readings are known. Thus, the receiver may take more time to acquire
the signals. When first entering a Loran-C coverage area, the receiver should be checked
frequently to ensure that all the alarms are extinguished. Sometimes, due to weak
signals and high noise, the receiver alarms will go out even though the receiver is not
tracking precisely. However, as the vessel continues to enter the stronger signal area,
the receiver will automatically recognize that it has made an error and will give the
user an alarm light. This should occur well before the vessel enters the CCZ.

4338. .Lattice tables provide the coordinates necessary for the construction of
straight line representations of segments of the hyperbolic lines of position. Except
when the user of the Loran-C system is Within about 20 nautical miles of a transmitting
station, the straight line segment joining any two adjacent tabulated points can be
used without appreciable error. Should there be doubt about the accuracy of the line
of position with regard to curvature, the amount of error can be resolved by plotting an
adjoining straight line segment of the line of position.

Pub. 221, Loran-C Table, is a series of lattice tables p'.blished by the Defense
Mapping Agency Hydrographic Center. In this series there is a separate lattice table
for each station pair of a chain. Each table is identified by the publication number
(221), pertinent suffix, and station pair. For example, Pub. 221 (2013) Pair 7960-X
is the lattice table for t1., 7960-X pair in the Gulf of Alaska chain.

Points on hyperbolas separated by 10 microseconds of time difference are tabulated
in the lattice tables (fig. 4338a) at intervals of whole degrees of latitude or longitude
except in areas close to transmitting statiors. In such areas, points are tabulated at
intervals of whole degrees or quarter degrees, depending upon the degree of curvature
of the line. A separate column is given for each tabulated reading, at 10-microsecond 1
intervals. An auxiliary tabulation labeled A (delta) gives the change in longitude or lati-
tude (to 001) for a 1-microsecond change in the time-difference reading. Also, points 4
on the baseline extension are tabulated in a coJumn headed by the time-difference read- i
ing on the baseline extension.

Tabulated readings are for groundwaves. Skywave readings are corrected to the
- . equivalent groundwave readings before entering the tables. A groundwave reading

is designated To, and a skywave reading Ts. If a groundwave is matched with a sky-
wave, the reading is labeled T0 8 if the groundwave is from the master station, and
TaG if from the secondary (slave) station.

The Loran-C lattice table is entered with the groundwave reading in microseconds,
and the latitude or longitude. For a line running in a generally north-south direction,
the table is entered with the latitude, and the corresponding loncitude is taken from
the table. For an east-west line, the table is entered with longitude, and latitude is
taken from the table. Two such points are thus determined and plotted, one on each
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side of the dead reckoning position. The straight line connecting them is an approxima-
tion of a small segment of the line of position.

Interpolation is usually required. For each latitude or longitude argument, the
lattice table is entered with the tabulated time-difference (T) nearest to the groundwave
reading. The longitudes or latitudes extracted are then corrected by the amounts of
the products of (T10-T) and A, the change in longitude or latitude for 1-microsecond
change in T. Careful attention must be given to the signs of A and (T-T). The
sign of A is found by inspection. The sign of (Tc-T) is found by always algebraically
subtracting T from To.

Example I.-The 1530 DR position of a ship is lat. 48*35'N, long. 30°17'W.
Loran-C readings are obtained, as follows:

1530 7930-X To 29523.8
1530 7930-Z T, 48635.7

Required.-The 1530 Loran-C fix.
Solutio.-Enter the lattice tables (fig. 4338a) in the T (time difference) column

nearest to the value of T'c and with the latitudes or longitudes closest to and on each
side of the DR position. Extract the corresponding longitudes or latitudes for these
two points. Interpolate if necessary. Plot the two points thus obtained. Connect these
two points with a straight line to determine a segment of the hyperbolic line of position.
The intersection of two lines for different pairs determines the Loran-C fix (fig. 4338b).

* Pair 7930-X Lati- Tabulated a Longitude change Interpolated

tude longitude (To-T) X (A) longitude
T ----- 29520
T 29523.8 48-N 30-24.3W +22 (+3.8)X(+.22)=+0.8 30'25!.1W

To-T.. +3.8 49-N 30 021!5W +21 (+3.8)X(+.21)=+0!8 30 022.3W

Pair 7930-Z Longi- Tabulated A Latitude change Interpolated
tude latitude (To-T) X (A) latitude

T ----- 48640
Tc---.48635.7 30-W 48024'3N +20 (-4.3)X(+.20)-0'.9 480 23:4N
To-T._ -4.3 31OW 48047'5N +19 (-4.3)X(+.19)---0'8 48-46.7N

Loran-C lines of position are plotted through the following positions: lat. 48'N'
long. 30*25'1W; lat. 49 0N, long. 30'22'3W; und lat. 48023!4N, long. 30*W; lat.
48°46'7N, long. 31'W.

Anwer.-lat. 48°32:7N, long. 30°23'6W.
When it is possible to match two groundwaves, never match a groundwave with a

skywave. Under the best conditions for matching greundwaves to skywaves, the value
obtained may be uncertain by an amount equivaleit to several miles in position. As is
the case with matching two skywaves, th c;,or may be very large when the user is
within 200 microseconds of the baseline extansions.

When receiving a skywave signal from one Loran-C station and strong groundwave
and skywave signals from a second Loran-C station, the practical procedure is to match
the skywave from the first station with the groundwave from the second station. This
situation would be encountered when the receiver is located far from the first station
and near to the second station. The use of an all skywave match in this situation may
cause large errors because of largo uncertainties in the skywave correction for the near
station.

Example 2.-The 2130 DR position of a ship is lat. 48035'N, long. 46045'W.
Loran-C readings are obtained as follows:

2130 7930-X Ts 33114.3
2130 7930-Z T,, 54632.2

f

_ _ _ _ _
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T"OG 29boo 29540 1 29560 29580 T -

25 N 31 39.6W 36 31 46.8w 351 31 53.9W 35 32 01.1W 36 32 08.3W 36

26 N1 31 35.IW 35 31 43.3w 351 31 5C.4W 35 31 57.5w 35 32 04.510 35
27 Nj 31 32.8W 34; 31 39.7W 341! 31 4;6.6W 35 31 53.8W 35 32* 00.8W 34

28 N 31 29.4W 34 31 36.3W 341 31 43.2W 34 31 50.0w 34 31 57.0W 34
33 31 39.5W4 . 3

.3o Nk 1 22.4W 33 31 29.IW 3- 31 35.8w 33 31 42.611 33 31 49.3W 33
31 N 1 19.W 32 31 25.5W 3 1 32.1w 32 31 38.7W 33 31 45.411 33
32 4 31 l.7W 30 31 210.9W 3 31 28.4w 32 31 34.9w 32 31 41.4W 32
33 N31 11.9w 31 31 18.2: 31 31 24.6, 2 31 31.0 2 31 27.5W 31
34 N 31 08.3W 31 31 14.6W 2 31 20.8W 31 31 2..1W 31 31 33.. 31

35 N 31 04.7W 3 31 10.9W 30 31 17.001 30 31 23.2W 31 31 209.4W 30
36 N 31 01.1w 30 31 07.1W 30 31 13.I 30 31 19.21 30 31 25.3W 30
7 N7 30 57.5w 29 31 03.40 29 31 09.3W 29 31 15.w 29 31 21.3w 29
38 Nt 30 53.8W 29 30 q.6w 28 31 05.4, 29 31 11.3W 29 31 17.2W 29
39 NJ 30 50.2w 28 30 55.9W 28 31 01.6 28 31 07.2W 28 31 13.0W 28

.0 N1 50 _be6_ 27 30 52-.W 7 30 57 27 31 03.3W 28 31 08.9 1 27
4 NIO45.8 21 0 46.4 27 0 56. 27 48 59.3w 2 71 488 21

42, 30 39.31 26 30 44:7W 261 30 b0.0W 26 30 55:31 26 31 007w 2&
43 N 0 35.7w 26 30 49.O, 26 30 46.2W 26 30 514W 25 30 56469 26

4 81 .30 32.3 25 30 37.4w 251 30 42.5W 25 30 47.5W 25 30 52.6 25

45 N1 30 28..9 4 30 33.9w 244 30 39.8V 24 30 3.7 24 30 48.7W 25

46 4940 5.9W4 16 494.5W23 36 4953104 4 16 45.7W4 16 45.914 1624 0

57 30 226 23 30 7.3 23 30 31.9 23 30 36.61 23 30 41.4W 13
30 19.7 1450 29.3W 2 30 28.9W 22 30 33.4 22 30 37.9W 22349 N30 17.2* 2:*2 .5 30 25.9W 22 (30 30 4w 22 30 34.6W 22

7930.Z C 
. 

ng

T 0 45.24 13 548. 3 50 08 4 3 0 4866 3 0 58 24 1 3T
51 03.6N 13 4 06.2N 13 461 08.9 13 4 11.5N 12 4 17.04 121 32

51 21.34 20 51 20394 ZO 51 26. 21 48 28.84 20 48 31.34d 20 39 1

48 39.94 19 48 43.74 194 5 11 501.84 1 iS .55.2 04 41

52 1.7 10 49 .24 10 49 31.5N 17 49 35.0N 17 49 38.44 17I 33
49 4.5.9N 16 49 49.2N 16 49 52.4N 16 4.9 55.7N | 958N 6 34 W'

50 06.4'N 15 50 09.5N 15 50 12.5N 15 50 15.6N 15, 50 1::7q 5 W

50 26.1N 14 50 29.6N 1 502 3. 4 39N 1&1 50 378N 36 W50 4.5.2N 13 50 1?8.0N 13 50 50,814 13 50 53.5N 13' 50 5t. 2N 13 37 W
51 03.6N 13 5L 06.241 13

! 
51 08.9'4 13 51 11.514 1l2 51 14. ON 13! 38 W

51 2'1.3 N1 12 51 23.9 4. 121 51 26.3 .4 12 51 28 8N 12 51 3h 3N 1 3
385N 11 51 40.8N l1 51 43:2N 11 51 45.6N 51 47 94. 4; 0O15.N I1 5.N 1 51 59 6.N 11 52 01.8N 1052 04.ON 1 41

52 11. IN 1052 13.2N 10, 52 15.3.N 10 52 17o!N 10 32 19.6N 0
52* 26.6N 101 52* 23.64t 101 23.4 t 15 327N 10 52 34.7T 9 4 i

FIoURE 4338a.-Extracts froin lattice tables.

Required.-The 2130 Loran-C fix.
- Solution.-Tbe observed skywave reading (Ts) must be corrected to an equivalent

groundwave reading (To). Preceding each time-difference table are conventional "Sky-
wave Correction" tables for daytime (ionosphere height=73 kilometers) and for night-
time (h=91 km.). Enter the pertinent table (fig. W338c) (in this example, nighttime-
since the Loran-C readings are taken at 2130) with the DR position and obtain the
skywave correction. Interpolate if necessary. Apply the correction to the observed Ts

to determine T0 .
If a skywave and a groundwave are matched, the observed reading (TsG or T, 8)

must also be corrected to an equivalent groundwave reading (T0 ). Special "'Ground-

4 -.
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14i1
44

1530-'

48- 1' 48"

32* 31" 30
°  29°

FIGURE 4338b.-Loran-C fix.

wave to Skywave Correction" tables (fig. 4338d) precede the time-difference tables.
Enter the appropriate special correction table (in this example, nighttime) and obtain
the special correction. To determine ''G, apply this correction to the observed Tso or
Tag reading.

After TG is determined, the remainder of the solution follows that of example 1.
Extracts from the lattice table are given in figure 4338e.

Pair 7930-X Pair 7930-X

Ts 33114.3 T ---------------------- 33120
Conventional Corr ---------- -+8. 1 T - - - - - - - - - - - - - - - - - - - - -  33122. 4 |

To 33122.4 To-T --------------------- +2.4

Lati- Tabulated A Longitude change Interpolated
tude longitude (To-T) X (A) longitude

48 0N 46 059.5W +40 (+2.4)X,+.40)=+1.0 47000:5W

49ON 46 020.5W +38 (+2.4)X(+.38)=+0:9 46 021 f4W
Pair 7980-Z Pair 7980-Z

Tso ----------------------- 45632.2 T ----------------------- 45700
Special Corr -------------- +62 T - - - - - - - - - - - - - - - - - - - 45694.2

To .......... 45694.2 To-T ---------------------- - 5.8

Longi- Tabulated A Latitude change Interpolated
tude latitude (To-T) X (A) latitude

46 0W 48 010'9N +13 (-5.8)X(+.13)=-0'8 48 0 10'1N
47 0W 48041'.8N +11 (-5.8)X(+.11)=-06 48041!2N

Ansuvr.-Following the procedure for plotting lines of position as shown- in
example 1, the 2130 Loran-C fix is lat. 48*31'3N, long. 46°40:2W.

4339. Propagation prediction.-The accuracy of the lattice tables or of the lattices AV-
overprinted on the nautical chart is dependent upon knowledge of the LF signal transit
time between a transmitting station and receiver. The signal propagation velocity
in free-space is well known; however, there exists an additional time (or phase) delay

L1I .. 3
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compared to free-space propagation time when the signal propagates over the earth's i
surface. Compensation for this additional delay is necessary in order to obtain maximum
positioning accuracy. The compensation for these delays, in the form of Secondary
Phase Factor (SF) corrections for signal transmission over all seawater paths and
Additional Secondary Phase Factor (ASF) corrections for transmission over land paths,
is generally derived from both analytical and empirical models for predicting phase
delay.

The Loran-C lattices as tabulated in the tables or overprinted on the nautical
chart normally include compensation for Secondary Phase Factor; the lattices over-
printed on nautical charts covering areas within the Coastal Confluence Zone (CCZ)
may also include compensation for Additional Secondary Phase Factor, depending
upon the scale of the chart, coverage area, gradient, and the magnitude of the correction.

4340. Accuracy.-The repeatable accuracy (art. Q8) to be expected of a Loran-C
fix for 1:3 and 1:10 signal-to-noise ratios is expressed in terms of 2d,,,, (art. Q7) in
figure 4340. The error is stated as 1,500 feet. The probability is given as 95 percent. The
standard deviation of each of the two intersecting lines of position establishing the
fix is 0.1 As.

The repeatable accuracy is affected by systematic and random errors (arts. Q3 I
and Q4). The systematic errors are largely due to errors in propagation prediction .
(art. 4339).

4341. Ranging mode.-With the user's receiver appropriately modified to enable I
time measurements with respect to a local time reference, the Loran-C system can be
operated in the ranging or Range-Range mode, which is discussed in more detail in i
article 4304.

4342. Loran-D, designed for military tactical use, is a lower power, shorter range
version of Loran-C. Since the stations are readily transportable, the system provides I
the potential for filling any gaps in the higher power Loran-C coverage. 1

4343. The U. S. Coastal Confluence Zone (CCZ) as defined by the National Plan
for Navigation, promulgated by the Secretary of Transportation, is that area of water
extending outward from the shore for 50 nautical miles or to the 100-fathom curve, I
whichever is farther from the shore. The inner boundary is the harbor entrance. It is
the area where transoceanic traffic converges and interport traffio exists.

After extensive study, the U. S. Coast Guard recommended and the Secretary
of Transportation approved in 1974 the selection of Loran-C as the government
sponsored navigation system for the CCZ.

Within the limits of the CCZ, users of "true" Loran-C receivers (art. 4335)
should obtain a repeatable accuracy (art. Q8) of 0.25 nautical mile with a probability
of 95 percent. That is. only 1 fix in 20 should deviate from the mean of a large number
of positions that could be established by the Loran-C system at a given place and
time by more than 0.25 nautical mile.

Loran-C coverage in the CCZ as planned in 1977 is shown in figure 4343.

Decca

4344. The Decca Navigator System, commonly referred to as Decca, is a short to
medium range hyperbolic radiona-igation system which utilizes phase comparisons of
low frequency (70-130 kHz), unmodulated, continuous-wave transmissions to provide I
fixes of high accuracy. The simplicity and speed in fixing is an important characteristic
of the system. A fix can be obtained in less than 1 minute by reading two relevant -
position coordinate vales iidicated by two of the three coordinate meters of the
receiver and then referring them to the appropriate navigational chart overprinted w .w
with the Decca lattice.
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7 m SYWAVE CONICTION'
mGxTrl] 0.%t =Iu)

... 9 38 57 5655S 54 53 ,.52 51 S0 49 48 4

89

37 7
36- 8

385:14 84

13 0.0 0.0 0.0 83
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 32
$1 0.2 0.1 0.2 0.2 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.1 0.1 0.1 81
80 0.4 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.4 0.3 0.3 0.3 0.2 0.2 0.2 30

ADD ADD ADD
79 0.7 0.7 0.7 0.7 0.7 0.6 0.6 0.6 0.5 0.5 0.5 0.4 0.4 A.4 0.3 79
73 1.0 1.0 1.0 0.9 0.9 0.9 0.9 0.8 0.8 0.8 0.7 0.7 0.6 0.6 051 73
77: 1.3 1.3 1.3 1.3 1.3 1.2 1.2 1.2 1. 1 1. 1 1.0 1.0 0.9 0. 77
76 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.6 1.6 1.6 1.5 1.5 1.4 1.3 1.3 76
75 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.2 2.2 2.2 2.1 2.0 2.0 1.9 75
74 2.9 3.0 3.0 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.0 3.0 2.9 2.8 2.7 74
73 3.8 3.9 4.0 4.0 4.1 4.2 4.2 4.2 4.2 4.2 4.2 4.1 4.1 4.0 3.9 73
72 4.9 5.0 5.2 5.3 5.4 5.5 5.6 5.7 5. 7 5.7 5.7 57 5.6 5.5 5.4 72
71 6.2 6.4 6.7 6.9 7.1 7.3 7.4 7.6 7.7 7.7 7.8 7.8 7.7 7.6 7.5 71
70 7.8 8.1 8.5 8.8 9.2 9.5 9.8 10 10 10 10 10 10 10 10 70

ADD ADD ADD
L 69 9.7 10 11 11 12 12 13 13 13 14 14 14 14 14 14' 69 L
A 68 12 13 14 14 15 16 17 17 18 18 19 19 19 19 19 $8 A
T 67 15 16 17 18 19 20 21 22 23 24 25 25 26 26 26 67 T
: 66 17 19 20 22 24 26 27 29 31 32 33 34 35 35 35 66
T 65 20 22 25 27 30 32 35 38 40 43 45 47 48 49 49 65
u 64 23 26 29 32 36 40 44 48 53 57 61 65 64 "U63 26 29 33 38 42 48 54 61 63- U

D 62 28 32 36 42 48 56 64 62 D
E 61 29 33 38 45 52 61 61 z

60 29 33 38 45 52 62 BKYWAVMB 60
ADD

59 27 31 36 42 50 58 IN TIO ARKA 59
58 25 29 33 38 44 52 60 58
57 22 25 29 33 38 44 50 57 65 57
56 19 22 25 28 3'

)  
36 40 45 50 56 61 65 56

N 55 16 18 21 23 26 29 32 35 39 42 45 48 50 51 51 55
0 54 13 15 17 19 21 23 25 27 30 32 34 35 37 7 37 540

a 53 11 
1
2 14 15 17 18 20 21 23 24 26 27 27 28 28 53

T52 9.0 10 11 12 13 14 15 17 18 19 19 20 21 21 21 521
51 7.3 8.0 8.8 9.6 10 11 12 13 14 14 15 15 16 16 16 51 T

50 5.8 6.4 7.0 7.6 8.2 8.8 9.4 10 11 11 11 12 12 12 12 so U
ADD ADD .2

49 4.6 5.0 5.5 5.9 6.4 6.8 7.3 7.7 8.1 8.4 8.7 9.0 9 9.3 4
48 3.6 3.9 4.3 4.6 5.0 5.3 5.6 5.9 6.2 6.5 6. 6.9 70 7.071 4147 2.8 3.1 3.3 3.6 3.8 4.1 4.3 4.6 4.8 4.9 5.1 2 5.4
46 2.2 2.4 2.6 2.7 2.9 3.1 3.3 3.5 3.6 3.8 3.9 4.0 4.0 4.1 4.1 46
45 1.6 1.8 1.9 2.1 2.2 2.4 2.5 2.6 2.'7 2.8 2.9 3.0 3.0 3.1 3.1 45
44 1.2 1.3 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.1 2.2 2.3 2.3 2.3 2.3 44
43 0.9 1.0 1.1 1.2 1.2 1.3 1.4 1.5 1.5 1.6 1.6 1.7 1.7 1.7 1.7 43
42 0.6 0.7 0.8 0.8 0.9 0.9 1.0 1.1 1.1 1.2 1.2 1.2 1.2 1.2 1.3 4241 0.4 0.4 0.5 0.5 0.6 0.6 0.7 0.7 0.8 0.8 0.8 0.9 0.9 0.9 0.9 41

40 0.1 0.2 0.2 0.3 0.3 0.4 0.4 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.6 40
ADD ADD ADD

39 0.0 0.0 0.0 0.1 1 0 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 39
38 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 38
37 0.0 0.0 0.0 0.0 0.0 37
36 36
35 35
34 3433 33
32 32

31 31
30 30

59 58 S7 56 55 54 53 52 51 50 49 48 47 46 45
Im o.ruw m :.

FIGURE 4338c.-Conventional skywave correction table.

,i1.
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79-Z GROUNDWAVEC TO SKYWAVS CORRECTION
WIGM IIIMK (h.e1 I.. i

G0suldwzat~ ftSi. (3), toth~y.. ft..U SM maM.SO (G) A

59 58 57 S6 55 54 53 W 51 50 49 48

69 69-
68 68
67 67
66 66
65 65

64 64-
63 63 w
62 62
61 61
60 60

59 59
58 58
57 57
S1 56

ADD
54 68 69 71 73 54
53 65 66 68 69 71 72 53
52 63 64 65 66 67 68 70 71 72 73 52
51 61 62 63 64 65 65 66 676 8 68 69 69 70 70 70 51

L 50 60 60 61 62 62 63 63 64 65 65 6666 66 66 66 SO L
A ADD ADD A
T49 59 5960 606061 616262 636363 636 63T
1 48 585858s 59 59 59 60 60 60 61 61 61 616 6\ 1i
T 47 57 57 57 58 58 58 59 59 59 59 59 59

46 56 56 57 57 57 57 57 58 58 58 58 58 58 5 58 46 T
45 56 S 56 56 56 56 57 57 57 57 57 57 57 5757 4 5 U0 ADD ADD ADD D

144 55 55 56 56 56 56 56 56 56 56 56 56 56 56 56 44
43 55 55 5S 55 55 55 55 56 56 56 5, 56 56 56 56 43
42 55 555 55 5555 55 5555 55 5555 55 5555 42
41 545 55 55 5555 55 555 55 5555 55 55 55 41
40 4 54 54 54 5454 55 55 55 55 555 55 40tADD -

39 54 54 54 54 54 54 54 54 39
N 38 38 V
0 37 37 )
R 36 36 R
T 35 35...

34
33 33

32 3231 31 o

30 30

59 58 57 56 55 54 53 52 51 50 49 48 47 46 45
Loughtad-IVW t rW

Grmedv Sk"ft. Sie () # 7*14.bep Om frm Mat (G)

FzoUit 4338d.-Special groundwave to skywave correction table.

I
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328 OF 7930-X -

T 33100 33140 33160 3318O T

tat iLong

34 54 29.0W 56 54 40.5W 57 4 51.9W 57 55 03.50 58 55 15.1W 58

35 N 54 01.1W 55 54 12.3w 56 54 23.6W 56 54 35.0W 57 51 46.5W 57
36 N 53 32.6W 54 53 43.5W 55 53 54.7W 55 54 O5.8W 56 54 17.2W *6

37 N 53 03. W 53 53 14.1 54 53 25.1W 54 53 36.0W 55 53 47.2W 55

38 N 52 53.4W 52 52 44.IW 53 52 54.8W 53 53 05.6w 54 53 16.5W 54

39 N 52 02.9W 51 52 13.3W 52 52 23.8W 52 52 34.3V 53 52 45.0W 53

40 N 51 31.5W 50 51 41.7W 51 51 52.0W 51 52 02.W 51 52 12.8W 52

41 50 59.5W 49 51 09.4W 49 51 19.5V 50 51 29.5w 50 51 39.8W 51

42 N 50 26.5W 48 50 36.3V 48 50 46.0W 49 50 56.0W 49 51 05.9W 50
43 N 49 52.8V 47 50 02.3W 47 5 11.8W 07 50 21.5W 48 50 31.2W 48

44 N 49 18.3W 45 49 27.5W 46 49 36.7W 46 49 46.1W 47 49 55.8W 47
45 N 48 42.9W 44 48 51.8W 44 49 00.8W 45 49 09.9W 45 4919.1W 46

46 N 48 06.6W 43 48 15.2V 43 48 23.9W 43 48 32.8W 44 48 41.6W 44
47 N 47 29.5W 41 47 37.8W 41 47 46.2V 42 4? 5%.7V 42 .48 03.3W 42

4r-- '6 51.5W 39 * 47 07.7W 40 47 15.8W 40 47 24.1W 41

(-9 46 12.9W 38, * 46 28.3W 38 46 36.1W 3 46 44.0W 39
0 N 45 33.6W 3.6 45 0.9 36 45 41.3W 37 45 55.7W 37 46 03.3W 37
51 N 44 53.8W 34 4500.8 34 45 07.7 35 5 14 .8W 35 5 21.9W 35

52 N 44 13.9W 32 44 20.5W 32 44 27.0W 33 44 33.7W 33 4440. W 33

53 N 43 34.2W 30 43 40 4W 0 43 46.5W 30 43 52.8V 3 3 59.0 3

793D-Z GR (9?)

T 45720 45740 45760 457OD T9

TAt Long

44 57.7m 16 47 01.04 16 47 04.34 15 47 O.6N 1S 4? 10.5N 16 44 W
14 4 497 .2.1N 14 47 4.ON 14 4? 47.8N 14 45 V
13 48 13.64 13 48 16.2N IZ 48 18.7N 12 48 21.34 t2 (6 Wb

4418 1148 44.24 11 48 46.54 11 48 48.84 11 48 51.14 11 Q47 4
49 oe.g4 10 0 49 13.IN 10 49 15.2N 10 49 17.2N 10 40 8

49 32.IN 9 49 3 .ON 9 49 36.0N 9 49 37.9N 9 49 39.8N 9 49 V
49 37.3N 4 49 39.24 9 9 1.1N 9 49 43.ON 9 49 44.94 9 49 15M
49 42.3N 49 44.2N 9 49 46.04 9, 49 47.94 9 49 49.84 9 49 30W

49 ,7.0N 9 49 4::94 9 50.8N 01 49 52.6N 49 54.4 9 49 45W

49 1. N 8 9 4 94955.:4 9 49 S.N 
9
1 49 58.84 85

49 56.3N 81 49 57.1N 8 49 59.44 8 so01 34 031 8 50 15W

5000.04 850 01 8 5 0 3.54 8 50 05.34 tI 30 07.04 8s5 30W
50 03.q so 05.6 8 50 OT 8N 50 09.1N S 5D 10.9N 8 50 45W

50 07.6N 5 09.3N 8 SO 11.O 50 12.7N 81 50 14.5N 8 51 W
50 11.04 8 50 1Z.74 5 50 14.44 0 50 16.14 8 so 17.94 8 51 154

50 14.3N 8 50 15.94 50 1.74 50 19.44 S 50 2..14 81 51 30W

50 20.44 8 50 1904 SI5 23.6 7 50s 252 4N 8 50 264 IN 8 52 4W50:: .2 5:0: 21.N 81 0. 50 23: 02.442N 50 24.14 8= 5125
50 50 24:54 850 26:24 550 27.94 8. 50 29.54 8 52 15W

502 15 70 028.74 850 30.44 8~ 50 32.04 8 52 30W

FiGum 433S(.-Extracts from lattice tables.
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Developments of the Decca Navigator System used for special applications such
as in narrow channels are not discussed in this chapter.

Like other hyperbolic systems, the Decca Navigator System is continuous, passive, I
and non-saturable.

4345. Decca chains.-Each of the several Decca chains usually consists of four!
transmitting stations operating in three pairs: master/red slave station, master/green
slave station, and master/purple slave station. The slave station of the pair is so called
because its function is to transmit a signal harmonically related and having a fixed
phase relationship with the master signal. Each slave station is located about 60 to
120 nautical miles from the master station. Information on each of the several Decca
chains established by the Decca Navigator Company Limited is presented in The I
Decca Navigator Operating Instructions and Marine Data Sheets, published by that
company.

4346. Decca Navigator System principles.-For the discussion of Decca here, let
us assume that two transmitting stations, master station A and slave station B, sepa-
rated by a distance S, known as the baseline, simultaneously radiate a pure continuous
wave of frequency f, and that at any point in the area of coverage of these stations,
both transmissions can be received separately and their phases compared.

Let us also assume that the phase of the wave transmitted from B is so adjusted
that at station A the two waves are in phase.

Figure 4346a shows the relative positions of the two waves of equal frequency at
two successive instants. The continuous line shows the wave transmitted from A, and
the broken line the wave transmitted from B.

It can readily be seen that:
1. At master station A the two waves are always in phase and remain so at all

points on the baseline extension to the left of A.
2. At slave station B the wave emitted by that station is and remains out of

phase in relation to the wave emitted by master station A. The same r ase difference •
prevails as between these two waves at all points of the baseline extension to the
right of B.

3. Along the baseline between stations A and B, the points at which both waves
are in phase are separated by a distance equal to half the wavelength.

If the length of the baseline (fig. 4346a) were equal to an integral number of half-
wavelengths corresponding to the frequencyJ, at station B and at all points on the base-
line extension to the right of that station, the two waves would always be in phase.

Let us assume that such is the case for the pair of stations shown in figure 4346b,
and that the earth is a plane within the area of coverage.

At any point Q, two fields exist simultaneously radiated respectively by A and B.
If we consider a point Q, in the bisector of the baseline, distance Q1A is equal to distance
Q1B, and if the currents in the transmitting antennas A and B are in phase, it is clear
that the two fields produced at Q, will also be in phase. At a point slightly to the right
of Q1, the distance to antenna A increases and that to antenna B decreases. The two
fields are therefore no longer in phase. The more the point is moved to the right of Q,,

- -the more the difference in phase increases. The phase difference may thus reach 3600,
which is equivalent to a phase difference of 00, and the two fields are once more in phase.
This occurs in the case of a point Q2 which is farther removed from A than from B
by one wavelength.

If we now plot the :yperbola having A and B as its foci and passing through'
point Q2. aH! points on the hyperbola (according to the actual definition of a hyperbola)
will be one wavelength farther away from A than from B. Consequently, for all points *V %l
on the hyperbola, both fields are in phase.
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SFi;the 4346a.Relative positions of two waves of equail frequency at two sucesive instants.

If point Q, is two wavelengths farther from A than from B, the phase difference
between the two fields is 720 m or twice 360b, i.e. 0k anin. This is true for all points of
the hyperbola passing through Q3.

Inpractice the length of the baseline is not an integral number of wavelengths.
Tile fixed relationship that the phase of the wave remitted by the slave station bears - :
to that of tlhe wave emitted by the master station is such that the waves are in-phase at
the master station as shown in figure 4346a. Neither detail invalidates the basic principle.

The fixed phase relationship is maintained by phase locking, i.e. keeping the fre-

quency emitted by the slave station at a constant phase angle relative to the stable
frequency received from the master station.

Since it is impossible in practice to separate two waves of identical frequency at a
receiver in order to measure their phase difference, as they would then combine into a
single wave, recourse is made to a technical device which achieves the effect of trans-
mitting signals of equal frequency from the master and slave stations. The effect of
having waves sent from both stations to arrive at. the phasemeter on an identical fre-
quency, free from interference or wave distortion, is achieved by assigning harnmically-
related values to the two frequencies actually transmitted so that multiplying circuits
in the receiver can derive from each a common harmonic, the comparison frequency.
As shown in table 4346, the master station transmits a signal of 6f, the red slave 8f,
the green slave 9f. and the purple slave 5f, where the fundamental frequency,j, which is
not transmitted, lies between 14.00 and 14.33 kHz. Thus the master and red slave sig- - -

nals are miultipled to a common comparison frequency of 24f. Geometrically the system
functions as if the common frequency 24J were radiated from the two stations. The
master green and master/purple pairs function similarly by using the frequency values --

and multiplication factors shown in table 4346.

-= _ -a__ _ _ _ = -- _ ,.:
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Fi~unF 4346b.-Hyperbolas defined by ph.se--difference me -iurement..

Transmission frequency (kHz)_ ------- 85. 000 1 113. 323 1 127. 500 70. 833
H a rm o n ic - -.. . -----------------------1 6 f 8f 9 f 5f

Phase comparison frequency_ --------- 340. 000 1 255. 000 425. 000

H arm onic ----------------------------- !1 24f" 18 -f Of'
Lane width on baseline (meters) .........--- 440. 735 1 587. 647 352. 58S
Comparison frequency for lane identification i.

--------------- ------ ---------- - I 14 . 166 14.166 14.166

I?

Zone width on baseline (ki) ------------- 10. 56 I10. 56 10. 56

I

- -' TInLr 4346.-Tr-insniiion and comparis on frequences for a chain using a fundamental frequency -
of 14.166 ktt z. The fundamental frequency f varie from chain to chain. The lane width
on the baeline iz for a propagation velocity of 299,700 kilometer-, per seco,d. -

.| , 4347. The Decca lattice.-Eah hyperbola of the Decca lattice overprinted n th!M

-- navigational chart in the color of its respective slave station is an in-phase or zero
phFeIifference hyperbola. The area between adjacent- hperbolas of zero phase differ- eren
ence is called a lane.

I___ __ __ ___
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Each hyperbola as charted is based upon a velocity of ,°: pagation of the radio
waves, assuming an all seawater path. As discussed in article 4339, an appropriate
correction may be required when land intervenes.

A348. Decometers readings.-Since the phase-measuring equipment is ensitive to
phase differences of the order of 3 to 3?5, the number of hyperbolas that can be de-
rived per lane is limited in practice to 100. Accordingly, the Decometer gives the
fractional value of the lane in hundredths. Although the whole lane numbers are also
given, the lane number must be initially set to the proper lane as established by other
means. This is due to the lane ambiguity associated with the phase comparison method.
As the vessel moves from one lane boundary to another, the fractional pointer of the
Deconieter makes oxie revolition.

The complet3 reading of the red, green, or purple Decometer consists of the
Decometer color, the zone letter, the lane number, and the fractional value of the lane.
The zone is a group of adjacent lanes used for lane identification purposes. Each zone
contains 24 red, 18 green, or 30 purple lanes and is about 10 kilometers wide measured
along the baseline. As is the case with the lane number, the zone letter must be initially
set by manual means.

Since the zones are about 6 miles wide on the baseline, about 20 miles wide at
100 miles from the stations, and about 50 miles wide at the edge of the service area,
there is seldom any problem in setting the zone indication on the Decometer.

The lanes in each family of hypcbolas are numbered differently: red 0-23, green
30-47, purple 50-79. These numbers recur in zones denoted by letters A to J. In cases
where the mastei and slave ar' more than 10 zones apart, the zone lettering after J
starts again at A.

4349. Lane identification within a known zone is obtained by a process essentially
the same as that of determining the fractional value of a lane. As the vessel moves
from one zone boundary to another, the lane idcntification pointer of the Decometer
makes one revolution against a scale marked in lane numbers.

The lane identification transmissions emitted by Decce chains are classified as
V1, V2, or Multipulse (MP). Most Decca chains emit either MP only or MP and
V2 combined; a few chains emit V1 or V2 only. Decca Mark V receivers cap receive
V1 or V2 transmissions only; Mark 12 receivers can receive both MP and V-type
transmissions; and Mark 21 receivers can receive only MP transmissions. Thus, when
operating within the coverage area of chains emitting V-type transmissions, the users
of Mark 21 receivers must ascertain the correct lane number by other means.

At distances in excess of 260 nautical miles from the stations of chains employing
MP lane i(tentification and 150 nautical miles in the case of stations employing V-type
lane identification, skywave c tamination may be of sufficient intensity to cause the
lane identification meter to .function, resulting in lane slip. The effect is most pro-
nounced at night or during the darker part of twilight. Lane slip or incorrect lane
identification can also result from interruption or disturbance of the Decca trans-
mibsion, incorrect initial - ferencing of th'e receiver, or from snow static or electrical
storms.

Any ir-terruption or disturbanee normal transmissions of Decca stations
is broadcast as a Decca Warning by fl, wt radio station in the vicinity.

The Decca Navigator Operatiing Instructions and Marine Data Sheets provide
comprehensive information on lane identification according to receiver type.

In addition to providing initial lane identification within a known zone, lane
identification provides an independent check on the lane counting process at any
time.

iX.
S
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4350. Chain numbers.-Each Decca chain is identified by a number from 0 to 10
used to denote a group of basic frequencies and a letter of A to F used to denote one of V
the six master frequencies in each group, except fur group 10 which contains the A,
B. and L' frequencies only. Thus, there are 63 frequencies available for use with the
several chains of the system. Mark V receivers can receive only the A, B, or C frequencies
in groups 1 to 9, whereas Mark 12 and Mark 21 receivers can receive all 63 frequencies.
Details are given in Pubs. Nos. 117A and 117B, Radio Navigational Aids, and volume |
5 of Admiralty List of Radio Signals. j

4351. Inter-chain fixing is positioning by means of intersecting hyperbolas obtained
from different multipulse type chains in situations where a better angle of cut is ob- I
tained thereby. This method of operation is particularly advantageous at the longer I
ranges when the user is unable to resolve zone ambiguity. In such operation the reading
from the second chain is obtained from the lane identification readout. Although the
readout precision is only 0.1 lane, it is adequate for the purpose I

The reliability of the multipulse lane identification is the main factor permitting I
interehain fixing, since the method would not be feasible if, on switching to the second t
chain, the correct lane nuwber could not be ascertained immediately. Special charts
overprinted with the appropriate pair of families of hyperbolas are available for certain
areas where there is overlapping coverage from multipulse type chains. The trans-
mitters for the two chains are not phase locked, and therefore it is not possible to use
ombinations of transmitters from the two chains to provide new families of hyperbolas.

4352. Accuracy and coverage.-The repeatable accuracy (art. Q8) to be expected of
* a Decca fix in a particular coverage area is given in diagrams in The Decca Navigator

Operating Instructions and Marine Data Sheets and NP 275(5a), an appendix to volume
5 of the Admiralty List of Radio Signals. The accuracy is expressed in terms of d,m,
(art. Q7). The assumed standard deviation of each line of position is 0.02 mean lane.
The probability is given as 68 percent. The diagrams in the Decca publication present
the repeatable accuracy according to time and season.

The repeatable accuracy is affected by both random and fixed (systematic) errors.
The random errors (art. Q4) are largely due to skywave interference with the ground-
wave, resulting in incorrect Decometer readings. The fixed errors (art. Q3) are largely
due to errors in propagation prediction (art. 4339). The Decca lattice as overprinted on
the navigational chart does not reflect compensation for differences in the conducivi-
ties along the actual paths of the signals and the coiductivity along an all seawf.ter
path. Although the fixed errors are generally small, there are certain regions (e.g.
certain coastal waters) where consideration should be given to them when fixing the
vessel's position. The Deeca Navigator Operating Instructions and M11arine Data Sheets
include diagrams showing the known corrections which should be applied to the Decca I
readings. However, it should not be assumed that a fixed error does not exist when a
correction is not given. The corrections as given on the diagrams may be too sparse to
permit a valid assessment of the correction to apply to the Decometer reading. In such
case not too much reliance should be placed on the absolute or predictable accuracy
(art. Q8).

-" The repeatable accuracy of the system ranges from a few tens of meters by day-
time in areas where the geometry is favorable to a few nautical miles in the presence of
skywave interference by night at the limit of the range. A

The coverage of a Decca chain is determined primarily by the effects of skywave - --
contamination of the groundwave rather than factors of signal-to-noise ratio or system
geometry, and varies with the low frequency propagation conditions characteristic of
different regions of the world. Ranges of 175 nautical miles by night and 350 nautical

T
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miles by day may be taken as representative when the transmission paths lie over
seawater.

4353. Decca Track Ploter.-It is possible to use an automatic track plotter with
the Decca receivers, displaying and recording the track made good as a pen trace.
This enables the vessel to follow any desired or intended track.

The hyperbolic lattice is represented on a special chart as a rectilinear inverse
lattice so that, for example, the pen moves in response to the red p.utern and the
chart to the green. The pen therefore indicates the position nf the vessel within the
lattice and ', tces a continuous record of the track made good. Since the hyperbolas
are represented as straight parallel lines intersecting at right angles, a certain amount
of distortion occurs, but provision is made for reducing this distortion to an acceptable
level. However, if a geographically straight track appears on the chart as a curve,
steering the vessel so as to keep the pen on the curve will result in the intended track
ueing made good.

Consol

4354. Consol is a long range azimuthal radionavigation system of low accuracy
operated primarily for air navigation. Although not sufficiently accurate for coastal
navigation or making landfall, the system can be useful to the marine navigator as an
aid to ocean navigation.

A Consol station consists basically of a medium frequency (MF) radio transmitter
with three antennas in line, equally spaced apart at a distance of the order of three
times the wavelength of the transmitted frequency. The three antennas are fed with
signals in such a manner that radial patterns of alternate dot and dash sectors are
formed, separated by the equisignal, the whole pattern rotating through one sector
width within a transmission cycle. An observer will therefore hear the equisignal
between the dot and dash signals once per transmission cycle. A count of the dots and
dashes will give the angular position within a sector. This sector has to be identified
either by direction finding methods or some other form of navigation.

Since the radial sectors are not formed close to the transmitting site, there is a
minimum range limitation within which the system cannot be used. This is usually

-- taken to be 25 to 30 nautical miles from the site. There is also a sector 30' on either side
of the baseline extension which is not usable because of pattern distortion.

The system is described as azimuthal even though it is basically a hyperbolic
system. As discus.,ed in article 4303, a system can be considered directional (azimuthal)
beyond a distance of a few miles from the station if the baseline is very short.

Sometimes Consol is classified as a radiobeacon because of the frequency of opera-
tion and being azimuthal.

A modified form of Consol called Consolan was developed ni the United States.
In this system only two antennas are used.

in the U.S.S.R. a further modification of Consol is in use. This system, called
BPM5, uses five antennas in the form of a cross to obtaii. narrower dot and dash secors.

The main advantage of Consol is that the signal can be received on a standard
communications receiver.

4355. The signal from the Consol transmitter consists of two parts, the transmission
of the call sign, sometimes with a continuous wave signal, and tie transmission of the
rotating pattern (navigational period). The duration of the total transmitting cycle is
not the same for all stations, but the navigational period has been standardized at
30 seconds. If the call sign only is sent in addition to the navigational cycle, the total
signal duration is 40 seconds. When the continuous wave signal is incorporated, the .,
total signal duration is 60 seconds. The call sign and the continuous wave signal are

- -..
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transmitted only from the center antenna in the Consol system. They can be used for
coarse tuning or direction finding purposes.

The signals can be received by any medium frequency receiver operating in the
maritime radionavigation band and suitable for receiving Al telegraphy. The range
and accuracy of the signal is affected by receiver selectivity, increasing as the selectivity
increases, although above 100 Hz there is little increase in either range or accuracy.
Some experience in the use of the system is found to be necessary to obtain the best
results, especially if the signal is weak or there is excessive background noise.

Some special adaptors and receivers have been produced for use with the Consol
system. These do aid in the counting of the dots and dashes. One such adaptor uses a
meter indication in which dots give a deflection to one side of the center position and
dashes give a deflection to the other side. An automatic Consol receiver displays a
digital readout of the dot and dash count. This receiver can compensate, within certain
limits, for missing characters when the equisignal condition is masked by noise.

4356. Method of use.-Procedures for using Consol and Consolan and the tables
for converting dot and dash counts to true bearingsfrom the station are given in Pubs.
Nos. '17A and 117B, Radio Navigational Aids, and volume 5 of Admiralty List of
Ra Signals. These bearings must be corrected for conversion angle (tab. 1) before
plo..-.ig on the Mercator chart.

Figure 4356 shows what the observer will obtain in the receiver, depending on his
position within a lash or dot sector. At the beginning of the keying cycle, the equisignal
lines will be as shown, with the dash and dot sectors on either side. During the naviga-
tional period, these lines will rotate as shown, pushing the various sectors in front of i
them. There are 60 dots or dashes in each sector.

Consider first an observer at P, within a clash sector. As the pattern rotates a num- i
ber of (lashes will be heard before the equisignal condition. As the pattern cc tinues to I
rotate, the equisignal will resolve into dlots. By counting the number of dashes, the !
angular displacement from the equisignal line E can be obtained.

IPI

'-p

FIGUnE 4356.-Signal reception.

ix _
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FIGURE 4357.-Fixed equisignal curves at close range.

Then consider an observer at P2 within a dot sector. As the pattern rotates, a num-
ber of dots will be heard before the equisignal, followed by a number of dashes. In this

- case, the count of the number of dots will give the angular displacement with respec tothe equisignal line E ..-

Due to the fact that the dots and dashes merge into the equisignal, it is difficult,
in the equisignal, to distinguish between the dot and dash -ignals. In theory the teal
number of dashes and (lots heard by the ou.,ervers at P and P2 should in each case be
60. In practice this is not the case, there being a period of confusion around the equisignal
time. In order to obtain an accurate assessment of the true count, the totl number of
dots and dashes heard during one navigational period is subtracted from the theoretical
total count, that is 60. Half the resultant figures is then add I to the original count of
dots or dashes.

As an example, take the case where the theoretical dash count should be 25, but
the actual count is 23 followed by a dot count of 33. This gives a total dot and dash
count of 56. This is subtracted from the total theoretical coupt of 60 giving a figure of 4.
Half this, 2, is added to the dash count of 23 to obtain the assessment of the true count
of 25 from the equisignal line. This count is then referred to a Consol chart of tables
to give the bearing from the station within the dash sector. The sector itself is identified
either by radio direction finding or other navigational means.

4357. Accuracy.-The number of (lot and dash sectors, and t.herefore the t'ccuraey
of the Consol line of position is dependent on the baseline length; nX, between the
inner and each outer antenna. Since the wavelength is fixed for each station, the number
of sectors will therefore depend upon n. For any given value of n, there will be 8n
equisignal lines in the full 360' coverage. For practical purposes the value of n is
usually taken as three: In this case the equisignal lines will be at angles of 00 , -t96,
= 19.5, ±300, ±41?8, and ±90* from the normal to the baseline through the center A
antenna. In the last sector on each side, about 340 wide, the rotation speed of the
equisingal line is not constant, especially at the beginning of the navigational cycle
when it will be a maximum. The readings in these sectors are therefore normally taken as
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runreliable. In the remaining se-ebm the widths vary from about 10 to about 14* , with

i an average of 12'. Hence, if there are 60 dot and dabelements in each sector, the

resolutionwill be 120/120=01. By increasing n, the number of wavelength- in the base-
linejhe width of the unuseable sector is reduced and the resolution accuracy increased.

The minimum distance below which the system cannot be used is due to two
factors, the presence of fixed equisignal curves (fig. 4357) and the fact that at close

range the equisignal lines are hyperbolic rather than radial or azimuthal. For the
first factor it can be shown that where n (in wavelengths) is distance between the

: center and outer antennas, and X is the wavelength, the minim,,mn distance is given by

H hence, if i is 3 and X is 1 kilometer, D is 18 kilometers, so that at 20 kilometers and

above, the fixed equisignal lines will not adversely affect bearings.
For the second factor or the case where the hyperbolas have not yet become

asymptotic with the radial lines, the error in bearing is given by

2," -4D 2=-sin 20,I where 0 is the bearing. The bearing error c always has the same sign in each quadrant
as the error is always on the same side of the radial line. The error is maximum when
bearing 0 is 450 from the perpendicular bisectors. Table 4357a gives some values for
the errors for different ranges and different bearings.

Table 4357a shows that the error is reduced with increase in range. At 50 kilometers
the mean error is 2 minutes of arc; however, at the higher angles, this will be increased
tc 3 minutes of arc. When this error is combined with the minimum resolution error of
0?1, the minimum error becomes 8 minutes of arc. This minimum error will vary with -
the observer's position within the sector and his range and bearing from the station.
This error is due entirely to the system itself, and will be the minimum system error.

There are other factors which will affect the accuracy of the measured bearing.

Distance Brr, r in minutes of arc for angle of Mean error in
(D) useable sedor

(kin) 00 150 300 460 600 (ninutes of arc)

20 0 10 17 19 17 12
30 0 4 7.5 8.5 7.5 4.5
40 0 2 4 5 4 2.5 | -

50 0 1.5 3 3 3 2 "
60 0 1 2 2 2 1
70 0 1 1 1.5 1 1 i*

80 0 1 1 1 1 1

TALv: 4357a.-Valucs of error for different ranges and different bearings.

The overall accuracy of the system is depundent on a number of factors in addition
to the system errors described above. These include asymmetrical phasing errors in thel
signals from the inner and outer antennas, phasing and amplitude errors in the signals~
from the outer antennas, propag-.tion errors, and incorrect functioning of the receiver.

Phasing errors affect the width of the equisignal zone (,r its position, but these errors
Pit.= 'I I are normally corrected by a monitoring station.

IN
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Propagation conditions can introduce errors which cannot be corrected at the trans-
mitting site. These are the errors which have the most effect on bearing accuracies.
These errors can include:

1. tho-,e caused by a c,:rved propagation path, giving a fixed bearing error;
2. those caused by a difference in propagation conditions between the outer an-

tennas and the angular error ';hich increases with bearing; and
3. those due to phase aifierences in groundwave and sky-wave path lengths.
At any receiving point, it is the stonger of the goundwave and skywave signals

that will be detected. During daylight groundwaves predominate up to a range of about
150 nautical miles, while skywaves predominate at ranges gretter than about 500 nauti-
cal miles. Between these two ranges is an area where skywave errors could cause prob-
lems.

In addition to the signal errors, it is also possible for the receiver on the vessel to
introduce errors. If a loop antenna is used and it is set - a minimum signal condition
as may be used for obtaining a direction finder bearing using the first part of the trans-
mission, and readings are then taken during the navigational period of the transmission,
large errors could result since the groundwave signal would be at a minimum while the
skywave signal would be at a maximum, thus "swamping" the groundwaves. Therefore,
it is essential that either the loop antemna be aligned for maximum signal during the
navigational period or that a vertical antenna be used.

An automatic gain control in a receiver can cause difficulty in determining the
equisignal. This determination is based upon the relative magnitudes of the two signals,
while the function of the automatic gain control is to equalize the signal amplitudes if
possible. Therefore, the observer should insure that the automatic (gain control is not in
operation during the period of counting the dots and dashes.

In general it is found that the bearing error increases with range, both day and
night. The systematic errors are usually small except over rough grom.d. Skywave
systematic errors, although large at s ,ne ranges, are usually smaller than the random
errors. Table 4357b shows typical random errors of count under different conditions.
The probability is given as 95 percent.

Day range (nautical miles) Night range (nautical miles)

Over land Over sea 3-150 250 350 450 Over 550

4 2 2 8 14 10 4

TABLE 4357b.-Typical random errors of count under different conditions for a probability of 95

percent.

Table 4357c shows the 2 a (art. Q6) errors of Consol lines of position.

Day range (nautical miles) Night range
(nauticat miles)

Angle from normal Over sea Over land 300-
- 100 100 1500

250 500 1000 250 500

On normal 1.5 3 6 3 6 0.5 10 18
F 600 3 6 12 6 12 1 20 36

750 6 12 24 12 24 2 40 72

TABLE 4357.-Errors of Consol lines of position in terms of 2 o.

aw
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If a number of counts are taken sequentially and the mean value is used to obtain
the bearing, the error should be less than shownin table 4357c.

4358. The operational range of the system is a function of the power transmitted
from the three antennas. The total power from the transmitter is divided among the
three antennas during the navigational period, the power from the center antenna being
greater than that from the outer antennas by a factor of k. This factor then has an
influence on the range. However, as k is increased the available power from the outer
antennas is decreased, making it more difficult to count the dots and dashes in the
prtsence of noise. For optimum operation of the system, the factor k is normally four.

The distance at which the signals can be used properly depends on propagation
conditions as well as the ratio of signal to outside interference or to receiver noise.

Figure 4358 shows the field strength at different ranges in the case of a 1 kW, 275 kHz
transmitter. Curves a, b, and c refer to groundwave propagation during daylight

* hours when skywaves at this frequency are heavily %bsorbed in the upper atmosphere.
At night, however, the skywaves are reflected and can be received at great distances.
It is much more difficult to prc,-ict field strengths under these conditions as the reflected
waves are subject to variable absorption. However, curve d shows a typical mean level.
It can be seen that, except at short ranges, the skywave signals received at night are
in general stronger than the groundwaves received during the day.

The operational range of a Consol station depends not only on its output power "
and the time of day, but also on the receiver noise figure and outside interference levels. 
As an average, the maximum. range is considered to be between 500 and 1,200 nauticalI
miles by day and between 900 and 1,500 nautical miles by night. I
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FIGURE 4358.-Typical field strength curves. li
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CHAPTER XLIV

SATELLITE NAVIGATION
4401. Introduction.-The Navy Navigation Satellite System (NAVSAT) is the

operational satellite navigation system of the United States. It is all-weather, world-
wide, and passive. The system's accuracy is better than 0.1 nautical mile anywhere in
the world, on land and sea. It is available to all civilian users of the world. The system
is used primarily for the navigation of surface ships and submarines; it has some applica-
tion in air navigation. It is also used in hydrographic surveying and geodetic position
determination. The system is also known as TRANSIT.

The NAVSAT system utilizes the doppler shift of radio signals transmitted from
the satellite to measure the, relative velocity between the satellite and the navigator.
Knowing the satellite orbit precisely, the navigator's absolute position can be accurately
determined from this time -rate of change of range to the satellite. The satellites also
transmit timing signals which provide time automatically. Frequency accuracy is
better than oie part in ten billion for-precise determination of the doppler shift; the
time is given in Coordinated Universal Time (UTC) to within 200 microseconds.

NAVSAT was conceived and developed by the Applied Physics Laboratory of the
Johns Hopkins University for the U. S. Navy. The operation of the system is under the
control of the U. S. Navy Astronautics Group with headquarters at Point Mugu,
California.

System Configuration and Operation

4402. The Navy Navigation Satellite System (fig. 4402a) consists of a constellation
of orbiting satellites, a network of tracking stations that continuously monitor the satel-
lites and update the information they transmit, and any number of user equipments
composed of receivers and computers.

Each navigation satellite is in a nominally circular polar orbit at an altitude of
450 to 700 nautical miles. The orbital planes of the satellites intersect at the earth's
axis of rotation and are spaced apart in longitude. Thus, the orbital paths cross at
the North and South Poles (fig. 4402b). Although the orbital planes remain nearly
fixed in space, the satellites appear to traverse the longitudinal meridians as the earth
rotates beneath them. Ther' are usually five satellites operating in the system, and
these provide navigation fixes anywhere on the earth on nearly an hourly basis. Five
satellites in orbit provide redundancy; the minimum constellation for system opera-
tion is four. This redundancy allows for an unexpected failure of a satellite and the
relatively long period of time desired to schedule, prepare for launch, and orbit a re-
placement satellite on an economical basis (not an emergency basis). This redundancy
also provides for turning off a satellite when (on rare occasions) its orbital plane pre-
cesses near another satellite's plane, or when the timing (phasing) of several satellites
in their orbits are temporarily such that many satellites pass nearly simultaneously
near one of the poles.

Each satellite orbits the earth in approximately 108 minutes. Throughout its
useful life, each satellite continuously transmits the following phase-modulated data as
two messages on two radio frequency carriers (150 and 400 kHz): (1) two-minute. mark
synchronization signals, (2) a 400 Hz audible "beep" signal, and (3) fixed and variable
parameters describing its own orbit. The fixed parameters describe the satellite's

1019

I=



1020 SATELLITE NAVIGATION

-Zly

ZVI
-1 1

CA

-4Vr

Sd



SATELLITE NAVIGATION 1021

2C.

FIGUas 4402b.-Satellite orbital distribution.

approxinate orbit and typically are used only for a 12- to 16-hour interval. The variable
parameters describe the fine structure of the orbit as a function of time and are correct
only for the time at which they are transmitted by the satellite. Thus, the satellite
memory stores sufficient variable parameters to describe the orbit at 2-minute intervals
between subsequent injections of daa. Each transmission is timed so that the end of
the 78th bit of each 2-minute message (the last bit of the synchronization signal),
coincides with the integral 2 minutes of UTC. Thus, the satellite transmissions also
s. re as an accurat, time reference for all navigators.

All data transmitted that does not change, such as synchronization and identifica-
tion signals, etc., are "wired" into the satellite memory. All data that changes with
time, such as the orbit parameters and the locations of the other satellites, are replaced
at 12- to 16-hour intervals by a transmission from an injection station.ITo determine accurately its present and future orbit for the 12- to 16-hour interval

after data injection, each satellite is tracked as it passes within radio line-of-sight of
each of the four fixed tracking stations. The tracking stations are located in Hawaii,
California, Minnesota, and Maine. Each station includes equipments which receive
and decode the satellite transmissions, and a directional antenna that is programmed to
automatically point toward the satellite throughout the duration of the pass. The
antenna directivity offers an additional measure of discrimination against spurious
signals from local trsnsmitters and ensures tracking of the selected satellite during those
instances when two satellites converge within radio line-of-sight.

J. °Programming data for pointing the station antennas either originate at the central
computing center and are routed through thc control center to the tracking station, or
are locally derived at the tracking statmon. Just before the satellite time-of-rise, the
antenna at the tracking statiop is potited to acquire the satellite signals. As the satellite
rises above the horizon, the antenna continues to follow the pass, enabling the frequency

4a
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tracking loop of the radio receiver at the station to "lock onto" the signals. The receiver
and data processing equipment decode and record the statellite message. The doppler
signal is digitized and sent with satellite time measurements, via the control center,
to the central computing center.

The central computing center continually accepts satellite data inputs from the
four tracking stations. Periodically, to obtain the orbital parameters for a satellite, the
central computing center computes an orbit for each satellite that best fits the doppler
curves obtained from all tracking stations. Then, using the computed orbital shape,
the central computing center extrapolates the position of the satellite at each integral
2 minutes in Coordinated Universal Time for the next 12 to 16 hours subsequent to
data injection. The data, together with commands and time correction data for the
satellite, and antenna-pointing orders for the injection station antennas, are supplied
to the three injection stations located in California, Minnesota, and Maine via the con-
trol center.

'fhe injection stations, after receiving and verifying the incoming message from
the central computing center, store the message until it is needed for transmission to
tre satellite. Just before a satellite's time-of-rise, the injection station antenna is pointed
to acquire, "lock on", and track the satellite throughout the pass. As soon as the re-
ceiving equipment at. the injection station receives and locks onto the satellite signals,i the injection station transmits the new injection data and commands to the satellite.
Transmission to the satellite is on a frequency different from those used by the satellite,

s- I •and the bit rate is much higher; thus, injection is completed in a matter of seconds and
does not disturb use of the satellite for navigation.

The next integral 2-minute transmission by the satellite during the pass contains
part of the newly injected data. In the injection station, this read-back is compared
with the data that the satellite should be transmitting as a check for injection errors.
Because most of the newly injected data (the variable parameters) will not be trans-
mitted until the appropriate time during the satellite orbit, the initial read-back from
the satellite includes parity check data. These data provide for error detection of the
variable parameters so that the injection station can verify that the parameters were
received correctly. If no errors are detected, injection is complete. If one or more errors
are noted, injection is repeated at 2-minute intervals (updating the variable parameters
as necessary) until the satellite transmission is verified as being correct or until the sat-
ellite is no longer available for data injection.

Once data injection is complete, the satellite continues to transmit its normal
2-minute messages. Any time corrections for the satellite clock and any commands for
the satellite (such as changeover to the standby oscillator, cease transmission, etc.)
also are performed during the period of data injection. These precautions ensure that
the navigation equipment, which depends on accurate satellite data for determining its
position, is provided the best possible data from each satellite. Any time that the satel-
lite is within radio line-of-sight of the navigation equipment and has a maximum ele-
vation at time of closest approach between 150 and 750, the satellite transmission can
be used to compute the exact position on earth of the navigator, although good data can
be received frequently when the satellite is not within these elevation requirements.

4403. Navy Navigation Satellites are launched into nearly exact polar orbits from
Vandenberg Air Force Base, California by four-stage, solid-fuel Scout rockets (fig. 4403).
These polar orbits are nearly circular at altitudes of 450 to 700 nautical miles. The'
orbits are circular in order to attenuate acceleration and deceleration characteristics of
elliptical orbits, and polar to reduce the precession of orbital planes which results in
eventual c erlap.
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FIGUICE 4403.-Scout launch of Na,.y Navigation Satellite.

Although successive models may differ, each satellite contains: (1) receiver
equipment to accept injection data and operational commanas from the gounid, (2)
decoder for digitizing the data, (3) switching logic and memory banks for sorting and
storing the digital data, (4) control circuits to cause the data to be read out at specific
times in the proper format, (5) an encoder to translate the digital data to phase

modlaio, 6) titasalc5 z oscillators, andl (7) 1.5-watt transmittes to broad- -

cast the 150- and 400-M.\Hz oscillptor-regulated frequencies that carry the data to earth.
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4404. Conflguration.-The satellites (sometimes called operational or Oscar satel-
lites) weigh 140 pounds and have their antenna and solar cell panels configured for a
nominal circular polar orbit at an altitude of about 600 nautical miles. Each satellite
is an octagonal cylinder 18 inches wide and 12 inches high, and has four solar cell panels
that extend from four of eight faces (fig. 4404). These four panels fold down around the
fourth stage of the Scout rocket during launch, and are held by wires which also serve as
a "yo-yo" despin mechanism afte:" the fourth stage has fired. When released, the blades
are erected into the position shown by swinging "door hinges." Subsequently, the
external configuration is modified by extending a 100-foot boom from the top of the
satellite. The boom has a 3-pound weight at the end in order to achieve gravity-gradient
stabilization, so that the bottom of the satellite containing the antennas always points
toward the ground.

4405. Stabilization.-The operational satellite and the last stage of the Scout
rocket are despun soon after achieving orbit by the yo-yo technique (art. 4404). The
yo-yo immediately reduces the spin to a few percent of the spin rate of the fourth stage
(spin-stabilized) Scout rocket. This small residual spin is removed by incorporating
long, thin rods of a magnetic material -which exhibit substantial magnetic.hysteresis
in the solar panel blades. These hysteresis rods are inductively magnetized by the
earth's magnetic field in alternate directions as the satellite spins. The hysteresis loss
involved in this process takes energy from the satellite rotation and shows up as heat
energy in the rods. This process slows the rotation rate to zero within less than a day.
When the spin rate reaches zero, an electromagnet is activated along the vertical axis
to align itself with the earth's magnetic field line. The hysteresis rods in the solar cell
blades provide damping for the resulting magnetic attitudes stabilization. Within

FIGURE 4404.-Navy Navigation Satellite..
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another day, the librations (oscllations) of the satellite about the local magnetic field
have darmped out sufficiently so that the satellite axis is always within 10' of the local
ra agnetic field direction.

As the satellite passes over the north magnetic pole, it is vertical, with the bot-

tom side of the satellite pointing toward the earth. At this point a command from
the ground turns the electromagnet off, and the 100-foot boom is extended. Thus,
during its time in orbit, the satellite always points its antennas toward the earth. This
attitude is maintained because of the difference in the level of gravity at the satellite
and at the end of the boom. In this "gravity-gradient" stabilization mode, the hysteresis
rods provide enough damping to bring the librations below 10° within a day or two.
This orientation makes it possible for the satellite to send most of its transmitted power
towc.d the earth, and for circular polarization to be used so that no loss results from
Faraday rotation in the ionosphere. In addition, the transmitter antenna shapes the
beam so that more power is transmitted at large angles, so that at any moment the
received power anywhere above the satellite's horizon is about the same.

4406. Power and thermal design.-The power system is based on solar cells that
charge a set (,f sealed nickel-cadmium batteries and provide power during the dark
portion of eacn orbit. The solar cells initially provide 30 watts of power when the satel- 3

lite is launched. After 5 years of exposure to the radiation present in the space envion-
ment, 25 watts are still available, which is sufficient to power the satellite. A major
problem with near-earth satellite resign is caused by the variation in sunlight as the
orbit plane precesses with respect to the terminator. A polar satellite near the earth
has two extended periods each year during which the satellite is continuously in sunlight.
This is often referred to as the dawn orbit since it corresponds to the time when the
satellite passes overhead at approximately local sunrise (and, of course, sunset). At the
other extreme, there are two periods each year during which the sun is nearly in the
orbital plane; during this period, the satellite is in darkness f!- 33 percent of each
orbit. This is known as the noon orbit becase the satellite passes overhead near the time
of local noon (and, of course, midnight). The 9atellite design assures that both the
thermal balance and the power balance are accep. tble under these two extreme
situations.

For a gravity-gradient stabilized satellite, it is true that when the satellite is in
cop,. nnt sunlight (dawn orbit) the sun always "locks" at the side of tU, satellite whereas
for ane minimum sunlight case (noon orbit) the sun "looks" at the top and part of the
edge of the satellite. Accordingly, by carefully choosing the ratio of the top area to the
projected area of the sides, tne total thermal input during a f 'l orbit is approximately
the same in both the dawn and noo orbits. Similarly, by canting the antenna blades
on which the solar cells a-e mounted to the prope- angle, the total power input from the
solar cells is made approximate, 7 the same in both the dawn and noon orbit cases.

In the operational satellite the use of this technique has made it possible to provide
automatic temperature control that is accurate to a few degrees by means of ther-
mostats and heaters and, further, to have acceptable temperature limits even if the
autmatic temperature control syste(rm fails.

4407. Packaging technique.--The operational navigation satellites are relatively
,imp!e from a m3chanical standpoint. There are no tape recordeis or television cameras

and, in fact, no moving parts other thar command relays, which are operated very
ip'requently. However, they do contain some 35,000 magnetic (memory) cores and l
6,200 other electronic components. In order to reliably package this equipment within
140 lbs (a Scout rocd t compatible payloa !), it is necessary to use modern packaging
techniques. Welded "cordwooA" construction with a package density of 50,C00 parts
per cubic foot is used wheever appliable. Of the 46,000 peimanent electrical joints

V
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in tliv electronics, 40,000 are welds and only 6,000 are solder connections. Generally,
ex,.ept in telemetry functions which can be lost without destroying the operational
usefulness, redundant wiring and redundnant solder connections are used. '. he use of
mechanical connectors (plugs) in electrical circuits is kept to an absolute minimum,
and, where plugs must be used in critical circuitry, complete redundancy is provided.
In most places where plugs would normally he used, wire-wrapped connections are
used.

4408. Memory organization.-The information on satellite position required for
navigation is stored in a magnetic core memory and transmitted as phase modulation
on the two basic stable frequencies used to generate the doppler shift. The modulation
pattern is quite symmetrical so as not to introduce an error in the measurement of
doppler. The specific modulation patterns that are to L . interpreted as "zero" or "one"
are shown in figure 4408.

The memory which is read out every 2 minutes, contains 156 words of 39 bits
each, plus an additional 19 bits. The great majority of these words are -)t required for
navigation but disseminate other information. The first two words are simply a fixed
pattern of "zeros" and "ones" used to recognize the start of a message and to establish I
synchronization of the ground equipment with the satellite transmissions. Thereafter,
the words with specific signih-ance for navigation tire a total of 19 words divided into
2 sets, an initial set of 8 so-called "ephemeral words" (consisting of word numbers 8,
14, 20, 26, 32. 38, 44, and 50) and ,. set of 11 fixed parameters that are changed only
by injection.

Because of the departure of the earth's gravity field from that of an ideal spheroid,
atmospheric drag, solar photon pressure, attraction by the sun and moon, etc., the

.- = satellite orbit cannot be given accurately by algebraic equations. However, there is an
algebraic description using 11 orbit parameters which affords a good approximation
and is simple to compute in navigation equipments. Tie deviations of the actual orbit
front this Il-parameter algebraical described orbit are small and require relatively little

satellite memory to store a complete set, each 2 minutes for 16 hours. The appropriate
deviations of the actual orbit are transmitted each integral 2 minutes of UTC and are
the eight ephemeral words mentioned above.

After injection, the main memory is simply read out serially every 2 minutes
until a new injection takes place-all main memory words being unchanged during the
interval between injections (usually about 12 hours). However, the ephemeral words:
must be advanced on every 2-minute memory readout, and are not stored in the main
memory. Specifically, consider the memory readout that lasts from t minutes to t+2
minutes. The eight ephemeral words will contain the orbit deviations appropriate to
the times t-6, t-4, t-2, t, t+2, t+4, t+6, and t+8, respectively. Thus, on each suc-
cessive readol , the ephemeral words are moved upward (advanced) so that word
number 8 in the previous readout is discarded and replatced by the previous word 14,

4 the old word 14 is replaced by the old word 20, etc., and i-hally a new word 50 is trans-
mitted. This new wnrd is transferred from a separate memory in the satellite known as
the ephemeral memory, which is filled at the time of injection. On each memory readout.

-" a single 39-bit word is "transferred across" to fill word 50 in the main memory. The
ephemeral memory contains 480 words, and since a fresh word is used every 2 minutes,
the ephemeral memory is used up in 480X2=960 minutes, or 16 hours. Thus, a new
injection must be made witb-n 16 hours to prevent the ephemeral memory from running
out. It should be noted that each word in the ephemeral memory is read out 8 succes-
sive times, first as word 50, then as word 44, etc., fin illy as word 8 and then is discarded.
Notice also that a single 2-minute memory readout gives orbit information for a full
14-minute interval, spanning the time of readout symmetrically.

I
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FiouRE 4408.-Phase modulatk wavforms.

4409. Timlng,-The orbit readout rate is controlled by counting down from the
basic stable oscillator. However, in spite of the excellent stability of the satellite
oscillator, there are long-term drifts that slowly chanie the basic oscillator frequency
during the life of the satellite. Thus, to keep the memory readout period accurate at
integral 2 minutes of UTC, it is necessary to modify the countdown of the oscillator.
This is done by using the special bit of each 39-bit word in the main memory as a signal
to determine whether or not to suppress a single count ir the countdown process. This
is done at a point where a single count has a value of 10ps. Thus, a total variation of
156X 10s= 1.56 ins in each 2 minutes is available. With only this level of adjustment,
time correction may not be sufficient for a 12 hour period. Thus, a fine adjustment is
availabie by inst.ting an appropriate cornt suppression signal in the ephemeral
memory. Each ephemeral memory correction bit is used only once and then discarded.

Use of the System

4410. Equipments developed for Navy NavigatOn Satellite System use include
the AN/BRN-3, AN/SRN-9, AN/WRN-5, and AN/SR N-19 radionavigation sets.
The AN/PRR-14 Geoceiver was developed for using NAVSAI for geodetic position
det ermination.

AN/BRN-3 Radionavigativn Set

4411. AN/BRN-3 Radionavigation Set was developed and deployed in the 1960's
as a result of several )rogram. and U. S. Navy contracts. Active development of major
units was initilaed by the Applied I"hysics Laboratcrv of The Johns Hopkins University
in late 1960, with requests for technical proposals from industrial suppliers. In about
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1 year the first prototype had been developed, tested, and delivered to the Applied
Physics Laboratory to be used in the development of the total Navy Navigation
Satellite System, and to be used as a standard for procurement control of follow-on
prototype and production units. By 1964, the total system had matured and was
operational with regular service being provided to the fleet ballistic missile (FBM)
submarine forces while on patrol.

Trie AN/BRN-3 is a complex, iiulti-unit radionavigation aid whose purpose is to
compute accurate ship's position using satellite orbital data and measurements of
doppler shift to the received satellite reference signals. The position data are provided
to the Navigation Control Console (NCC) via the Navigation Data Assimilation
Computer (NAVDAC) for the calibration and adjustment of the Ship's Inertial
Navigation System (SINS) so that continuous navigation is possible with accuracies
sufficient for POLARIS or POSEIDON fleet ballistic missile (FBM) targeting. All
units are designed for the special military environments prevailing in the FBM sub-
marine application.

During the production years the Sperry Rand Corporation was designated the
prime contractor for AN/BRN-3 procurement, deployment, and maintenance in the
fleet. Applied Physics Laboratory of The Johns Ilopkins University was retained and
contin-es to provide technical services. The principal components of the system are:
(1) radio receiver and RF amplifier/power supply, (2) RF antenna, (3) data processor/
computer, (4) tape l)unch and reader or magnetic tape unit, and (5) typewriters. Figure
441 la stows a typical FBM submarine installation. j

The AN/BRN-3 Radionavigation Set, in conjunction with the SINS and other
navigational aids, has a primary function of providing continuous submarine navigation
with global, all-weather coverage and high accuracies sufficient to provide position
references for POLARIS and POSEIDON missile targeting. The Navy Navigation
Satellite System and the AN/BRN-3 provide highly accurate position fixes (at inter-
mittent times dependent upon satellite availability in the local area and at the discretion
of the submarine commander) from which a calibration of the SINS, relative to a
standard earth coordinate systen, can be made to indicate the compensating adjust-
ments necessary to remove the effects of inertial system anomalies and drifts.

In addition to FBM submarine installations, the AN/BRN-3 has been used for
special missions aboard surface ships. Several units are installed in training centers,
instrumentation ships, and research centers.

In addition, each operational sta" a of the navigation satellite ground support
subsystem uses the AN/BRN-3 receiver for satellite tracking and orbit determination
ather than for navigation. The AN/BRN-3 has been used as a standard for performance

comparison with other alternative navigation sets and for performance evaluation of
nev.y launched satellites prior to their acceptance into official Navy operational
selv\ice. 'The AN/BRN-3 receives navigation satellite signal; on the 400 and 150 MHz

channels from which it measures doppler shift versus time and recovers "message"
data from the modulation. It receives ship's velocity information and position estimates
from SINS, timing from the ship's clock, and operational commands from the ship's
navigation center. Data other than the satellite signal-derived information are received
via the ship's NAVDAC computer. The AN/BRN-3 computes from these inputs the
ship's position at sea to a high accuracy and provides the information for print3ut at
the Navigation Control Center (NCC).

In 'ddition, the AN/BRN-3 computes from its data memory (which is updated

by ncw message data recovered during each satellite pass reception interval actually
taken), predictions, and information for the selection of usable future satellite passes



1030 SATELLITE NAVIGATION

from those that will be available within a ti-P. interval surrounding the next desired
SINS calibration time. The prediction is based on a constellation of up to eight naviga-
tion satellites and the ship's estimated position. The information provided includes
predictions of time of satellite rise (when the radio signal can be received) and the value
of the doppler shift.

From a model of the total system, the AN/BRN-3 computes forcing functions
for the enhancement of its own performance. It generates driving signais to assist the
radio receiver in the acquisition and tracking of satellite radio signals so as to minimize
the loss of information due to temporary failure to coherently track the signal as a
result of its temporary disappearance due to spray and wavewash over the antenna at
the sea surface. The system is decision directed and self-adaptive in the selection of
operating mode and receiver tracking bandwidths. The AN/BRN-3 has self-diagnostic
r.atures for routine maintenance, pre-pass rertdiness checks to avoid abortive surfacint7
by ,he submarine for satellite reception, and for performance enhancement of the
opera.ional mode. The normal operation is comp 1stely automated although a full
complement of controls and monitors are provided for manual operation.

Some of the important features and design characteristics of the AN/BRN-3
Radionavigation Set are:

1. For navigation the system uses ite-, tie least squares curve fitting routines 1
to match doppler information measured fror.. eceived signals to doppler information '
that is predicted for the best estimate of the prevailing satellite-navigator dynamic I
geometry. A very large number of measurements are made on received signals to
generate, in effect, a smoothed curve of observed doppler shift versus time.

2. Doppler measurements are made using the set's local clock to determine the
time interval in microseconds that is required for a preset digital doppler shift counter
to overflow when the doppler shift is offset about a reference frequency of 55 kHz. ]
Each doppler information sample therefoi constitutes a nominal short (1 second)
count, the actual interval varying between abk ut 0.8 to 1.4 seconds for satellites at
an altitude of 600 nautical miles.

3. Provisions are made in the data processor for ,he validation and qualification
of each doppler measurement sample and for selective grouping of qualified points to 2
obtain a distribution versus time during the satellite pass which will provide the
greatest efficiency in total time spanned and accuracy of the fix computation. Entry to
the navigation fix computation routines requires 165 doppler data samples. After
editing and grouping, 70 fully qualified data points are required for final fix compu-
tation-35 prior and 35 following the time of closest approach (TCA) between the
satellite, and submarine. This data processing is subject to software programming.

4. The radio receiver combines in analog circuitry the prevailing doppler shifts
as received and reconstructed from each of the 400 and 150 MHz satellite carrier signals,
tlereby automaically compensating for refraction errors due to the electron density in
the ionosphere (art. 4437). The analog combining circuitry generates a single signal for
doppler measurement which is representative of signal propagation through nonre-
fracted vacuum. Due to the scaling factors employed, the magnitude of doppler shift
presented for measurement is equivalent to that which vould occur if the satellite trans-
mitted a single carrier frequency at 6- 7.5 MHz. The circuitry also provides an analog
derivation of a refraction signal. This signal is a measure of the departure from exact
mathematical coherency between the 400 and 150 MHz ca rier signals as received. The
refraction signal is used a- a quality indicLoi-if the frequency of the refraction signal
exceeds a threshold of 10 Hz for a sustained interval, the accompanying quantitative
doppler data is deleted and not accepted to the navigation computing routines.

Na
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5. Data processing and computing routines ere provided for the calibration of the
local clock of the navigation set against epochs recovered from the satellite modulation
and message formats.

6. One phase modulation decoder is provided in the radio receiver for the recovery
of satellite timing, satellite orbital data, cross satellite alert, and other system data that
are encoded in the 6,103 bits per 120 second repeatable satellite format which is trans-
mitted by the satellite on each of the 400 and 150 MHz carrier signals. The phase
modulation decoder is preceded by a proportional predetection combiner of the 500
kHz IF signals of the respective 400 and 150 MHz receiver channels.

7. After phase modulation detection of the combined satellite signals, information
decoding is performed by the computing processor using majority voting and piecew'se
fitting routines to obtain at least one complete message from the several that occur
within the interval of satellite signal reception.

-8. There is an automatic search and satellite signal acquisition mode for the car-
rier tracking circuits of the radio receiver with the controls provided by the computer
and data processor based upon predictions from a local memory of orbital parameter
for up to eight satellites and the ship's inertial position data. Optional manual controls
are also available at the receiver.

9. The system has built-in test features for the special analysis of the radio
spectrum received by the antenna which can be used to identify and measure certain
interfering and jamming signals at the sea surface.

10. The system has self-test features for equipment malfunction diagnosis and
routine preventive maintenance covering the entire AN/BRN-3 system beginning at
the antenna input terminals to the radio receiver. Software programs establish and
control operational readiness tests prior to submarine surfacing while in a pre-pass
period. The diagnostic analysis can extend to the smallest modular unit level.

The navigation accuracies that are obtained at sea depend in part upon the ac-
2curacies of inputs describing the ship's motion in the interval of the satellite pass when

doppler data was measured.
The statistical accuracies achieved at a non-navigatLng fixed site, such as Station

110 located at Applied Phvsics Laboratory, using a typical operational software pro-
gram, produce a. circular probable error (CEP) of 0.017 nautical mile as shown in
figure 441 1b.

Integrated Doppler Tracking Equipment

4412. Developmental AN/SRN-9 equipment.-In the early stages of die develop-
ment by the Applied Physics Laboratory of receiving equipment for use in the integrated
doppler count method of na. igation, the technical approach was centered around a
Aingle-frequency system. It v recognized that the use of a single-frequency system
operating at the higher frequencies, i.e., 400 MHz, would result in a navigation error as
large as 1 nautical mile because of the refraction effect of the ionosphere (art. 4437). The
elimination of the requirements for a 150 MHz )liase-locked receiver, for a more complex

-. antenna with dual preamplifiers, and for refraction correction equipment appeared
desirable in terms of the resultant equipment simplification and lower cost. The single-
frequency system was built in breadboard form at the Laboratory, and the feasibility
of the system demnonstratedl in midl-19f61.

The design of a two-frequency system was begun by the Laboratory about the
same time the single-frequency system reached its breadboard stage. This design effort
disclosed that since the two received frequencies are always in. constant ratio within a

= -- - -
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FIGURE 4411b.-Accuracy results at Station 110 for O)ctober 1974.

few parts in 108 (the order of the refraction effect) the second receiver need not be a
phase-locked receiver, but could be merely slaved to the 400 MHz phase-locked re-
ceiver. The two-frequency system design was developed and tested as an engineering
mdel and subsequently developed into a prototype form designated XN-5 (fig. 4412).
In the period between 1964 and 1967, a total of 23 prototype AN/SRN-9 (XN-5) sets I
were produced by the Laboratory and placed in service, primarily aboard attack air-
craft carriers and oceanographic ships.

Basic to the design of beth systems is the stable oscillator. Any bias in measuring
frequency that is maiitaitad over a pas: (as opposed to poinwto-point noise within
a pass) produces a proportional error in position. The assumption is made, therefore,
that the frequency of the local ozcillaor is an unknown (art. 4435). This assumption
requires that the measurements and computations needed for a navigation fix be
arranged to eliminate the value of the frequency of the oscillator. When this elimination
is done properly, the only stability required is five parts in 10 over a 2-minute period. ,
Such stability can be achieved, and a carefully chosen crystal in a thermostatically con-
trolled oven with a large thermal time constant is entirely adeqaate.

-
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The (XN-5) stable 5 MHz reference oscillator uses a design concept similar to.
those used in the satellite- oscillator, i.e., a thermostatically controlled oven with a!
very long thermal time constant between the oven and a monel slug, which contains
the critical circuits. Since the vacuum of space is not available for the earthbound
oscillator, a great amount of thermal.insulation is used, resulting in a relatively- large
physical size.

The AN/SRN-9 (XN-5) receiving equipment has five basic elements: (1) the
antenna and preamplifiers, (2) the receiver-demodulator, (3) the digital section, (4) the
control group (output section), and (5) the 5 MHz oscillator.

The antenna is a whip over a ground-plane mounted on the superstructure of
the ship, along with preamplifiers for the 150 and 400 MHz signals.

The receiver-demodulator contains circuitry to perform the following functions:
1. selectively track a satellite signal after manual lock-on;
2. demodulate the binary data from the carriers;
3. provide timing signals to the digital section at the doublet (half bit) rate (one

every 9.83 ms) as derived from the doublet coding in the satellite messages; and
4. produce a sequence of pulses from which a refraction corrected doppler count

is obtained.
A precise timing signal based upon the message modulation rate is derived in an

internal clock in the receiving equipment. This synchronized internal clock controls |
the decoding, printing, and doppler count gating operations with an accuracy of better
than 0.2 ms. Because the operational satellites transmit the end of message work, two at
each integral 2 minutes of UTC (±200s), adequate time information is obtained from
the satellite for navigation and doppler gating.

The digital section contains shift registers for accumulating the doppler count
and for storing the serial binary data decoded from the satellite mes.sages.

The digital section also contains an output register and the necessary counting
and control logic to organize the satellite messages into words and digits (output format
control). It also programs the data and other timing signals to the output terminals.
The message data are extracted in four-bit groups (i.e., excess-three binary coded
decimal format). Control signals are available to take all data (every word) or select
only every sixth word (all that is necessary) for normal navigation.

From the control group, the navigator can monitor the operation of the equip-
ijent. In operation, the navigator remotely tunes the 400 MHz receiver from whence
he obtains all necessary cont.: l functions.

In summary, for any satellite pass the following sequence of events w li ocur in
the receiving equipment:

1. The receiver-demodulator is manually locked onto the satellite signals, and phase
- .- tracks during the satellite pass.

2. The receiver-dem&,'ulator begins decoding the binary data based on an arbitrary
association of adjacent doublets.

3. The digital section monitors the decoded data, and properly pairs the demodu-,
lated doublets to form binary bits. When the proper pairing is achieved, the digital
section energizes the bit synchronization line.

4. The 2ounting and control logic is reset by the synchronization word ii, the satel- -

lite data format. The first time the synchronization word is received after bit synchro-
nization, the digital section outputs a synchronization pulse. A 2 minute UTC pulse is

I-
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also generated each time the synchronization sequence (0111111111111111111111110)
is received.

5. The counting and format control logic in the digital section governs the han-
dling of the binary data from the satellite, and the accumulation and output of the
doppler count.

6. The 2-minute doppler count and satellite message data are printed out in
decimal form on the control group printer.

7. Whenever an interrupt in the satellite signal occurs, bit synchronization must
be reestablished.

4413. Functional description.--The navigation program currently used in con-
junction with the CP-827 computer has the following functional capabilities:

1. Processes data from the SRN-9 receiver in an "on line" mode (the receiver and
computer are electrically interfaced, and satellite data collected by the receiver will be
transferred and stored by the computer).

2. Formats and prints the receiver data on the Central Group.
3. Majority-votes satellite message data from several messages and modifies this

- data in the case of injection of new message data into the satellite.
4. Edits doppler data to 7?5 provided at least four d.,ppler counts are received.

Additionally checks for monotonically increasing doppler counts and zero doppler
counts.

5. Provides navigator's motion description in the form of constant course and speed
or maneuvering with various options: distance north (DN) and distance east (DE)
per 2 minutes, latitude, longitude, or range and bearing at the 2-minute time-marks.

6. Provides automatic satellite alert computation for the satellite just tracked.
Alert computation for a single satellite may be performed at any time using message data
from a previous satellite pass.

7. Renavigates satellite pass with different dopplers or different motion inputs.
8. A test satellite message can h, navigated for test purposes.
4414. Accuracy.-ThA AN/SRN-9 (XN-5)/CP-827 produces an error at a fixed

sit, of less than 50 meters (CEP). A bull's-eye plot of fixed site error is shown in figure
4414. The fixed site error is also given in table 4414. The difference in computed mean
position and reference position is less than 17 meters. The shipboard accuracy at sea
depends upon precise inputs of ship m *"n during a satellite pass. When SINS motion
inputs are used, errors less than 0.1 nautical mile are obtained.

CJMPUTED MEAN POSITION

Latitude: 39009!8124
Longitude: -7653' 8408

FIX REFERENCE POSITION

Latitude: 39009!82141 - Longitude: -76053!8410
Antenna Height: 106.00 meters

! _ NS
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DIFFERENCE OF MEAN REFERENCE POSITION

D. Lat. -0!0090 -0.0090 mi.
DLo 0:0002 0.0002 mi.
Mean Radial Error about

the Mean Position: 0.0284 m.

DEVIATION ABOUT THE COMPUTED MEAN POSITION

Latitude: 0.0215 mi.
Longitude: 0.0226 mi.
Root Sum Square: 0.0312 mi.
Circular Probable Error (CEP): 0.0260 mi.

Total number of passes used: 32.

TABLE 4414.--Fxed site error of AN/SRN-9(XN-5)/CP-827.

4415. Status.-The AN/SRN-9 (XN-5) sets are, or have been, operational aboard
U. S. Navy ships and oceanographic ships. On 1 April, 1974, the responsibility of the
Applied Physics Laboratory for technical support of the AN/SRN-9 (XN-5)iCP-827
Radionavigation Set was transferred to the Naval Electronics System Engineer-ng
Center, San Diego, California. Prior to this date, the Laboratory had the continuing -
responsibility of providing field support. This included maintaining a repair facility,
conducting personnel training programs, and supplying complete software programs.

Current Navy Navigation Satellite Eq-upment

4416. The AN/WRN-5 Radionavigation Set, a self contained navigation set I
consisting of preamplifier and receiver/computer assembly, is capable of automatic
operation and utilizes short-count doppler data to provide navigation in a submarine
environment. A synchro-to-digital interface allows interconnection with the SINS
for the automatic inputting of ship's motion data. The set is fully militarized and uses
the standard UHF submarine antenna for receiving 150 and 400 MHz signals from the
Navy Navigation Satellites to obtain navigation fixes. The set is shown in figure 4416.

Modification of an AN/WRN-5 set is under way (1975) to enable the reception
of PRN modulation (art. 4430) from improved NAVSAT satellites. This modification
will give the AN/W1RN-5 the capability of providing a standard doppler navigation 1
fix, a range measurement navigation fix, or a combined doppler and range navigation
fix. This capability offers the following advantages: j

-' 1. reduced antenna exposure time for a navigation fix,
2. more accurate time dissemination, and
3. fully refraction-corrected navigation using a single channel.
4417. Functional description.-The AN/IRN-5 Radionavigation Set consist3 of B

14 (1) antenna (uses the submarine's UHF antenna), (2) preamplifier, and (3) receiver
assembly. The receiver assembly consists of the following subassemblies:

1. power supply,
2. radio receiver,

.A. 3. expanded data processor,

lx-
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FIGURE 4414.-BiU's-eye plot of ANISRN-9(XN-5)10P827 navigation fixes at the Applied PhysicsI

Laboratory of The Johns Hopkins University.

4. RF test signal generr-tor,f
5. memory loader (tape cassette),
6. 5 MHz frequency standard,
7. remote vider 'lispley,
8. software program.
The AN/WRN-5 set weighs 150 pounds and uses 350 watts of power.I 1504418. Design characteristics.-The AN/WRIN-5 Radionavigation Set employs
150and400'*-~zphase-locked tracking loops, and has the following features:
1 1. automatic acquisition,
2. short count (23 second nominal interval) 4001\11z; and 150 MfHz doppler data,I 3. integral test set,a
4. integral 5 MHz oscillator,
5. integral computer with 16K-word, 16-hit memnory,
6. teletype interface,
7. SINS interface,
8. navigation fix display,
9. winimum exposure time,

10. latest navigation program.
The A'N/WRN-5 set interfaces with a remote video display, printer, and teletype.
4419. Accuracy.-Fixed-site accuracy of the A.N/WRN-5 is shown in tables 4419a,

4419b, and figure 4419. The evalluation was conducted during four modes of opera-
tion: (1) the normal mode-auto-matic, acquisiti3n, dual channel; (2) single channel,
400 M\Hz only; (3) single channel, 150 M.\Hz only; and (4) dual channel, short exposure.
In the short exposure mode, approximately 4 minutes of data were taken including at

Wit
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least 2 minutes before the time of closest approach. In a few cases where lock was
momentarily lost on one channel, data were taken for longer periods of time to allow a
refraction corrected fix to be made.

DUAL CHANNEL, AUTOMATIC ACQUISITION

Number of Passes: 39 (ECA** 10-700)
Computed Mean Position*-

Latitude: 3900918158
Longitude: -76053!8410

Difference of Mean Reference Position-
Latitude: -0. 0055 mi.
Longitude: 0. 0007 mi.

Mean Radial Error about Mean Position: 0. 0204 mi.
Deviation about Computed Mean-

Latitude: 0.0167 mi.
Longitude: 0.0161 mi.
Root Sum Square: 0. 0232 mi.

Circular Probable Error (CEP): 0. 0193 mi.

SINGLE CHANNEL, 400 MHz

Number of Passes: 10 (ECA** 10-700)
Computed Mean Position*-

Latitude: 39009!8144
Longitude: -76053.8390

Difference of Mean Reference Position-
Latitude: 0. 0070 mi.
Longitude: 0. 0016 mi.

Mean Radial Error about Mean Position: 0. 0491 mi.
Deviation about Computed Mean-

Latitude: 0. 0195 mi.
Longitude: 0. 0477 mi.
Root Sum Square: 0. 0515 mi.

Circular Probable Error (CEP) 0. 0396 mi.

*Refbrence Position-Latitude: 39'09!8214; Longitude: -7V53'.8410.
**ECA-Elevation at Closest Approach.

TABLE 4410a.-AN/WRN-5 fix results.

_ - -_ -=
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SINGLE CHANNEL, U,0 MHz j
Number of Passes: 14 (ECA** 100-700) 
Computed Mean Position*- I

Latitude: 39009!8391 1
Longitude: -76054!0482 I

Difference of Mean Reference Position-
Latitude: 0. 0177 mi. i
Longitude: -0.1612 mi.

Mean Radial Error about 'A an Position: 0. 2676 mi.
Deviation about Computed Mean-

Latitude: 0.2662 mi.
Longitude: 0. 2175 mi. I
Root Sum Square: 0. 3438 mi.

Circular Probable Error (CEP): 0.2848 mi.

DUAL CHANNEL, SHORT EXPOSURE

Number of Passes: 20 (ECA** 100-70o)
Computed Mean Position*-21

Latitude: 39009!7683
* Longitude: -76053!8468

Difference of Mean Reference Position-
Latitude: -0.0530 mi. ..

Longitude: -0. 0045 mi.
Mean Radial Error about Mean Position: 0. 1042 mi.
Deviation about Computed Mean-

Latitude: 0. 1393 mi.
Longitude: 0. 0847 mi.
Root Sum Square: 0. 1630 mi.

Circular Probable Error (CEP): 0.1319 mi.

*Fix Reference Position-Latitude: 39009!8214; Longitude: -76053:8410.

**ECA-Elevation at Closest Approach.

T.,kLEr 4419b.-N/WRN-5- fix results.

4420. Status.-A total of 32 AN/WRN-5 Radionavigation Sets (fig. 4416) have
been procured (1975) by the Naval Electronics System Command for submarine use.
Additional sets are being procured for installation in surface ships. The Applied Physics
Laboratory served as technical advisor, assisting in the preparation of a technical
specification for the equipment production contract and evaluating the AN/WRN-5
navigation program. V

4421. AN/SRN-19 (XN-1) Radionavigation Set.-The radionavigation sets cur-
rently (1975) available for use with the NAVSAT, such as the AN/WRN-5, are rather I
sophisticated. They receive data on two satellite frequencies; they are more accurate;
and they are relatively expensive. To meet the need for 'I low-cost simplified satellite

navigation set for use aboard the smaller naval vessels, particularly destroyers, the
Applied Physics Laboratory d-sined the AN/SRN-19 R idionavigation Set as a single - -

I
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FiGURE 4419.-AN/WRN-5 receiver accuracy, dual channel operation.

channel integral doppler set that includes all of the units necessary to.compute and
display a navigation fix in one chassis and an external antenna/preamplifier unit. De-
veloped in response to Advanced Development Objective (ADO) 3411, the AN/SRN-
19 (XN-1) will enhance a vessel's navigation capabilities by providing regular position-
fixes and dead reckoning (between satellite fixes) anywhere in the world, day and night,
in any weather. Design features of the set are such that is is expected to-cost less than
$10,000 in production quantities. It is intended for use on surface ships, especially those.
with qn Anti Submarine Warfare mission, where the considerably higher cost of the
AN/WRN-5 Radionavigation Set cannot be accommodated and where the extreme
accuracy of the higher priced set is not required.

4422. Functional description.-Figure 4422 shows the AN/SRN-19 Radionaviga-
tion Set with its antenna/preamplifier and printer, which is optional. The set consists
of a 400 MHz receiver; a 5 MHz oscillator; an 8,192 word, 16-bit data processor; power
supplies; and 2 synchro-to-digital units mounted in its chassis. A display, keyboard,
and a cassette recorder are mounted on the front panel of the chassis. Controls and
monitoring devices are also on the front panel.

The receiver automatically searches for and locks onto a satellite's 400 MHz
signal, and extracts from the signal two types of information. One is the reconstructed
doppler shift of the .atellite signal which results from the relative motion between the
navigator and the satellite transmitting the signal. The other type of information is
obtained by demodulation of the satellite carrier which is phase modulated with a
message describing the satellite position in inertial space. These data along with the
information on ship's motion during the satellite pass are used by the navigation pro-
gram to compute the ship's position.

4"
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The navigation program is permanently programmed on Read-Only-Memory
(ROM) chips in the data processor. This program provides a continuous dead reckoning
position using ship's course and speed through the two synchro-to-digital converters
and updates the DR position periodically with a satellite navigation fix. Ship's position
information in the form of time, latitude, and longitude is displayed on the AN/SRN-19
front panel and updated every 5 seconds. AN/SRN-19 time is kept by processing once
per second interrupts to the data processor. The interrupts are provided by a count-
down of the 5 MHz oscillator. This "clock" is initialized I - the operator and corrected
thereafter by satellite data.

The operator uses the keyboard to initialize the navigation program and to select
special purpose routines that -,ompute and display the desired information, e.g., ship's
speed and heading, and sa ell.te fix results. The cassette tape recorder records ship's
position every 15 minutes for playback later at a shore facility.

The navigation program has the following capabilities.
1. Updates present latitude and longitude once per second by dead reckoning on

ship's true speed and heading. The ship's position on the front panel display is refreshed
every 5 seconds. True speed and heading are obtained by summing vectorially the speed
and heading of the ship with respect to the water with the set and drift of the current
in the area. The heading and speed of the ship with respect to the water are obtained
automatically from the ship's Mark 19 Gyrocompass and electromagnetic underwater
log through the AN/SRN-19 synchro-to-digital converters. The operator has the option
of manually entering the set and drift of the ocean currents if they are known. If the
ship does not have a Mark 19 Gyrocompass and electromagnetic log, the ship's heading
and speed with respect to the water may be entered manually. The dead reckoning
program continues to run once per second regardless of any other programs that may be
executing (i.e., great circle program, satellite fix program, or alert program).

2. When the receiver locks onto a satellite signal, the program recognizes the j
beginning of a 2-minute data transmission interval, collects and maj,)rity votes the
satellite message data, and computes a satellite fix provided there is sufficient satellite
data. The fix is used to update automatically the dead reckoning position provided the
following conditions are met:

i. The satellite elevation at closest approach is between 10 and 800.
ii. The fix computation converges in five or less iterations and the total correc-

tion is less than 30 nautical miles.
If the above conditions are not met, the operator may manually enter the fix in

the data processor to update the DR position.
The special purpose routines of the navigation program include the following:
1. A great circle program which will compute and display the great-circle distance

and bearing from the ship's present position to any destination that has been entered -

by the operator.
2. A satellite alert program which computes and displays the next expected satel-

lite rise time, and the elevation at closest approach of the satellite just tracked. A new
alert is computed each time when the display button is depressed.

3. A keyboard/display program which is used to enter and display various param-
eters of interest.

4423. Accuracy.-The AN/SRN-19 (XN-1) has a fixed-site CEP of less than
120 meters. Figure 4423 shows plots of 24 satellite fixes taken at dockside aboard the z

USS Forest Sherman (DD-931) at Norfolk, Virginia.
During the period 24 April to 26 April 1974, an AN/SRN-19 was installed for a

technical evaluation. The dockside RMS error for 24 navigation fixes was 0.076 nautical
mile. The design goal was 0.1 nautical mile RMS at dockside. During at-sea tt.t,

A
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automatic inputs of-ship's course and speed were used. Based on eight satellite fixes ob-
tained-from the twbat-sea tests, the RMS radial fix errorof the AN/SRN-"l-was 0.13
nautical mile. The design goal Was 0.3 nautical mild RMS.

The DR velocity error is dependentupoh the particular ship's motion measuring
devices that are-used. F'ifty-th e satellite ihavigation fixes were computed by the
AN/SRN-19 located at the Applied Physics Laboratory with a, 1-knot error inten-
tionally=inserted into the DR system. The RMS radial error of these 53 passes was
0.31 nautical mile.

4424. Sttus;--.As-of 195, -two AN/SRN-19 (XN-1) Radionavigation Sets have
been fabricated. Modification of the S/N 01 set is under way to incorporate improve-
ments preparatory to further technical evaluation; the S/N 02 set is being used for
equipment checkout.

4425- AN/PRR-14 Geoceiver. -- The basic purpose of the Geoceiver conceived at
the Applied Physics Laboratory is to receive and record data for geodetic position
determination. Secondary uses are for satellite orbit determination and shipboard
navigation. The Geoceiver makes integrated doppler measurements from satellites
radiating on 324 and 162 MHz frequency channels, as well as from the Navy navigation~satellites radiating on the 400 and. 150 MHz frequiency.

4426. Functional description.-The received frequency pair may be selected
manually or automatically. When in the automatic mode, the receiver alternately
searches for the frequency pairs until satellite signals are acquired. Data processed by
the Geoceiver-time, integrated doppler, and integrated refraction correction-are
stored on punched paper tape which are subsequently transmitted to a computing
center. Provision is also included for processing the Navy navigation satellite message
with the doppler and refraction correction data to a computer for real-time navigation
applications.

The main receiving unit of the Geoceiver is shown in figure 4426. V
4427. Design characteristics.-The Geoceiver design specifications include the

following:
1. double conversion 400/324 MHz channel,
2. double conversion slaved 150/162 MHz channel,
3. integrated doppler frequency measurements timed by a receiver clock (30-

second or 60-second integration intervals),

4. receiver clock calibrated against received Navy navigation satellite time,

5. separate integrated refraction data'from 150/162 MHz channel,

6. time, doppler, and refraction correction data recorded on punched paper tape
with additional data entered from the receiver control panel,

7. Navy navigation satellite message, time, doppler, and refraction correction I 1'
data available on a computer output to provide real-time navigation,

8. automatic search and acquisition of satellite signals with manual over-ride,
9. rapid reynchronization with satellite message and time if carrier tracking

-= is lost for up to a minute,
10. built-in self-test and troubleshooting aids,
11. portable; small in size, weight and power consumption.
A suitable external computer is required for real-time navigation applications.
4428. Accuracy.-Table 4428 indicates single pass survey capabilities of the

Geoceiver by using satellite orbits derived from tracked data as opposed to navigation
results obtained from projected orbits.

A,
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Mean Error Standard Deviation
Satel- No. (Meters) (Meters)

Equipment lite Passes Long. Lat. Long. Lat.

Breadboard 30120 44 6.2 -5. 1 8. 7 6. 1
Geoceiver 30130 53 8.0 -3. 3 13. 7 5. 7
(Station 391) 30140 50 7. 6 -3. 1 8. 6 4. 9

30180 44 8.0 -5.7 9.3 6.4

Prototype 30120 32 5. 7 -4. 3 12. 5 7. 5
Geoceiver 30130 37 8. 9 -3. 8 6. 6 3. 5
(Station 137) 30140 42 6.3 -4. 2 7. 6 3. 9

30180 42 6.7 -5.0 10.8 6.9
Breadboard 30120 7 13. 8 -1.9 13. 2 9. 6
Geoceiver 30130 16 8. 0 -2. 9 9. 0 3. 9
(Station 136) 30140 14 7. 2 -2. 8 7.3 6. 7

30180 18 9.7 -3.3 11.4 5.7

Notes: 1. Obtained from NWL Technical Report TR-2338 dated September 1969.
2. Data obtained with antenna common to both the breadboard and

prototype Geoceivers.

TABLE 4428.-Geoceiver survey data statistics for single pass solutions. |

4429. Statas.-The first Geoceiver was completed in January 1971. The second
Geoceiver, S/N 02, was delivered to the Applied Physics Laboratory in February 1971
for evaluation. Currcntly (1975), Geoceivers S/N 03 and S/N 04 are at the Laboratory
for data collection ai d evaluation. During 1971, a total of 33 Geoceivers were delivered
to various users.

4430. Pseudo random noise modulation.-A new generation of navigation satellte
was developed by the Applied Physics Laboratory as part of the Transit Improvement
Program (TIP) to enable more accurate navigation fixes. A key element of TIP is a
broadband pseudo random noise (PRN) modulation that provides the capability to
recover satellite time epochs with greater precision than previously possible. The RF
energy for the PRN modulation is spread over 3.3 MHz and is 45 dB down from the
carrier so that the modulation is transparent to normal satellite navigation users.

The first satellite with PRN modulation was the TRIAD satellite launched in
September 1972. Follow on TIP satellites ill also include this PRN capability. Potential
uses of this new modulation include navigation with PRN as a direct measurement of
the range between the satellite and the navigator, navigation with single channel
PRN and doppler measurements concurrently to eliminate the effects of refraction,
evaluating the quality of the doppler data received, and synchronizing the navigator's
clock to the satellite clock.

For satellite applications, the PRN technique offers significant advantages when
compared to competing modulation techniques, namely:

L 1. It provides a solution to the problem of cross-satellite interference which is a
problem at high latitudes with the six currently operational navigation satellites.
PRN allows satellites to be tracked individually, even though their doppler frequencies
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may cross. This capability remains regardless of the number of satellites in the con-
stellation. PRN will also suppress other interfering signals.

2. The RF energy of the spread spectrum sidebands produced by PRN modulation
is 45 dB down from the carrier frequency. This depressed and spread modulation ob-
viates the need to obtain a new frequency allocation for the PRN system. PRN does 1
not interfere with other users of the 150 and 400 MHz frequencies.

3. Satellite hardware and ground equipment modification requirements are no
greater for PRN than for any other suggested timing system.

4. PRN modulation is transparent to the current navigation user equipment with-
out modification or degradation of navigational fix accuracies. I

5. The PRN ranging signals may be denied to unwanted users, thereby offering
potential jamming immunity.

6. PRN provides maximum nultipath suppression; this is especially important
to the air navigation application.

In order to fully evaluate the PRN technique, an experimental ground system was !
developed at the Applied Physics Laboratory by usirhg a suitably modified AN/SRN-9
receiver as the nucleus. I

The experimental ground system wa- used to gather precision range and doppler j
data from the TRIAD satellite. Orbital satellite data were recorded on magnetic tape
and subsequently analyzed on the IBM 360/91 computer at the Laboratory. Analytical
software was developed to evaluate the capability of the PRN signals to meet the
following objectives:

1. to reduce the time required to obtain a navigation fix during each pass by pro-
viding improved doppler count data,

2. to provide real-time reduction of interfering and multipath signals,
3. to provide expc-:-...tal cozrfirniation of the PRN techniques presently being '

considered for advance "-tion satellite systems. II
The opportunity to e onstrate digital modulation techniques in general may be

considered a secondary ap iication of the system
4431. Functional description.:-The PRN ranging'time code is impressed on the [

400 and 150 MHz carriers via a digital shift register and a two-stage phase modulator that operates directly at 400 and 150 .M\Hz, having a peak phase deviation of 45* .

The transmitted signal consists of 1 watt of the unmodulated iarrier and 1 watt of
PRN modulated side bands, the largest of which is 45 dB below the unmodulated
carrier. Present navigation set users continue to navigate with the unmodulated
carrers and are not affected by the ranging signal, snce it is well below the minimum
receiver threshold.

Reception of the PRN code requires a correlation type receiver in which a local I
replica of the code is generated and compared to the received code in a multiplier. The
output voltage from the multiplier varies as the autocorrelation function of the code,
and reaches a maximum value when the codes are in exact alignment. This voltage -

- .--. is fed back to a device which controls the delay of the locally generated code, keeping
it aligned with the received code during the satellite pass.

A measurement subsystem consisting of a time-of-day (TOD) clock and an inter-
polater is a part of the system. Upon receipt of a PRN epoch pulse, the TOD clock is I
read out to a resolution of 1 miscrosecond. At the same time, an interpolation is made
between the last microsecond recorded by the clock and the actual occurrence of the
epoch pulse, to a resolution of 1 nanosecond. Both the 400 and 150 MHz epoch pulses
are measured in this way and the dat-i are subsequently used in the computer to cal-
culate a single refraction-corrected range value.

.S
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The measurement subsystem also makes use of precision doppler counts. The
counting technique used is patterned after the Geoceiver (AN/PRN-14) approach.
wherein an exact number of doppler cycles are counted over continuous integration
intervals. The TOD clock is read out to 1 microsecond at the beginning of each count.
A doppler frequency is also obtained from tho 150 MHz channel, scaled to 400 MHz,
and counted in a similar manner. Both counts can be made and recorded at selectable
intervals varying from 0.6 to 4.6 seconds during the pass, and subsequently used by the
computer to generate a single refraction corrected doppler count.

4432. Accuracy.--Instrumentation accuracy is one factor contributing to the
final range measurement accuracy of the system. Other factors must be considered,
i.e., satellite and receiver oscillator instabilities, orbit prediction errors, higher order
ionospheric effects, and similarly related effects. Data obtained from TRIAD have been
used to demonstrate that:

1. Precise timing.signals can be recovered and used to make counting and timing
measurements of such high quality that accurate integral doppler navigation fixes
can be obtained using only those measurements made within a relatively short interval
of time centered about the closest approach of the satellite.

2. The timing signals can also provide the direct measurements of slant range for
ranging fixes that are as accurate as integral doppler fixes.

3. A navigation fix free of the potentially large errors due to ionospheric refrac-
tion can be produced using only single frequency doppler and ranging measurements.

Demonstrated error levels from the ground system instrumentation, independent
of the oscillator are listed below:

LI Time recovery errors (after refraction correction)-10 nsec rms, 10 nsec bias.
Doppler recovery errors (after refraction correction)-0.1 cycle rms.
4433. Status.-The SRN-9/PRN Ground Receiving System was first used to track

the TRIAD satellite in the fall of 1972. Since then data from over 80 satellite passes
have been obtained and analyzed. j

The system has been used in TRIAD tracking to demonstrate successfully the
time and frequency monitoring capabilities of PRN signals.

~Basic Pinciples

4434. Design eonsiderations.-A satellite navigation system is truly all weather
when radio frequencies are utilized which are not sensitive to weather or atmospheric

noise, and when frequencies are combined such as to obtain independence from iono-
spheric variations. The use of orbiting satellites makes the system inherently worldwide.
Other attributes of a satellite navigation system depend upon other system design con-
siderations such as the question of whether to utilize radio sextant techniques analogous
to celestial navigation, whether to utilize simultaneous transmissions from multiple
orbiting satellites in analogy with Loran or Omega, or whether to use an altogether new
method which is more natural to artificial satellites than established techniques, e.g.,
taking advantage of the high speed of the satellite by using the doppler shift.

NAVSAT through its use of range rate by measurement of the doppler shift of
satellite radio transmissions provides the following advantages:

1. There is no need for a large receiving antenna array as required by radio sextants.
A- [o' 2. Only one satellite need be utilized to obtain a position at a given time so that

the complexity of maintaining cooperative satellites in orbit for simultaneous signal
reception is avoided.

3. Doppler measurements are inherently open loop, that is, there is no need for
transponding signals back and forth between the satellite and the observer as would

; _ _-
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be necessary in measuring range directly. Therefore, NAVSAT is passive in that there
are no radio transmissions from the observer's station.

4435. Basic doppler navigation prindples.-Measurement of the satellite doppler
cur,-e in the vicinity of zero doppler shirt. allows a determination of the time and the
line-of-sight range (slant range) to the closest point of approach of the satellite to the
observer. This measurement enables determining the observer's position relative to the
satellite in a coordinate system which is local to the satellite at the time of-closest ap-
proach and whose axes are parallel and perpendicular to the direction the satellite travels
over the earth at that time. Knowing the satellite's orbit, its subtrack over the earth's
surface can be determined. Knowing the minimum slant range to the satellite and the
altitude of the satellite, the distance from this subtrack can be found. This can be
thought of as the cross-track coordinate of the observer relative to the satellite. Know-
ing the exact time when this minimum slant range occurred, the position of the satellite
along its earth subtrack is known which can be considered the along-track coordinate
of the observer relative to the satellite. Knowledge of the satellite orbit in detail teLs
how to transform the observer's relative along-track and cross-track coordinates to
latitude and longitude.

While this method is adequate to determine the observer's position, other informa-
tion in the doppler shift can be used to advantage. If the whole of the doppler shift is
used, sufficient redundant information is obtained to overwhelm any error due to j
random noise such as receiver and atmospheric noise. Furthermore. one can tell which I
side of the satellite subtrack the navigator is on by utilizing the fact that the earth's
rotation produces a slight difference between the doppler shift as received east of the

- •satellite orbit and west of the orbit.
Effective utilization of the whole of the doppler shift as received by the observer

also allows the navigated position to be essentially free of any momentary receiver
"drop out," short term interference, etc., and some important potential systern errors;
for example, the error caused by an error in the frequency standard of the equipment.
(The satellite frequency is maintained to an accuracy of better than one part in 10
billion but the navigator's local oscillator frequency can be in substantial error in
some of the less expensive navigator equipments.) Figure 4435 shows the time depen-
dence of the change in the received doppler shift for a set on the earth's equator which
is changed by 1 kilometer in its along-track ,.nd cross-track components, respectively.
It can be seen that the change in the along-track component produces a symmetric
frequency change. Also, it can be seen that the change in cross-track component pro-
duces an anti-symmetric frequency change so that with doppler data only near the time
of closest approach (zero relative time in figupe 4435) along-track and cross-track com-
ponents can be ideiifled unambiguously. However, if a frequency standard error
(local oscillator error) exists also, data only near closest approach will not allow un-
ambiguous identification of both frequency and along-track changes. On the other
hand, if the whole of the doppler shift is considered, the two errors can be easily dif-
ferentiated since a change in frequency produces a constant frequency error, while a
change in the along-track component produces a time dependent doppler error, the
error being a maximum near the time of closest approach.

4436. Effect of random measurement errors-Profiles of over-all system naviga-
tion error can be constructed assuming that only random doppler (frequency) errors
are present. Figure 4436 shows a typical navigation error profile as the ground distance
to the satellite subtrack changes. As is to be expected, the along-tr ck error becomes
relatively large when the satellite is on the horizon since it is not above the horizon
sufficiently long to accurately establish separation of along-track error from the set's
local oscillator error. The cross-track error becomes large when the satellite is nearly

ia
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overhead since there is relatively small change in slant range to the satellite for a change
in cross-track component when the satellite is overhead.

The error profiles like thuse in figure 4436 are pessimistic since they consider the
navigation errors when many independent-measurements of frequency are made, e.g.,
one each second. Modern techniques dictate that coherent measurements be taken so
that any error in frequency which has an average error of zero is suppressed. With such
techniques, the errors due to random noise are suppressed more than the square root of
the number of measurements, but probably still less than the total length of time of
reception itself. In other words, noise can be suppressed somewhere between a factor
of 15 nin. (average pass duration) X60 sec.=900 and

-I15X60=30,

dependent upon other considerations.
One manner in which coherent measurements can be very conveniently utilized

is by not measuring frequency per sc but to maintain a running count of the number of
zero crossings of the received signal to obtain the coherent integral of the doplpler shift.

Utilizing integral doppler data in this way yields mre potential accuracy and can be
easier to implement in the navigator's equipment. In doing this, the equipment does
become more sensitive to intermittent signal dropouts, etc., so that the more reliable
navigator's equipments utilize more sophisticated methods than this. However, several

S ,of the less expensive equipments, such as the AN/SRN-9 (art. 4412), utilize explicitly
this technique, where the integral doppler value is read each time the satellite 2-minute
time marker is received.

4437. Non-random error sources.-For all practical purposes, random-frequency -

errors in the doppler data will not cause sign'ficant navigation errors. This is not true _
of systematic errors. The major sources of error which have been found are related to
ionospheric refraction, errors in knowledge of the gravity field acting on the navigation
satellites, and errors in knowledge of ship's course and speed through the water.

A major )otential source of error in all satellite radio navigation systems is iono-
spheric refraction. Navigation errors can result from the effect of refraction on the
measurement of the doppler shift and from the errors in the satellite's orbit if refraction
is not accurately accounted for in the satellite tracking. Since the doppler shift in the
presence of the ionosphere is basically the time rate of change of the electromagnetic
path length, the doppler shift is altered from what it would be in a vacuum. However,

* it can be shown that the ionosphere is dispersive (the amount of refraction is dependent
upon the frequency) and for frequencies significantly above any ionospheric resonance
frequency (usually less than 30 MHz) the dependence of the doppler shift with fre-
quency is accurately known. For frequencies above 100 MHz, the dependence is in-
versely proportional to the frequency to very high accuracy. The refraction contribu-
tion can be climinated by the proper mixing of the received doppler shift from two
harmonically related frequencies (150 and 400 Mhz for NAVSAT) to yield an accurate
estimate of the vacuum doppler shift.

In addition, the two received doppler frequencies can be mixed to yield an experi-
mentally measured effect of the ionosphere, and the probable error caused by the ion-
ospheric contributions can be studied. Such studies show that the principal navigation
error due to refraction is in the cross-track component; it typically can be several
tenths of a nautical mile, and can be as large as 1 nautical mile. Unlike the mixing of
local oscillator frequency error with the navigated along-track error, where use of the
whole of the doppler curve allows both the along-track component and local oscillator
frequency to be error determined, the ionospheric error has a time dependence during

5v
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the pass of the satellite above the navigator's horizon which mimics the time dependence i
of the doppler signal for a cross-track error. In this case, the cross-track component and
a ptrametric fit to ionospheric parameters does not yield negligible navigation errors.
Conseqzoielly, except for the simplest navigator equipments, two frequencies are
received to yield a navigation position via the vacuum doppler data. Figure 4437a
shows the ionospheric contribution at 150 MHL which can be compared with the cross-
track error of figure 4435.

Any error in the navigator's knowledge of the satellite position during the time
doppler data is used feeds directly (and in nearly a one-to-one manner) into the naviga-
tion error. Consequently, every effort is made to reduce the navigation satellite orbit
error to a minimum. The major contributor to this error is inadequate knowledge of
the gravity field of the earth, i.e., the gravity forces acting on the satellite. In 1960 it
was possible to determine the orbit of a satellite and then predict the orbit ahead in;
time for 1 day (for use by navigators) to an accuracy of 0.5 to 1.0 nautical mile due to!
errors in the gravity forces. Since that time extensive geodetic research utilizing research
satellites, similar to the navigation satellites with added tracking capability by optical
means, has resulted in a significant improvement in knowledge of the earth's gravity
field and consequent improvement in navigation accuracy.

The technique for determining the gravity field is to accumulate a large amount of
tracking data (primarily doppler and optical) as observed on a large number of satellites
in orbits of varying inclinations. A gravity model is explicitly "parameterized" in
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FiouRE 4437a.-First order theoretical refraction error.
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terms of unknown coefficients in an expansion of the earth's gravity fie.. An over-all
least squares fit of the tracking data is then made considering all of the satellite orbit
parameters, all of th,' Legendre expansion coefficients of the gravity field, and the loca-
tion of the tracking stations as unknowns. The gravity field which gradually emerged
from such worldwide studies exhibited a complexity fur beyond that ever suspected.

It is difficrlt to summarize the complex gravity field as it is known today. OneIfairly common method is to present contours of geoid heights. Such heights represent
the height that water would rise or sink to-in seeking its own level-over and above
that water level which would occur if the gravity field were a spherical mass (suitably
modified for the equatorial bulge due to the earth's spinning). Consequently, such
geoidal contour maps can indicate the departure of the earth's gravity field from what
it was thought to be prior to the advent of satellite geodesy. Such a contour plot is
shown in figure 4437b, which portrays the gravity field as known in 1968. With modern

i: .gravity models for the earth, satellite tracking error has been reduced from about Y

mile to about 20 meters with connensurate reduction in the na 7igation error (orbitI •prediction error) caused by errors in the gravity forces acting-on the satellite. As know-
ledge of the gravity field improves, errors due to this source will be further reduced.

The remaining large potential source of error is th er-or in the navigator's motion
during the receipt of doppler data. Since the doppler shift is determined by the relative
motion between satellite and navigator, any error in the navigator's motion will appear
as an apparent error in the doppler data used to find the navigator's position. On the
average this error causes about 400 yards navigation error for every knot of error in. : velocity. Navigator velocity error can become appreciable in aircraft navigation ap-

Slicationg, and special techniques are used to bound this error in aircraft equipments.
This error can become significant for high speed surface vessels and submarines in the
= most demanding applications. For such cases, inertial systems are usually used to
determine vessel speed and aid in dead reckoning between satellite passes.I Other potential sources of error are usually negligible except for the most demand-

Lis ing applications. Sources of errors such as abnormal tropospheric refraction (e.g.,
navigation near a weather front); neglect of the variable height of the sea surface
(e.g., ignore the geoidal height, figure 4437b, as an altitude correction of the navigator's
antenna height); and even wander of the geographic position of the spin axis of the earth
(the so called Chandler wobble) are errors which can and should be accounted for when
highest accurscy is desired. With all such corrections, navigation accuracy rivals world
surveying accurauy (art. 4425). For this reason, satellite navigation has brought atten-
tion to some large mapping errors. A good discussion of current navigation accuracy
capabiity can be obtained in the bull's-eye plots shown for the navigation equipment
discussed (figs. 4411b, 4414, and tab. 4428).

Integral Doppler Navigation

4438. AN/SRN-9 integral doppler navigation.:-It is beyond the scope of this
chapter to present details of the more sophisticated navigation techniques, e.g., the
AN/BRN-3 coupled to SINS. However, the essentials and many of the details are
similar for utilizing integral doppler data in the AN/SRN-9. Therefore, the navigation
procedure is given for this equipment in more detail to provide one detailed example of

L -. -satellite navigation.
The navigation fix obtained from the AN/SRN-9 is based upon the shift in

frequency (doppler frequency shift) that occurs whenever the relative distance between
a radio transmitter and receiver is changing. Such a change can be measured by a

a__ - .
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receiver whenever a transmitting navigation satellite passes within radio range, and is
due to the combination of three effects:

1. motion of the satellite in its orbit,
2. motion of the navigator on the earth's surface, and
3. rotation of the earth (ard therefore of the navigator) about the earth's axis.
It follows that the motion of the navigator must be properly measured or estimated

and inserted into the computation if accurate fixes are to be obtained.
The integral of the doppler shift over a 2-minute interval (as measured by the

AN/SRN-9 receiver, using a doppler frequency counter that is controlled by the
2-minute time markers received from the satellite) is a measure of how much the sltnt
range from satellite to navigator has changed during this 2-minute interval. In order
to derive his position, the navigator also needs to know the position of the satellite in
its orbit every 2 minutes. The information required from computing a fix are as follows:

Data Obtained From
Two-minute doppler frequency counts (inte- AN/SRN-9 receiver, using self-

grated doppler). contained frequency standard.
Satellite orbital position every 2 minutes. --- AN/SRN-9 receiver recognition

of satellite data bits plus
subsequent computer opera-tion (tab. 4438). i

Own ship's estimated position every 2 minutes-
Or Ship's navigational aids (with

Own ship's course and speed plus one estimate DR plot if necessary).
of ship's position at a stated time.

Own ship's antenna height above geoid------.See figure 4437b. j

Figures 4438a and 4438b illustrate how the measurements are made and how the
'navigation fix is computed after the satellite pass is over. In figure 4438a, the positions
of the satellite in its orbit are shown for times t1 through t4, which are the even minutes
at which the satellite transmits its synchronization signal. The positions of the navi-
gator, P through P4, refer to the times at which his AN/SRN-9 receiver recognizes the
isatellite synchronization signal, i.e., times t1 + At through t4+At 4. Note that the times of V

Word Symbol Meaning Units
number

56 t. Time of perigee. Min.
62 M Rate of change of mean anomaly. Deg/Min.
68 .P Argument of perigee at t,. Deg.
74 Rate of change of argument of perigee Deg/Min.

(absolute value).
80 f Eccentricity
86 A, Semimajor axis. Kin.
92 p. Right ascension ascending node at t,. Deg.
98 L) Rate of change of fa.x. Deg/Min. -:

104 cos # Cosine of orbit inclination. 7!
110 20 Right Ascension Greenwich. Deg.

M 128 sin 41 Sine of orbit inclination.

TABLE 4438.-Satellite orbital information.
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FIGURE 44 38a-Integrated doppler measurement. 4

reception are slightly later than the times of transmission because of the radio propaga-
- --"tion time over the slant ranges S, S2, S3, and S,. Also, since the propagation times At1 ,

At2, At3, and M4t are not all equal, the time intervals over which the AN/SRN-9 makes it&
inte,,al doppler measurements will differ slightly from the exact 2-minute value, bem -
somewhat smaller prior to satellite closest approach (while S is decreasing). Thi . '
fact, however, does not affect the result of the measurement because the number of" -
RF cycles transmitted by the satellite between synchronization signals (exactly
minutes apart) must necessarily equal the number received by the navigator between;
receptions of the synchronization signals, since no RF cycles can be "lost" or "gained."'-

The integral doppler measurements are simply the count AN2 of the number of
doppler cycles received between !,+At, and tl+At2 , the count N23 of the number of&
doppler cycles between t.+At3 and !3+At 3 , and so on for all 2-minute intervals during

IN
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FIGURE 443813.-Doppler frequency variation with time.

the satellite pass. These counts are a direct measure of the amount by which the slant
range from satellite to navigator has changed (S2 -SI, S 3 - S2 , etc.) during the count
intervals. This measure is quite accurate since each doppler count added (or sub-
tracted) due to the relative motion means that S has decreased (or increased) by one
wavelength, or by 0.75 meter at 400 MHz. Therefore, one of the required inputs to the
fix computation (slant range increment over each 2-minute interval) is directly measured
by the AN/SRN-9 integral doppler count, suitably scaled as indicated in figure 4438a.
Note that the slant ranges S, through S4 (and therefore their respective differences, or
slant range increments) are all functions of the navigator's position (0, X). Since the
satellite orbital positions can be calculateu, from the data recovered from the signal
phase modulation by the AN/SRN-9 receiver, and since the navigator's estimated
position every 2 minutes is available, values of estimated slant range from satellite to
navigator can be computed. These estimated slant ranges are differenced to obtain
estimated slant range increments, which then can be compared with the slant range
increments measured by means of the integral doppler counts as already described.

Unless the navigator's estimate of his position happens to be exactly correct
there will, of course, be a difference or residual when each estimated slant range incre-
ment is subtracted from the corresponding meaeured increment. The fix calculation
then consists of changing the navigator's estimate of position (0, X) in small steps
until the sum of the squares of the slant range residuals is minimized, at which point A
the closest achievable agreement exists between the (revised) estimates and the meas- - -

ures of slant range increment. The values of 0 and X so determined (i.e., the r -ised
estimates that yield the smallest residual) are then the fix result, which is print., out
at the end of the fix computation.

In practice, two factors complicate this -mple explanation, and therefore represent
extra computing steps in the fix computation:

1. The frequency of the satellite oscillator and also that of the reference oscillator
used in the AN/SRN-9 receiver are constant but not precisely known to the navigator. --

2. The process of minimizing the sum of the squares of the differences between the
estimated and measured slant range differences calls for a number of different manipu-
lations to be performed in the computer used to calculate the navigation fix and is,

--=
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in fact. an iterative process wherein the same mathematical steps are successively
repeated in the same sequence several times in order to get the final result.

The absolute values of satellite and navigator's oscillators are not required in the -
computation provided that they are constant-only their difference is of interest.
This is the quantity referred to in figure 4438b and printed out along with 4 and X in
the fix results. Sincef is now known to the navigator and cannot be directly estimated
or measured and since its actual value affects the numbers obtained for the integral
2-minute doppler counts measured by the AN/SRN-9 receiver, it must be solved
for (in addition to 0 and ,) in the calculation of the navigation fix. Note that the value

of f does not affect the estimated slant range increments-only the measured increments
defined by the integral doppler counts N12 through Nu. There are then three quantities 1
to be determined by the computer: 4, X, and!, the last mentioned being of no immediate
interest to the navigator but essential to the accurate determination of ' and X. This
means that integral doppler counts for at least three 2-minute intervals must be used
(and preferably more than three) in order to provide three equations in the three I
unknowns, -p, X, andf.

That the integral doppler counts N,2 and N3, are directly affected by Jis illustrated
in figure 4438b, wherein fa is the (constant) frequency of the navigator's reference
oscillator, Jr is the (constant) frequency of the satellite's transmitter, JR is the received
frequency containing the doppler component, and 1=fo-f. The integral doppler
counts, N,2, etc., are represented by the cross-hatched area in figure 4438b.

Since the values of three quantities (4, X, and.) have to be simultaneously adjusted _
in minimizing the sum of the squares of the differences between estimated and measured
slant range for three (or more) 2-minute intervals, the computations involve solution
of a matrix whose general description can be illustrated as follows:

1. The measured slant range increments are calculated from the integral doppler
counts for an assumed value of.7. Their rate of change asf changes is also determined.

2. The navigator's positions at the times t,, t2, etc., are calculated for an assumed -
initial position (0, X).

3. Using previously calculated satellite positions at t,, t2, etc., the estimated
satellite-navigator slant range increments (for the assumed initial 4, X are calculated).

4. The rate of change (partial derivative) of the estimated slant range incrementsI
(item 3 above) with respect to 0 is determined.

5. The partial derivative of the estimated slant range increments with respect to X
is determined. j 4

6. The differences (residuals) between measured slant range increments (item 1)
and estimated slant range increments (item 3) are formed for each 2-minute interval.

7. Using the derivative of measured slant range increment with respect to, that of
estimated slant range with respect to 4, and that of estimated slant range with respect to ,
X, new values of €, X, and fare calculated such that the sum of the squares of the re-
siduals will be emaller than before these new values are used.

8. Steps 1 through 7 are repeated several times until the newly calculated values of -
,, 4, and X differ from the last values used by less than fixed threshold values. At this
point the computing stops, and the last set of values off, 4, and X is the final result.

4439. Computation algorithms.-In the computations the slant range is calculated
for the beginning and end of each doppler counting interval based on the best estimates

-2%. . . ..-
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of the navigator's latitude, longitude, altitude above the geoid, and the transmitted
satellite coordinates. Referring to figure 4438b, the doppler count N12 is repeated:

# l IV~~,2= ft, t' (fo- f,)dt. ()]

It should be noted that the time t1 +At, is the time of receipt of the satellite time mark
which was transmitted at time At. Therefore, At., m= 1 .. n (n=the total number
of 2-minute intervals observed during one pass) represent the propagation time delay
for the time mark to travel the distance S from the satellite to the receiver. The
propagation time delay is defined by the slant range distance divided by the speed of
light:

AtmS,,/C. (2)
Rearranging equation (1):

N, 2= + dtJ Rdt. (3)

The first integral in equation 3 is of a const'.nt frequency and its integration is
simple. The second integral is of the changing frequencyfR and represents the number
of cycles received between the message receipt of two timing marks. It should be noted
that the number of cycles received must identically equal the number of cycles

- transmitted:
flt= [fdt. (4)

Substituting this expression into equation 3:

f f

Since the frequency functions, fo and f,, are assumed constant during a satellite i

pas-i, the integration of equation 5 gives:

N, 2=fo[(t2-t,)+(At 2-At,)l-J(t 2-t,). (6)

Rearranging the terms in equation 6 gives:

N 2 = (Jo-f2) (t2- t,)-f(At 2-At,). (7)

The following comments apply to equation 7.
The quantityfo-fT is assumed constant during a satellite pass:

Jo0JTf,=32 kllz, (8)
and J0 (At-At,) can be rewritten as:

J( 5 1S1 (At.= F)' 9

defining L, as the wavelength of the frequency fo:

L C =speed of light in vacuum, (10)

and
ATUt6t 1 .

PRE - ~
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Equation 7 becomes:
N12=.7AT 2 +(11LO) (S,-S): (11)

A
Defining S2-S=S1 2 we have an expression for ,the r-si , d slant ranrt change

in the ktb counting interval:
A
S.=LoN-LoAt. (12)

The cartesian coordinates of a satellite are computed from the transmitted fixed
and variable parameters of the satellite's position. Likewise, the navigator's cartesian
coordinates are computed from his estimated posi-:, and geoidal height. The computed
slant range at time t is then:

where, with subscripts N and S for the navigator and satellite respectively:

XK= (XK- Y.), )K= (-sK-Y.,-), ZK= (ZSK-.,.).

The computed slant range change between times 1K and t -. is therefore SK-S-_.
Defining a residual:

A A
R(0, X, f)= SK-(Sir-SK-. )

If Al doppler intervals are to be used in the computation, 3f such functions may j
be computed and F (0. X, .). the sum of the squares of the residuals, may be com-
puted:

F(, X, -) N(14)

Expanding the residuals in a Taylor series about the initial estimates i, Q. and z,
then truncating the terms above first degree, this function becomes:

b(S K- -,._) () (+ ,.V-• 15)1)=

Since we have just shown that SK is a function of f. and SK and SKR1 are both
functions of 0 and x, or

F= -K

where:

AX-XA
A

Rjc=Sx:-(Sc-Sc_1),

and GK symbolizes the bracketed function in equation 15.

}i..
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To minimize F ( , X,J) with respect to 0, X,J equation 15 is differentiated partially

with respect to #, X, the partials equated to zero, and the equations divided by 2.

-F =--- G, )I s-_)

G -- G b i (16)

al X 
AK-

Define the A matrix
A

b(S,-So) b(S,-So) aS,bo ax O-T

ad anerror-8a) r(S, )

A =-a(S, -S,_,) (s _ _,-) --S ,

and the residual nmtrix i-

=R=

and rewrite the Gc functions in matrix form.

, I >-
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A - (S1-S0 ) _____2

G, =R, ;7 SA7 A

GA - (S3-S2 ) b(S2-S)

A b(SM-S2.) l(~S 1

CM=RM+-Sif-smf

G=R+AE.
Then, in matrixc notation:

ATG=A T IR+AEr4OJ
Of

E--[ATA-'AT R.
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CHAPTER XLVIDOPPLER SONAR NAVIGATION

4501. Introduction.--The doppler effect, first described by Christian Johann Doppler" in. 1842, is observea ats it frequency shfift resulting from relative motion between a

frtransmitter and receiver or reflector of acoustic or electromagnetic energy. The effect
on ultrasonic energy is used in doppler sonar speed logs to measure the relative motion
between the vessel and the reflective .,ea bottom (for bottom return node) or suspended
particulate matter in the seawater itself (for volume reverberation mode). The velocity
so obtained and integrated with respect to time is used in doppler sonar navigators
to determine position with respect to a start point. The doppler effect is also used in
docking aids which provide precise speed measurcments. i

SThe maximum safe docking speed of vessels exceeding about 100,000 dead weight
tons is of the order of 0.2 feet per second; the berthing facility may collapse when the
vessel makes contact at a speed in the region of 1 foot per second. When anchoring
these large vessels without the aid of tugs, a speed of the order of 1 foot per second
over the ground can result in the loss of the anchor and chain. Anchoring should be i
effected at speeds of less than 0.5 feet per second. Therefore, precise determination I
of the speed of these large vessels with respect to the bottom is essential to safe opera- -

tion. The required speed-measurement increments are of the order of 0.01 knot.
4502. The Janus configuration (fig. 4502) normally used with doppler sonar . -

speed logs and navigators employs four beams of ultrasonic energy, displaced laterally -
900 from each other, and each directed obliquely (300 from the vertical) at the ocean
floor, to obtain true ground speed in the fore and aft and athwartship directions.
These speeds are measured as doppler frequency shifts in the reflected beams.

Under ideal operating conditions (i.e. a calm flat sea), the speeds are expressed j
as follows:

Vfre 2F,

2F,

where:
1. Via is the vessel's speed over the ground in the fore and aft direction;
2. V,, -_ is the vessel's speed over the ground in the athwartship (starboard to

port) direction;
3. F, is the reflected forward beam frequency;
4. F, is the reflected after beam frequency;
5. F,, is the reflected starboard beam frequency;
6. F, is the reflected port beam frequency;
7. F, is the transmitter operating frequency; and
8. C is the sound speed with respect to the water.
A development of the above simplified equations from the fundamental doppler

equation for sound propagation is presented in article 4506.
1066
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FIoURE 4502.-Janus configuration.

o '4503. Operational errors.-Under actual operating conditions, the deviations from
the ideal or assumed conditions introduce additional terms and nonlinearities not shown
in the simplified equations. These effects may be classified as transducer orientation.
errors, vessel motion induced errors, velocity of sound errors, and power loss errors.

Transducer orientation errors. If the transducers are net properly aligned with the
vessel's velocity vector, the speed signal is reduced by the factor, cos a, where a is the
angle between the transducer plane and the velocity vector. For example, if the trans-
ducers are aligned when the vessel has no trim, and the vessel is trimmed to angle a,
the speed signal is reduced by a factor of cosine a. This error is generally small; for
example, a trim (or list) of 80 will reduce the fore and aft (or starboard to port) speed
signal by 1 percent.

Vessel motion induced errors. Even though the speed of sound is large compared to
the vessels' speed, the vessel may roll or pitch a degree or two during the time between
transmission and reception of a particular wave front. This difference in transmission
and reception angles will introduce significant errors in single-beam systems. However, 2
the Janus configuration (art. 4502) causes the errors to very nearly cancel. For a 20
difference between the transmission and reception angle, the error induced, using a
Janus configuration, is less than 0.1 percent of the speed signal. The forward speed of a
vessel will also cause differences in transmission and reception angles, but the resulting
speed errors also tend to cancel.

The most significant speed error is caused by the fact that, as a vessel rolls or
pitches, the respective speed signal is reduced by the cosine of the instantaneous roll
or pitch angle. Since this cosine factor reduces the speed signal for both positive and
negative values of angles, this error does not cancel. Assuming sinusoidal rolling with a
maximum roll of 250, the average roll over one-half cycle is 160; the cosine factor is
0.9613. The starboard to port speed signal is reduced by nearly 4 percent.

Another effect of rolling and pitching is the variation in the amplitude of the
return signal. As the beam on the high side of a roll or pitch tilts toward the horizon,

4- the path length increases and more sound energy is lost in the water. In addition, the
beam reflection angle is decreasing and less energy is back-scattered along the beam.

I"j
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\ INCIDENT BEAM IDEAL REFLECTION

ACTUAL REFLECTIONS

BOTTOM

T e e na FiouR 4503.-Bottom reflection.

These effects can cause periodic loss of signal, especially when operating near th,
maximum depth in heavy seas.

The roll ard pitch rates may also cause loss or attenuation of the return signals
when narrow, sharply defined ultrasonic beams are used. Under normal operating
conditions, the area of the bottom "illuminated" by the transmitted beam is also
"seen"~ by the receiving transducer. However, if the roll (or pitch~) rat-, is var large,~
the receiving transducer may be rotated sufficiently to reduce the time it takes a wave
front to travel to the bottom and back, so that it no longer "sees" the area illuminated
by the transinitted beam. In water 400 feet deep and a 3° beam width, the roll rate
must be less than 160 per second if the transmitted and received beams are to overlap
at the half-power points.

Velocity of sound efror. The doppler frequency shifts are dependent upon the
velocity of sound in water in the immediate vicinity of the transducer. The actual
frequency changes occur as the sound pressure waves move from the face of the trans-
ducer into water undisturbed by the vessel's hull. Similarly, a received beam undergoes
a frequency shift as the sound travels from the undisturbed water to the face of the
receiving transducer.

One empirical formula for the speed of sound in seawater (ch. XXXV) is

C=4422+11.25T-0.0450r2+0.0182d+4.3 (S-34),

where C is the velocity in feet per second, T is the temperature (OF), S is the salinity
(parts per thousand), and d is the depth below the surface in feet. The velocity of
sound in seawater is dependent primarily upon temperature which varies from about 4
28°F in polar regions to about 86°F in the Tropics. Over this temperature range, the
velocity varies about 7 percent due to temperature alone. In the open sea, salinity
varies from about 33 to 36 parts per thousand. However, the salinity in bays, inlets,
and rivers varies from open-sea values to freshwater values. For example, as one goes
from the Chesapeake Bay -.Taters at Annapolis to the Atlantic Ocean, the salinity
increases about 25 parts per thousand. ThiL salinity change results in more than 1%
percent increase in velocity due to salinity alone.

Since the transmitter oscillator frequency is held constant, the calibration constant
(art. 4506) should vary directly as the change in the velocity in seawater. In some
doppler speed logs and navigators, the adjustment of the calibration constant may be
limited to the effects of temperature change. In some installations a velocimeter may
be used to determine the velocity of sound in the vicinity of the transducer.
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Power loss errors. The speed information is contained in the frequency of the received
signals. Therefore, the only power requirement is that the signal level be great enough
for the receivers to separate it from tho noise. If the speed signal is lost for very short

periods at frequent intervals, there will be an erroneous speed indication. If the speed
signal is lost for longer periods, the speed indication will drop to zero or the natural
noise level. Commercial equipments have memory circuits that retain the last good
speed signal until the next one is obtained to update the readout. This approach is
not entirely satisfactory during tactical maneuvering.

Excluding internal system losses, there are two primary areas of power loss:
1. Power lost in the water during transit to and from the bottom.
2. Power lost at the bottom on reflection.

The losses in the water are caused by absorption, scatter, and normal inverse square
spreading. The absorption and scatter losses are attenuation losses and are exponentially
proportional to path length. The absorption loss is the energy lost to internal friction
of the water. At the higher frequencies the loss is very nearly proportional to the
square of the frequency but tends to become linear as the frequency decreases. The
scattering loss is caused by the existence of suspended matter in the water that reflects
or scatters the sound energy. This effect can be useful in that it may permit a doppler
system to measure velocity with respect to water if the energy scattered back along
the beam is sufficient to activate the receivers. Spreading losses are caused by the
expansion or spreading of the wave front which then reduces the energy per unit area
of the wave front. For spherical waves from a point source, the energy in a wave front,
neglecting attentuation, is cnstant. Therefore, the energy density decreases inversely
as the square of the distance from the source.

The losses on reflection from the bottom are caused by scatter and absorption.
In general, the sound energy is reflected from the bottom in all directions, with the
intensity of sound energy reflected in any particular direction being strongly dependent
upon the angle of incidence and the character of the bottom.

For a perfectly smooth bottom, the incident sound beam would be reflected
along the path labeled "ideal reflection" shown in figure 4503. This type of bottom
would cause loss of a useful return. Actually, there is always a degree of back scatter.
But for a very smooth mud bottom and a large angle of incidence, the back scatter along
the incident beam is greatly reduced. The roughness of the bottom to a particular
sound beam is dependent upon the wavelength of the sound. When the discontinuities
of the bottom are much smaller than the wavelength, the bottom appears smooth
and there is little back scatter.

The angle of incidence of the sound beam is dependent upon the slope of the
bottom at the point of incidence. In general, the ocean bottcm is similar to land areas

- with respect to valleys, hills, end similar terrain characteristics (art. 3022). Thus, the
returned energy will vary greatly with the local slope of the bottom where the beam
strikes it.

The sound energ- absorbed on reflection depends largely on the material of the
bottom. The -xerage reflection coefficieuts for mud bottoms are approximately 0.16
to 0.17, whereas the reflection coefficients for sand bbttoms are 0.51 to 0.82. Thus,
when a system is operating near its maximum depth, a transition from a sand to a
mud bottom could result in the loss of the signal reflected from the bottom.

This brief discussion of the factors affecting the power losses in underwater sound
transmission and losses on reflection from the bottom indicates that the sound power
lev l at the rccci " will vary over many orders of magnitude due to environmental k,

phenomena.

MAI
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.-.__.TURBULENCE GENERATED NOISE.
SCATTER FROM BUBBLES.

LOW FREQUENCY IN DOPPLER S O

SPECTRUM EMPHASIZED BECAUSE
LOWER SIDE LOBE REFLECTS FROM
BOTTOM AT MORE'FAVORABLE ANGLE
AND WITH SHORTER WATER PATH.
JANUS ARRAY DOES NOT ELIMINATE
THIS EFFECT. 4I0

FIGurz 45u4.-Side lobe reflection.

4504. Problems associated with beam geometry.-As shown in figure 4504, the
side lobe r,;flects from the bottom at a more favorable angle with a shorter wave path
than the riain beam. It is evident from the development in article 4506 that if side lobe
reception dominates over main beam reception, the result will be that the indicated
speed will 'e lower than the actual speed. The Janus configuration does not eliminate
this effect. This effect can be compensated for by transducer design tending to eliminate
side-lobe effects. However, the beam width must be large enough (about 3 * to 60) to
"illuminate" a sufficient area of the bottom to minimize the effects of bottom relief.

4505. Basic design considerations include the following:
Freqency. A high oscillator frequency is desirable for reducing transducer size

and maximizing the doppler shift. However, at the higher frequencies the absorption
loss (art. 4503) is very nearly proportional to the square of the frequency. As the
frequency is decreased, the loss tends to become linear. As the frequency is reduced
by the designer to obtain greater maximum depth of operation i. the bottom return
mode, he encounters transducer size problems. Improvement in operating depth
diminishes near 100 kHz while transducer size has increased considerably. Also, as
discussed in article 4503, the roughness of the bottom to a particular sound beam is
dependent upon the wavelength of the sound. Therefore, the frequency selected by

:- :the designer is a trade off of desired maximum operating depth, transducer size, and
bottom composition factors. The region between 150 and 600 kHz is finding the greatest
application. I -

hgSound transmission. The pulse transmission method permits the use of relatively -

high power for operating at greater depths in the bottom return mode. Continuous
wave transmission, however, provides more precise velocity resolution permitting
operation with very little clearance between the vessel's hull and the bottom. Therefore, --

a designer may select pulse transmission for a doppler sonar navigator but continuous

1 "'_
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wave transmission for a docking system to be used for precise speed measurements
over a vessel operating .with very little clearance.

4506. Development of expressions for the vessel's speed in the fore and aft
and athwartship directions.-The doppler equation for sound propagation may be
expressed as

v1. -v.),

where F, is the frequency detected by the observer, F, is the frequency of the source,
C is the speed of sound in the medium, V. is the speed of the medium, V. is the speed
of the observer, and V. is the speed of the source. All speeds are velocity components
along the direction of sound propagation and are considered positive if moving in the
same direction as the sound. Consider as shown in figure 4506a, the situation where
the sound source (transmitter A) and observer (receiver A) are connected and moving

= • at velocity VA with respect to the ground. Similarly consider transmitter B oand
receiver B connected and moving at velocity VD. Vw represents the water velocity
with respect to the ground; C represents the sound velocity with respect to the water.
If transmitter A has a frequency F,, the frequency received by receiver B is given by

, O+V ,-V'

Assuming that transmitter B always emits the same frequency received by receiver B,
* ,then receiver A receives a frequency given by

F. (I-

WATER

TRAN ,
CM I 4II{ ECE R B

C TRANiSMITTEIR
~~~~~~~RECEIVER A HIIlII 9 [-

VA VB3

FiGuRS 450a.-Sound transmitters and receivers in a moving medium.

AI
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The signs of Vw, VA, and V, are negative because they are directed opposite the sound
propagation between transmitter B and receiver A. Thus, the frequency received by
receiver A may be written as

FA =1.\-,,v,
F=.C+WVB\ )(C-VW +V.)I

If the transmitter-receiver unit, B, is stationary with respect to the ground, VB=O. 
Then, receiver A will receive a frequency given by

t-FrC+VW \(O-VW+VAI.=F V ---VA % C-V,,,

If unit A is attached to a vessel's hull, and a reflector, the ocean bottom, is considered
to act in the same manner as unit B, then the vessel's speed over the ground can be
derived from the doppler shift, F,-FA.

Because the ultrasonic beam is not usually directed along the vessel's velocity
vector and only a component of velocity along the beam resalts in a doppler shift, the
doppler equation as given must be modified.

Inspection of the Janus arrangement shown in figure 4506b reveals that the com-
ponents of the vessel's velocity (Vf,) and the water's velocity (Vw) in the fore and aft I
plane which cause doppler shifts are cosine projections along the ultrasonic beam. These
components for the forward beam are Vf, cos 0 and Vw cos 0, respectively.

For forward velocities, the reflected forward beam frequency, F,, is increased; and
the reflected after beam frequency, F., is decreased. If there were vertical velocity -

components, their sine projections along the beams would cause doppler frequency
shifts. However, for vertical velocities, the frequencies of both the forward and after
beams would be shifted in the same direction and by the same amount. No significant
change of the difference frequency would be observed.

i VESSEL'S HULL

Vf./ OO//

AFTER BEAM FORWARD BEAM

BOTTOM

lhouaz 4506b.-aau fore and aft beam&-

NA
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If the vessel is pitching, the received signal will not return to the receiver at
exactly the same angle at which it was transmitted. Thus, the reflected forward beam
frequency is given by

F/ C+Vv cos o /C-Vw cos 8V+Via cos 0'
F,=F, L +V 8VO_V, Vos)' -VWC'o '

where 0 is the beam angle with the vessel's fore and aft axis at transmission and 8' is the
beam angle at reception.

The reflected after beam frequency is given by the same equation except that 8
and 8' are replaced by 4 and 0', respectively, The fact that the after beam is directed
aft, is accounted for in the cosine projections, i.e., cos 0 and cos 0' are negative.

FaF.[( +V CVo j (&Vw Cos 0'±VfroCos 0')

Since the doppler shifts of the forward and after beams are in opposite directions,

the difference between the frequencies of the two reflected beams is used to determine
the vessel's fore and aft speed. If the sum of the frequencies were used, the doppler
shifts would be cancelled. The difference frequency or speed signal is given by

FF(C+V+ W C os \ (C-V cos'+VfcoS )
S L +Vcos V cos) C- Cos '

( C+VW co5' '(0- VWCos '+ 7p, Cos4~
+ ( +VWCos-V,.COS -V C-oVWos ¢' i

Several approximations can be made to simplify this equation. Multiplying the two
factors in the numerator of the first term gives

(C+V, cos 8) (C-VW cos '+Vf, cos ')=C-CVW cos 8'

fV cos 0'+CV cos O--V w cos 8 cos 8'+VaVW COS 0 COS 8'.

Multiplying the two factors in the denominator of the first term by 1/C2 gives

(C+V. Cos 0 - Vf, COS 8) (C- T7 cos 8')=U2- CV, cos 8'

+CVW cos -V1W cos 8 COS 8'-CV,0 COs O+Vf0 VW cos 0 cos 8'.

By multiplying both the numerator and the denominator of the first term by 1/02 we
obtain:

1/0(02"-CV cos O'+CV. cos '+CVw cos O-V 2 t cos 8 cos 8'+Vf6 cos 0 cos 0')
1/C(C 2+CV; cos 8--CV. cos 9-CV w os 8'-V 2w cos 0 cos 0'+V 0 Vw cos 8 cos 0')

Since C>>Vw or V,0, terms containing V 2 /C 2 and V, Vw/0 2, along with trigonometric
functions can be neglected. The first term then becomes:

/(C2 (C2-CVW cos 8;'+CVf cos 8'+UVw cos 8) (0+Vf, cos ')+VW (COS -os 0')
-/e(C 2+CV cos 8-CV,0 cos o-CVW cos 08) C(C-Vcos o)+CVW (cos o-cos 0')

(C+V,0 cos o')+Vw (cos 0-cos a')
- (C-V, cos )+VW (cos 0-cos 0')

I - -- "
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The second term of the equation can be simplified by similar approximations. The I
equation can then be written as:

[I=(0+ Vf. cos ')+VW (cos -cos 6')F-f -F , (C(Va Cos 0o+VW (Cos 0-cos 8') J,

f-I VfaO;0,2 : (COSO4-coso'
-! (0-gf. cos ¢) t V (cos -cos ') "

Since the transmitted and received angles are very nearly the same, the cosine difference
terms can also be neglected. Then,

FF-F F(C+V cos 8') (0+Via cos + ,')l1F F L Cia Cos -) (C-Va COS q5) j
or

Ff- . , + f os 8) vlos - +K os ,0 vE,os 0

Expanding the factors with the negative exponent in power series and multiplying gives:

~(1I~osI(1!0os ,± .Lcos"4 , €+ iacos +..

M ult plyi g t e fa to rs andretain in g only first order term s, | . : =

=F--o0, 1 + (cos +eos '-cos -cosS ')•

Assuming that 0 0' and 4,', the cosines are very nearly equal. Then,-

Fi~F0 ==2Fjia (0OB !os4,

With 8--600 and €= 1200, Fp a= Va

where V is the vessel's velocity component in the fore and aft direction. A simlar
equation applies to the athwartship component: '-

where F,, is the reflected starboard beam frequency, F, is the reflected port beam fre- _-Assuminquency, and V,_ is the athwartship (starboard to port) veloc. iT

The speed indication, S, is given by: t ,..-

2  (F,

k( Via) -Y(

C
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Sk 2FV.

Thus, when the system calibration constant, k, has the value

k2- 5F,

the speed indication is equal to the actual speed, V.
The drift angle

=tan-' (Vnv)

tan F-F)
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CHAPTER XLVI

INTRODUCTION TO INERTIAL NAVIGATION
4601. btroduction.-Inertial navigatiom is the process of measuring a craft's

velocity, attitude, and displacement from a known start point through sensing the I
accelerations acting on it in known directions by means of devices that mechanize
Newton's laws of motion (art. 1407). Since these laws are expressed relative to inertial
space (the fixed stars), the term "inertial" is applied to the process.

Inertial navigation is described as "self-contained," that is, independent of external
aids to navigation. It is also described as "passive" because no energy is emitted to
obtain information from an external source. Thus, inertial navigation is fundamentally

different from other methods of navigation because it depends only on measurements
made within the craft being navigated.

Inertial navigation is often referred to as a dead reckoning method because posi-
tion is obtained by measuring displacements from a start point in accordance with
the motion of the craft.

4602. The basic principle of inertial navigation is the measurement of the accelera-
tions acting on a craft, other than those not associated with its orientation or motion
with respect to the earth, and the double integration of these accelerations along known
directions to obtain the displacement from the start point.

If the indicated acceleration of the craft from rest is constant, velocity and dis-
tance traveled can be found from the equations:

and v=:at,~and
s= 1/2 at2,

where a is the acceleration, v is the velocity, s is the distance, and t is the time. But the
acceleration must be constant. The equations cannot be used for varying accelerations
unless very small time increments are used, and the increments of velocity or distance
are integrated (art. 147, vol. II). The equations, using the calculus notation are

s=ffadt,F where dt denotes a very small increment of time.

4603. Inertial sensors used in the mechanization of Newton's laws of motion,
hereafter called the inertial navigator or navigator, are gyroscopes (art. 630) and as-
celerometers. The gyroscopes sense angular motions of the vessel. The accelerometers
sense the vessel's linear accelerations which are changes in linear velocity. The inertial
sensors are subject to all motions of the vessel in inertial space. Since some of these
motions do not change the vessel's position or orientation on the earth and since the
attitude and motion of the inertial navigator with respect to the earth is desired, it is
necessary to apply certain corrections to the inertial motions (art. 4604) sensed in
order to obtain the corresponding earth referenced values.

,h. "1076
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Although the gyroscope is discussed in some detail in article 630, the following
discussion of this inertial sensor is written to meet the needs of an introductory treat-
ment of inertial navigation.

The principle of conservation of angular momentum states that a system will
maintain its angular momentum if no external forces are applied to it. Thus, the rotor
(mass) of a gyroscope must maintain a constant angular momentum about it - spin
axis if no external forces are applied. Both the amplitude and direction of the angular
momentum must be conserved. The spin axis, therefore, tends to maintain the same
direction in inertial space. This property is called gyroscopic inertia or rigidity in space.

If a rotational or couple force is applied to the rotor through the gyroscope's
supports, an additional angular momentum is introduced and the gyroscope's orienta-
tion will change to include this along with its original angular momentum about the
spin axis and the axis of the applied force. This property of the gyroscope is cAlled
precession.

Precession causes the gyroscope to tend to align its spin axis with the axis of the
applied torque (fig. 4603a). If the axis of applied torque is designated as the input axis,
then the precession of the gyroscope can be determined by rotatirg the spin axis into
the input axis through the smaller angle. Using this nomenclature the axis of precession
is often called the output axis.

The rigidity of a gyroscope produces a phenomenon called apparent precession.
This is due to the fact that as the gyroscope maintains its original orientation in space,
the earth turns beneath it. As a result, to an observer on the earth, the gyroscope appears
to turn or precess when actually it remains fixed in space. This apparent precession is
shown in figure 4603b. If it is desired to have the gyroscope maintain an orientation
referenced to the earth, it must be precessed (torqued) in such a manner as to remove -

the apparent precession.
The gyroscope described above is known as a two-degree-of-freedom gyroscope.

It consists of an axially symmetric rotor supported in a caso in such a way that one
point on the axis is fixed relative to the case and the spin axis itself is free to assume any
angular orientation relative to the case. A gimbal system supports the rotor within the
case and provides angular freedom. An ex&nple of such an arrangement is shown in
figure 4603c.

The spin axis has the ability to move about two axes with respect to the case
(the enclosure not shown to which the gimbal system is attached). The gyroscope
rotor is free to precess about either of the two supporting gimbal axes depending
upon where the force is applied.

For practical application of the gyroscope to an inertial navigator it is more
useful to design a gyroscope which is able to precess about only one axis called the ,
output axis. Such a *yroscope will respond (precess) to rotations of the case about an
axis known as the ..put axis. This allows the gyroscope to perform a control function
with respect to an axis. With three such gyroscopes, mounted on a platform such that
the input axes are mutually perpendicular, three-dimensional attitude control of the
platform is obtained. Any component of rotation about the input axis causes a rotation
about the output axis and can be sensed and used to control the orientation of the
platform on which the gyroscope is mounted.

By attaching the outer gimbal of figure 4603c rigidly to the case such a configura-
tion is obtained. The gyroscope now has Just one axis of freedcm with respect to the
case about which it can precess. This is called a single-degree-of-freedom gyroscope
(fig. 4603d).

Velocity is the linear rate of change of position. If the velocity is known it can be
integrated with respect to time to determine the change in position. However, velocity

- I
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RIFGUItE 4603a.-Precession of a gyroscope. 5

cannot be sensed or measured with an inertial device since there is nothing inertially to
distinguish one velocity from another.

A body at rest will remain at rest unless acted upon by an external force, and a body
in motion will retain the motion unless acted upon by an external force. By measuring
forces acting on a test mass, changes in velocity can be detected. This rate of change in
velocity, called acceleration, is what accelerometers measure. The measuring device is

L properly called an accelerometer; but, since the integration is a simple step, the term
velocity meter often is used.

In its simplest form, the acmlerometer consists of a test mass, as shown in figure
4603e, constrained to measure accelerations in a particular direction (the sensitive axis)

S!
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1

FOURE 4603b.-Apparent precession.

SNI 4 d INPUT
. INPUT AXIS

OUTPUPIN FiGURE 4603d.-Single-degree-of-freedc m

AXIS gyroscope.

FIGURF, 4603c.-Two-degree-of-freedom
. - gyrcscope.

with a scale, or other appropriate device, to indicate :ts outlp ,. If fhe frame is acceler-
ated to the right (fig. 46( .e) the test mass lags behind sines. tie arceleration is applied
to the frame, not the test mass. The test mass displace,, enoligh for the constraining jsprings to apply a force proportional to the acceleration. The test mass then moves
with the case maintaining its constant displacement. When the acceleration is removed
from the frame, the constraining springs cause the test mass t) move (with respect to
the case) back to the neutral position. Thus, a body at rest or a body at constant
velocity (zero acceleration) causes no displacement, providing the accelerometer is held
horizontal. If the accelerometer is tilted or placed on end, the force of gravity causes
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the mass to move in the same way as does an actual acceleration, even though the frame P2

is at rest.
This basic accelerometer demonstrates the principle of operation of inertial acceler-

ometers. It must be kept in mind that these inertial accelerometers are sensitive to more

than just the accelerations with respect to the earth. Since they are sensitive to ac-

celerations in spa( their output includes other inertial accelerations which are not due

to travel over the earth's surface. A compensation must be made for these inertial

accelerations so that the quantity left is the acceleration with respect to the earth.

What these inertial accelerations are and how a compensation is made is discussed in

article 4604.
4604. Inertial motions.-The motions affecting the inertial sensors may be divided

into two categories: rotations and accelerations. The rotations are:

1. craft's roll, pitch, and yaw,

2. earth's rotation (earth rate),

3. changes in latitude and longitude. I
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The accelerations of concern are:
1. craft's acceleration with respect to the earth,
2. acceleration of gravity,

3. Coriolis acceleration.
Some of these motions are interrelated. For example, Coriolis acceleration results from
the rotation of the earth. The rotation of the earth has an affect on gravity. There can
be no latitude or longitude changes without acceleration with respect to the earth.

There are some inertial motions whose effects are negligible; that is, their effects are
below the sensitivity level of the sensors. These motions are precession and nutation
(art. 1419) and the atceleration of the earth in its orbit in accordance with Kepler's
second law (art. 1407).

The revolution of the earth about the sun is included in the total earth rate, which
equals the vector sum of the earth's rotation and revolution.

Since the inertialr navigator deals with the earth referenced values of velocity,
attitude, and position, and, since the gyroscopes maintain direction 'r "'h re3pect to
inertial space, it is necessary that the gyroscopes be controlled to r.us._ a reference
with respect to the earth. In the discussion of the inertial navigate. wiih follows,
the earth reference used is the local vertical and an orientaticn with respoct to true
north.

The rotation of the earth causes the local vertical for a given position to change
its direction in space. This change is not obvious to anyone on the earth because the
local vertical maintains the same orientation with respect to the earth. To prevent
the local vertical indication of the inertial navigator from being stationary in space
due to rigidity in space (apparent precession), an earth rate torquing signal is applied
so that the inertial navigator rotates about the earth's spin axis at the same rate that
the earth does. As a result, the inertial navigator, which is controlled by the gyro-
scopes, maintains the desired orientation with respect to the earth as the earth rotates
in inertial space.

The earth rate torquing signal is only one part of the total torquing signal going
to each gyroscope. The change in position of the inertial navigator on the earth's
surface also causes the local vertical to change direction in space. This is due to the
fact that ai g-ing from one position to another the inertial navigator is changing
from one local vertical to another. This is demonstrated in figure 4604a. As the inertial
navigator travels over the earth's curved surface from position 1 to position 2, the
"correct" orientation is shown by the solid line Fgure at position 2. The broken line
figure represents the inertial navigator after the change in position without compensa-
tion for the change in the local vertical. V

Each gyroscope must also be torqued because of its own internal drift with respect
to inertial space. This precession can be caused by such factors as internal torques
produced by friction and mass imbalance. The compensation applied for this drift -
is called gyro bias.

As shown in figure 4604a, the total angular change in the local vertical in moving
from position 1 to position 2 is represented by 0. The value of 0, expressed in radians,
is a function of the distance traveled, S, and the radius of the earth, R. Stated mathe-
matically, this is:

-R

a

- -
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However, tihe quantity of interest in maintaining tlhe correct orientation to tihe local
vertical due to change in position is the rate of change of 0 with respect to time. As-I
suming R to be constant,

(10 1 (Is

i Since the time rate of change of distance, S, is velocity, V,

. do V

Thus, the appropriate gyroscopes must be torqued at this rate so that the vertical
~indication of the inertial navigator will remain corrett as the craft moves over the
. curved surface of the earth. When the gyroscopes receive a properly calib-dted signal
i to compensate for the change in the local vertical due to movement over the earth,

the system is said to be Schuler tuned.
If the accelerometer is tilted, it will be affected by gravity. The output which

i would be produced would not be due to any accelerr.tion of the inertial navigator wit],

respect to the earth and so a compensation must be made. The simplest solution for
elimination of the effect of gravity is to place the accelerometer so that its sensitive
axis is perpendicular to gravity. Since all accelerations which result in a change in 1

~~position are perpendicular to the local vertical, this orientation allows the accelerometer i
~to measure these accelerations without being affected by gravity. Two accelerometers,

_ "then, are placed perpendicular to the local vertical and perpendicular to each other so 1
that together they can measure any acceler-ation which will result in it change of posi-

~tion on the earth's surface. A third accelerometer is necessary to measure any aclera-
~tions of the navigator along the local vertical. This one also senses the total magnitude

si

PSTION

J,

: " -FIGC] E 4604a.-Change in local vertical with movement ovei earth's surface.
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of gravity acceleration which is compensated for in the computer of the inertial
navigator.

Another acceleration occuring in inertial space which is not an acceleration with
respect to the earth is Coriolis acceleration. Since the inertially oriented accelerometers
produce outputs due to Coriolis acceleration, a compensation must be made. This is
not a difficult problem because the Coriolis acceleration can be calculated and therefore
removed from the output of an accelerometer before that output is used to provide
inertial navigator values.

A body experiences Coriolis acceleration when it travels over a rotating surface
in a direction perpendicular to the axis of rotation. The acceleration is not within the
reference frame of the rotating body, but within the reference frame in which the body
is rotating. A merry-go-round can be used to illustrate the often misunderstood Coriolis
acceleration phenomenon.

If as shown in figure 4604b a ticket-taker starts from the center with a velocity, v,
toward horse A, he will reach the horse at some finite time, t, later. With respect to the
merry-go-round lie traveled at a constant velocity and therefore did not accelerate. How-
ever, when using the ground below the merry-go-round as the reference in which to
make the measurements of his motion, it can be seen that in the time it takes for the

- man to get to the horse, the horse has moved to position A'. This is due to the rotation,
W, of the merry-go-round. The path of the man with respect to the ground is shown as

1S

V$

FIOURF 4604b.-Motion on a merry-go-round.
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the solid curve even though his velocity with respect to the merry-go-round is directed -
radially at all times as shown by the two representative vectors along the path.

The Coriolis acceleration which causes the path over the ground to curve is deter- d
mined as follows:

While going from the center to the horse the man was moved (with respect to the s
ground) counterclockwise, a distance S. This distance, written in terms of the accelera-
tion which produced it, is:

S=112 at'.I

The distance may also be expressed in terms of the angle 0 (which equals the angular I
rate, w, of the merry-go-round multiplied by the time, t, involved) and the radius
(which equals the velocity, v, of the man with respect to the merry-go-round multiplied
by the time, t, involved). This expression is:

S=vt=tVt-WVt2 .

By equating these two expressions and solving for a,

1/2 at= ,,vt',

a=2vw.

4605. Stable platform.--The function of the accelerometers in the inertial navigator
is to sense the accelerations of the craft with respect to the earth so that a computer can

determine the craft's velocity, attitude, and position. The function of the gyroscopes is
_F to maintain the accelerometers in the'correct orientation to measure these accelerations.

The function of the gimbals is to provide the physical support for the gyroscopes and
accelerometers, and provide three degrees of freedom with respect to the craft. The gim-Ibals, gyroscopes, and accelerometers together with associated electronics and gimbal
torquer motors form a stable platform. -

The function of the stable platform is to establish and maintain a reference system
in which the measurements necessary to produce the navigator outputs are taken. The - -

reference system most commonly used is based upon the local vertical and the direction
of north. Both of these are referenced to the earth. As a result, "stable" in stable platform
means fixed to or stable with respect to the earth. This means than any motion or force i
which might disturb the reference system must be accounted for and its effect must be
eliminated. This would include motions in inertial space (art. 4604) as well as motions
of the craft in which the navigator is mounted.

Since the craft in which the stable platform is mounted operates in three dimen-!
sional space, it has three degrees of freedom with respect to the earth. In order to main-
tain a reference fixed to the earth, the stable platform must have three degrees of free-
dom with respect to the craft. The stable platform contains three gimbals, one for each
degree of freedom necessary for the stable platform. Each gimbal has rotational freedom t
about one axis with respect to its supporting element. The gimbal can be driven with ,
respect to its support about the gimbal axis by a gimbal torquing motor.

In the configuration shown in figure 4605a, the gimbal which is supported by the
craft is called the pitch gimbal. The pitch gimbal in turn supports the roll gimbal on
an axis perpendicular to the pitch axis. The roll gimbal supports the heading or azimuth
gimbal. The heading gimbal has one degree of freedom with respect to the roll gimbal,
and rotational movement about the heading gimbal axis with respect to the roll gimbal
is a change in heading. The heading gimbal through its own axis and the axes of the

, roll and pitch gimbals has three-degree or complete rotational freedom with respect to t.



-II

INTRODUCTION TO INERTIAL NAVIGATION 1085 I
the craft in which the platform is mounted. The heading gimbal is able to assume any
orientation with respect to the craft within the limits of the gimbal physical restraints.

The heading gimbal, then, is the reference system which the stable platform main-
tains in some desired orientation with respect to the earth. Mounted on the heading
gimbal are the accelerometers whose sensitive axes must be maintained within the
desired reference system.

The following discussion of a single-dfo',e-of-freedom stable platform (useful for
training purposes only) is presented as an aik 1 understanding how the stable platform
functions to maintain the reference system.

As shown in figure 4605b, the sigle-degree-of-freedom stable platform consists
of a single-degree-of-freedom gyroscope, an accelerometer with integrator (velocity
meter), a gimbal with roational freedom about one axis with respect to the supporting
craft, and a torquer motor which drives the gimbal with respect to the craft about the
gimbal axis. The gyroscope input axis is aligned to the gimbal axis, and the input axis
of the accelerometer is aligned perpendicular to the gimbal axis.

As discussed in article 4604, there are several motions which can disturb the
orientation of the heading gimbal. These are divided into rotations and linear accel-
erations. Some of these motions do not change the craft's position or orientation on
the earth. The single-degree-of-freedom platform can be used to examine each motion.
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If the supporting craft should undergo anybase motion (roll, pitch, or yaw) about
the gimbal axis, the platform through friction in the gimbal axis would also start to
rotate about the axis with respect to the earth. The rotation rate of the gimbal with
respect to the earth would not be nearly so great as the rotation rate of the craft about
this axis because the axis is made as frictionless as possible. There could, however, be
some displacement of the gimbal. The gyroscope would sense this instantaneously since
its input axis is aligned with the axis of the platform. This disturbance about the gyro-
scope's input axis would cause an output from the gyroscope. This output would go to
and excite the gimbal torquing motor which in turn would drive the gimbal with respect
to the craft about the gimbal axis.

The gimbal, gyroscope, and torquer motor form a closed system or closed loop.
The gyroscope senses any rotation of the platform with respect to the earth, and the
gyroscope output drives the gimbal through the torquer motor at the exact rate neces-
sary to maintain its orientation with respect to the earth. If the rate of platform
disturbance increases or decieases, the gyroscope output signal increases or decreases
to keep the gimbal in the same position relative to the earth. This keeps the acceler-
ometer in the original position because the reaction of the gimbal, gyroscope, and torquer
motor loop is instantaneous and linear.

The rotation of the earth (earth rate) is another motion that tends to disturb the
heading gimbal. Figure 4605b shows the earth rate torquing signal as a part of the total
gyroscope torquing signal. The value of this signal is a function of the orientation of the I
gyroscope's input axis with respect to the earth's axis of rotation. The effect of the j

• ~~torquing sgnal is to rotate the platform about its axi insaea h arte tat

the earth is rotating about this axis so that the platform maintains its orientation with
respect to the earth.
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The single-degree-of-freedom stable platform is also compensated for any disturb-
ing effects of Coriolis acceleration and gravity acceleration. As shown in figure 4605b,
the usual procedure is to make a correction to the output of the velocity meter in the
computer of the inertial navigator. (If these errors are not compensated, they become
part of the Schuler tuning gyroscope torquing signal and cause this signal to be in
error.)

As indicated in article 4604, the purpose of Schuler tuning is to insure that the
vertical indication of the inertial navigator remains correct as the craft moves over
the curved surface of the earth. Two Schuler tuned loops are needed to maintain the
desired orientation of the local vertical. One, called the X Schuler loop, consists of the
X gyroscope and Y velocity meter, and controls the vertical indication about the input
axis of the X gyroscope which is positioned in the horizontal plane normally in a north-
south alignment. The other, the Y Schuler loop, consists of the Y gyroscope and X
velocity meter, and controls the vertical indication about the input axis of the Y
gyroscope which is in the horizontal plane perpendicular to the X gyroscope input
axis. Since these Schuler loops are identical in operation, only the X Schuler loop will
be examined.

Figure 4605c is a block diagram of the X Schuler loop. This figure shows only
those signals primarily concerned with that characteristic of the inertial navigator
called Schuler tuning. Other signals such as earth rate, gimbal movements (lue to ve-
hicle base motions, gyro bias and drift, and Coriolis acceleration are not represented.
The inputs to the accelerometer are the acceleration of the vehicle in the 17 direction

* (AY) and the gravity acceleration (g.MX) caused by a tilt about the X axis (AM.
The actual value of gravity acceleration is g sin MX but MX is small enough to write
this as g.JX. The inputs to the gyroscope are the accelerometer output scaled to be

PX (Actuial)

II Y ITEGRATING -
ACC'E" EOETE 

f

,€ VYPXC

f VY 7 (Computer)

SI II

FIGURE 4605c.-Block diagram of Schuler tuned single-degree-of-freedom stable platform.
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the Schuler gyro torquing signal and the rotation in space about the gyroscope's input
axis due to the craft's movement over the surface of the earth.

Without tilt, no gravity acceleration is sensed by the accelerometer. The only
input is an acceleration of the craft (AY) which produces the integrated output,
velocity in the Y direction (VY). This is Schuler tuned by using the effective earth's
radius as the scaling factor, and the signal that results (pxc) is the computed value of
angular rate of change of the vertical indication about the X axis. This should match
the actual rate represented by px. When this happens there is no gyroscope output
and therefore no tilt. Hence the system maintains its correct vertical indication and
is properly Schuler tuned.

With the system Schuler tuned, if a tilt arises, the accelerometer has an output
due to gravity (g.MX) which when integrated with time is represented as VY. This
value is also scaled in the Schuler loop and becomes part of the gyro torquing signal.
In fact, the accelerometer is incapable of distinguishing between craft accelerations and I
gravity accelerations due to tilt. This error in the gyro torquing signal causes the platform
to turn at a rate different from its space angular rate due to change in position. For- I
tunately, this error always drives the platform toward the proper vertical indication, 5
decreasing MX.

However, as the tilt is decreasing, the gyroscope torquing signal causing the tilt to
disappear is increasing because it is the integral of the tilt. As a result when MX=O, pxc
is a maximum and the platform continues to drive about the X axis causing a tiltI to build up in the opposite sense. This g.(-MX) is integrated with time and causes
the gyroscope torquing signal to decrease as the tilt builds up. The gyroscope torquing
signal will be zero when the tilt has reached the original value with opposite sense.
This tilt in turn causes the platform to drive back toward the vertical, and the process -5
repeats itself in a mirror image. The process will continue to repeat itself, oscillating
back and forth about the correct vertical indication.

This oscillation about the vertical is called Schuler oscillation. It has the char-
acteristics of a pendulum whose length is equal to the earth's radius. This Schuler a
pendulum (art. 635) has a period of oscillation of about 84.4 minutes.

In the presence of such an oscillation, the platform would never settle to the
vertical. Such a platform would yield erroneous values of ground velocity, and there-
fore, erroneous values of latitude, longitude, and heading. All of the data generated
from the vertical loop would be varying about the true values by virtue of the oscilla-
tion. Provisions must be made for "damping" or settling this oscillation. [

4606. Damping refers to the process of reducing the amplitude of the oscillation in i
the vertical. To reduce the amplitude of the oscillation, the velocity caused by the i
gravity acceleration must be caused to come to zero at an angle 0 which is smaller each
oscillation. After several oscillations, the angle 0 and the gravity induced velocity are
n ade to be zero at the same instant. The amount of velocity (due to tilt) is determined '

by the angle of tilt and the amount of time the platform stays off the vertical. The
'maximum angle of tilt is that angle at which the signal from the accelerometer begins
to change in response to the gravity acceleration, and thereby starts the platform back
to the vertical. The maximum rate of change of tilt occurs as the platform passes
through the vertical. Since erection to the vertical is desired, maximum damping must I
occur as the tilt angle passes through zero. A change in the vertical loop gain such that -3
the gain is minimum as the tilt angle passes through zero, and maximum when the -

tW±t "s maximum, yields the desired damping. A method of detecting the presence and
magnitude of tilt, and of using a signal proportional to the rate of change of tilt
to vary the gain of the vertical loop is necessary, then, to damp the vertical.

__I
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To detect the presence of rate of- change of tilt, the change in velocity output of
the accelerometer due to actual change in velocity of the craft must be distinguished
from an output change due to gravity. To accomplish this differentiation, a secondary
source of craft velocity unrelated to the accelerometers, and unaffected by gravity, I
must be used. By subtracting this secondary reference velocity from the accelerometer

output, the actual craft velocity is cancelled out (if the secondary reference is accurate).
The difference is the rate of change of tilt. This signal is maximum as 0 passes through
zero.

Since maximum damping is desired as 0 passes through zero, a portion of this
signal can be used for damping the vertical loop. It has the desired characteristic of
being maximum in respect to the velocity signal when the platform is being driven
through the vertical and minimum when the platform is a maximum tilt. Figure 4606
shows the block diagram of a damped vertical loop. The secondary velocity signal
(VRL) from the electromagnetic log is resolved into the north and east components
and subtracted from the inertial velocity. The velocity difference, AV, is multiplied by
the damping constant (K) and applied as an input to the first integrator. This signal
(AV) should represent the integral of the acceleration due to platform tilt, i.e., platform
tilt rate. It is greatest when the platform crosses the vertical. Fed back in such a way
as to subtract from and thereby reduce the velocity signal, it will settle or damp the
vertical by reducing the amplitude of the maxima of the velocity oscillations.

Any velocity difference (AV) (inertial velocity in respect to secondary velocity)
appears as a damping signal. A premium is placed on the secondary velocity source
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in this system because inaccurate response ol the secondary velocity is interpreted by
the damping circuitry as a tilt. When the reference velocity is noisy or inaccurate, a
.forced error is caused to appear in the vertical due to the damping circuitry. To prevent

(or minimize) these errors, the value of K must be kept low (much less than unity),
the secondary velocity source must be of good quality, or tile damping circuit must be
disabled during periods of error in the secondary source.

The electromagnetic log (art. 613) is subject to several errors. It does not measure
the actual speed over the ground; in the presence of a current. there is a constant
difference between the two velocities. The EM log lags the accelerometer in response
to a change in velocity. The EM log is not usable in turbulent or shallow water, and
its velocity components vary irregularly during ship maneuvers.

Figure 4606 shows a vertical loop which settles with a constant small tilt in the
vertical when there is a constant AV. The constant tilt gives rise to an accelerometer
output just equai and opposite to the product of AV and the damping constant. There
is no error in the inertial velocity signal, however, and transient vertical disturbances
arc settled out.-Constant electromagnetic log errors can be compensated by a technique
known as "third-order damping."

4607. Stabilization loop.-When going from the single-degree-of-freedom to the I
three-degree-of-freedom stable platform of a practical inertial navigator, provision
must be made for the fact that a gimbal is rotated about a gyroscope's input axis in
response to an output from that gyroscope, and the output from a particular gyroscope
is not always routed to the same gimbal torquer in the stable platform. The function of i
the stabilization loop is to provide the means for the gyroscope outputs to be iouted i
to the proper gimbal torquers.

Three gyroscopes are mounted on the stable platform of the inertial navigator so
that the input axes of the X and Y gyroscopes are perpendicular to each other and in
the horizontal plane. The input axis of the Z gyroscope is perpendicular to the input ;

axes of both the X and Y gyroscopes and therefore in the vertical direction. By refer-
ence to figure 4605a it can be seen that with the gyroscopes on the heading gimbal j
(stable element):

1. The heading gimbal axis is always aligned with the input axis of the Z gyroscope.
2. The roll gimbal axis is aligned with the input axes of the X and Y gyroscopes

as a function of heading.
3. The pitch gimbal axis is aligned with the input axes of the X and gyroscopes

as a function of heading and roll, and with the input axis of the Z gyroscope as a func-
tion of roll.

Figure 4607a shows the resolution of the gyroscope output signals with heading
and roll resolvers mounted on the inertial navigator gimbal system. This stabilization
loop is simply a coordinate conversion unit converting signals from the coordinate
system of the gyroscopes into the coordinate system of the gimbal axes.

If the craft is heading true north, the gyroscopes are oriented on the stable
platform as shown in figure 4607b. In this alignment any roll motion of the craft is

-. : sensed by the X gyroscope causing it to precess. The precession causes an output
signal to appear across the pickoff (fig. 4607a). This output signal is amplified and I
applied to the S1-S3 stator winding of the azimuth transformer resolver. The rotor of'
the resolver is controlled by the azimuth gimbal and changes position in relation to the
stator windings as the craft's heading changes.

The relative alignment of the windings for a true north heading is shown in figure i
4607a. The signal across the SI-S3 stator winding of the azimuth transformation resolver
produces a maximum output on rotor winding R1-R3. The signal passes through the 1*
slip ring assembly to the navigation console of this practical navigator. The signal is

T1
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FiGURv. 4607n.-Stabilization loop.

then amplified andl modulated. The resulting DC signal to the roll DC gimbal torque
motor drives the platform in the direction necessary to restore the gyroscope output -

to zero. Thus, the platform is stabilized about the craft's roll axis.
The Y gyroscope senses motion about the pitch axis and causes an amplified signal

to be appliedl to the S2-8S4 stator winding of the azimuth transformation resolver.

IK

With a heading of true north thscauses a maximum signal at rotor wvinding R2-R4.
The signal passes through the slip rings and is applied to the SI-S3 stator wvinding of the
roll transformation resolver. This resolver is mounted between the roll and pitch gimbal
and its rotor is positionedl relative to the statcr by the roll gimbal shaft. The output of
the resolver is present at the RI-113 wvinding of the rotor and is applied to the platform
control amplifier and power demodulator. The pitch power dlemodulator DC output
signal drives the pitch gimbal motor, which drives the gimbal in the correct direction
to cancel the Y gyroscope output. Rotor winding R?2-R4 of the roll transformation
resolver is short circuited because its output is not used in the stabilization system.

Any change in heading introduces a torque about the input axis of the Z gyroscope I- 4
and iauses; it to precess. The precession generates an output signal which is amplified
by the azimuth gyroscope pickoff amplifier. The signal passes through the slip rings
and branches off. One branch is applied to the S'2-S4 stator winding of the roll trans-
formation resolver. The other branch goes directly to the platform electronic control
amplifier wvhe-e the function is identical to that of the roll and pitch sections. The

azmt imba aoo Iie h azimuth gimbal in a direction to (decrease the torque
about the Z gyroscope. The orientation of the platform, therefore, remains unchanged
in azimuth as the craft changes heading or experiences yaw.

If the craft changes heading to 0900, the motion sensed by the Z gyroscope drives
the azimuth gimbal in the correct direction to cancel the torque. As a result the platform
is orientedl as showvn in figure 4607c. The .Xgyroscope now senses pitcX1 motions of the
ship and the 17 gyroscope senses roll motion. The operation of the stabilization loop,
however, is not affected since the change in heading resulted in the azimuth gimbal

I.
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being driven 900 in the opposite direction. The rotor of the azimuth transformation
resolver is controlled by the azimuth gimbal shaft, and therefore, has rotated 901 with
the change in craft's heading. The cignal from the X gyroscope, applied to stator
winding S1-S3, is induced on winding R2-R4 of the rotor and is used to dr-ive the
pitch gimbal. The signal from the Y gyroscope, applied to stator S2-S4, induces a
maximum signal on rotor winding R1-R3 and drives the roll gimbal.

At headings between 0000 and 0900, outputs from the X or Y gyroscope result in a
proportional mixture of the output signals applied to the pitch and roll gimbals. For
example, at heading 045" an output signal from either gyroscope pickoffs will be applied
equally to the roll and pitch gimbal drive motors. Thus, the azimuth transformation
resolver causes the pickoff signal to drive the correct gimbal regardless of the heading.
Similarly, if the craft should experience pitching motion while at some angle of roll,
the pitch gimbal axis will not be in the level plane. The pitching motion will have a
vertical component and the rotation of the stable platform about the pitch axis will be
sensed not only by the X and Y gyroscopes, but also partly by the Z gyroscope. This
results in a pickoff from the Z gyroscope being routed in the proper proportion through
the roll transformation resolver to the pitch gimbal drive motor. The contributions from
the level X and Y gyroscopes will be reduced appropriately by the same resolver.

4608. Coordinate systems.--Two orthogonal coordinate systems are used to relate
the inhere- t errois (art. 4609) to the inertial navigator. One system consists of X, Y,
and Z axes. 'he X and Y axes define the horizontal plane with the X axis directed north-
ward and the Y axis directed eastward. The Z axis is directed downward along the local
vertical. The relationship of this coordinate system to die second system, the equatorial
coordinate -" stem, is shown in figure 4608. The equatorial system consists of P (polar), "
Q (equatorial), and E (east) axes. The P axis is porallel to the earth's axis of rotation.
The Q axis is parallel to the 2quatorial plane and is directed outward from the earth's
axis of rotation. The E axis is coincident with the Y axis of the other coordinate system.

NP

L Q

, ,

i" Fxouzs 460a-Orthogonal coordinate systems.
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Tie first coordinate system is physically represented in the gyroscope arrangement
on the stable platform of the inertial navigator. The computer of the inertial navigator
maintains a mathematical representation of the equatorial coordinate system. The rela-
tionship of the two systems is expressed mathematically as:

X=P cos L-Q sin L

Y=E

Z=-P sin L-Q cos L.

4609. Inherent errors of an inertial navigator are the 84.4 minute Schuler oscillation
and the 24-hour oscillations. The latter may have constant standoffs or ramps in the
outputs associated with it.

As discussed in article 4607, the 84.4-minute Schuler oscillation is an oscillation
in the vertical loop resulting from initial tilts or velocity errors. It can also be caused
by any transient disturbance in the system. The Schuler oscillations are continuously
damped and limited in magnitude.

The 24-hour oscillation is a property of a :)roperly functioning practical inertial
navigator which is caused by initial errors in position, heading, or gyro bias. An initial
error in either latitude or heading causes both quantities to oscillate about their true
values witbin a 24-hour period. A gyro bias error limits the ability of the inertial navi-
gator to determine latitude and heading. A gyro bias error causes latitude or hcading
to oscillate about an offset value. A gyro bias error may also cause an ever increasing
or ramping longitude error.

Although uncompensated gyro drift can cause a 24-hour oscillation, the following
discussicn is simplified by assuming properly biased gyros and thercfore no uncom-
pensated gyro drift. The discussion is also simplified by assuming that there is no
Schuler oscillation.

Figure 4609a illustrates the 24-hour oscillation for an initial heading error. With
the inertial navigator at the equator (point To), the displacement of the equatorial
coordinate system (art. 4608) as indicated by the navigator from the true equatorial
coordinate system due to the initial heading error is shown at A. This is a displacement
about the Q axis and is represented by the angle 5Q between E and E'. As shown, this
is a positive heading error because tl'- heading readout of the navigator will be larger
than the actual !,,ading by the amount 3. No latitude or longitude error results be-
cause there is no displacement about either the E or the P axis.

After this initial setup, the earth rotates about the P axis and the navigator ro-
tates about the P' axis. In inertial space, the relationship between these axes remains
the same because the navigator holds the I" axis, its instrumented polar axis, stationary
in inertial space. However, with respect to the earth, it is seen at B that after 6 hours
the navigator is at point 'o due to earth's rotation, and the relationship between the -
coordinate systems has changed. The misalignment between the two systems is now
about the E axis and is shown as the angle 6,. The instrumented polar axis, P', is now
in the meridian plane but no longer perpendicular to the vertical. This represents a

-: negative latitude error in the navigator since its coordinates are displaced in a negative
rotation about the E axis, and the heading error is now zero. Hence after 6 hours the
heading error has been reduced to zero, but a negative latitude error has been produced.

As the earth continues to rotate, the navigator maintains the orientation of its
instrumented polar axis in inertial space. At C the situation is shown after 6 more hours
or 12 hours after the initial situation at A. Once again the misalignment of the naviga-
tor's reference system with respect to the earth is about Q axis, meaning an error in -,

5"
i \ I1



INTRODUCTION TO INERTIAL NAVIGATION 1095

P1 P P,

k
IE

\\ -.

- (A)()

FPI 2 ci

1 , - 60 181 +6E

(C) E (D) _

FMount 4609a.-The 24-hour oscillation for an initial heading error.

heading and no error in latitude. This time the heading error is negative but of the
same magaitude as at To.

During the next 6 hours this negative heading error di a;inishes until it has de-
creased to zero as shown at D. At the same time the latitud, error is building up in a
positive direction to the value shown. At Tis the misalignment of the navigator is
about the E axis again, which results in a positive latitiide error and no heading error
as stated. This positive latitude error has a magnitude equal to the negative latitude
error at To.

View D of figure 4609a can be used to summarize the preceding action as follows:
With the navigator on the equator at position To set ).p with a positive heading error
and no position error, the misalignments of its reference system with respect to the
earth is about the Q axis. (It should be kept in mind that the Q axis goes through the
position on the equator.) As position To moves to position To in space due to the rota-
tion of the earth, the misalignment of the navigator with respect to the earth changes
to be about tne E axis. This means that the error in the navigator is latitude (negative
at T6) and there is no heading error. As the earth continues to rotate, the navigator
reaches position TI, in space; and, because the instrumented polar axis has maintained
its orie:.tation in space, the navigator is now misaligned with respect to the earth about

*1i
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the Q axis, producing a negative heading error and no latitude error. The next 12 hour;
will be a mirror image of these " ,st 12, completing the 24-hour oscillation.

If the errors shown in fibdre 4609a are plotted against time, the latitude error
will be a negative sine wave with a 24-hour period since the oscillation started with a
positive heading error. The heading error will be a cosine wave with a 24-hour period.
The latitude error curve leads the heading error curve by a 90' phase relationship. At
the equator, due to the geometry of the reference systems, the maximum value of Bo
equals the maximum value of 5B. At the equator the maximum latitude and heading
errors due to the 24-hour oscillation are equal.

The relationship among navigator errors is a function of latitude. Figure 4609b
represents an initial heading error as a vector along the local vertical. This vector repre-
sents a displacement of the navigator's reference system about this axis and is a positive
heeding error in this example. The components of this misalignment along the P axis
and the Q axis are also shown. The component along the P axis is equal to 6,f sip L
and contributes to the longitude error of the navigator since it is a misalignment about
the earth's spin axis or polar axis. This relationship shows that at the equator, the
heading error would cause no longitude error and there would be no 24-hour oscillation
in longitude. The other component along the Q axis is called 6Q and has a value of 5a
cos L. This component determines the 24-hour oscillation due to an initial heading error
in an inertial navigator with no uncompensated gyro drifts.

In the 24-hour oscillation, the maximum 6q occurs 6 hours after the maximum as
and the two have equal magnitude. The heading error is in phase with 5o but 6,H= 6Q see L.

, Therefore, the 24-hour oscillation when present appears in the latitude, heading, and

- _ ISH SIN L

I SH COS L 60

I

I /-

L

FIGURE 4609b.-Relationship among misalignment errors of inertial navigator.
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longitude outputs of the inertial navigator with the following relationships as shown
in figure 4609c.

1. The latitude error equals 6r.
2. The heading eiror equals aq see L.
3. The longitude error equals 5

H sin L.
4. Latitude, heading, and longitude errors oscillate as a sine wave with a 24-hour

period.
5. The latitude error leads the heading error by 6 hours or 900.
6. The heading error and longitude error oscillations are in phase.
7. The maximum heading error equals the maximum latitude error multiplied by

the secant of the latitude position.
8. The longitude error equals the heading error times the sine of the latitude

position.
Since heading error is a function of latitude, the usual practice is to use a normalized

heading value for the plotting of this error. This is accomplished by multiplying the
heading error by the cosine of the latitude position. This results in a plot of 5Q. The
60 curve is equal in amplitude to the 6r curve.
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FiGuRE 4609c.-Inertial navigator 24-hour oscillation error plots.
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Gyro bias error. A gyro drift is an internal disturbance which causes an output-sig-
nal from the gyroscope. The stabilization loop interprets it as a disturbance of the a
stable element's orientation and drives the gimbals accordingly. This causes a misorien- I
tation of the stable element and results in inertial navigator errors. Although the drift
cannot be completely removed, it is possible to compensate for it by applying a gyro
torquing signal called a bias. If the bias is proper, there is no gyroscope output due to
drift. If the gyro bias is not correct or whenever the drift of a gyroscope changes and a
new bias is needed, then there is a gyro bias error or a gyroscope with uncompensated
drift.

To analyze the effect of gyro bias errors oi. the navigator it is advantageous to
examine a settled system. This is a special case in which there is no 24-hour oscillation
in the inertial navigator. When the system is settled with gyro bias errors, there will
be errors in navigator outputs. These errors will be a function of the gyro bias errors
since they compensate for the gyro bias errors. In fact it is only when these errors in
the navigator outputs exactly compensate for the gyro bias errors that the navigator
will be settled.

Although the gyroscopes are placed physically in the inertial navigator's coordinate
system (X, Y, Z), the effect of gyro bias errors is better described in terms of the 1
equatorial coordinate system (P, Q, E). Using hypothetical gyroscopes in this coordinate I
system makes the analvsis simpler. When completed the results can be transferred into I

hsthe physical gyroscope coordinates by using the relationships given in article 4608.
- The , Y, and Z gyroscopes have P, Q, and E uncompensated drift rate components

(65p, bio, and nE). a
Considering that the inertial navigator is a model of the earth and assuming that

there is no movement with respect to the earth of the craft in which the navigator is a
installed, then the onl3 motion of the navigator in space is about its polar axis at earth
rate. However, if the equatorial gyroscope has a bias error, BBo, then there is an addi-
tional rotation about this axis in space. The navigator will then rotate in space about
the vector sum of these two rotations. This causes the instrumented polar axis of the I
navigator indicated as P" to be displaced about the east axis as shown at A in figure I

4609d.
Figure 4609d shows that the reference coordinates of the inertial navigator are V

aligned with the earLh's coordinates. This means that earth rate torquing in the naviga-
tor (2T) is applied about an axis parallel to the earth's spin axis. However the navigator
is rotating at earth rate (shown by fS, S for actual rotation of navigator) about P"
due to SBo. If left this way the equatorial gyro bias error would cause a 24-hour oscilla-
tion. To achieve a settled system with the equatorial gyro bias error, b

8Q, the instru-
mented polar axis, P", must be made to coincide with the earth's spin axis. This is
accomplished by a latitude error or 5L as shown at B in figure 4609d. The amount of
latitude error needed to settle the system is related to the equatorial gyro bias error
by the following relationship:

View B of figure 4609d shows the earth rate torquing (2r) of the navigator being

applied about the displaced P' axis. However, the bzQ about the displaced Q axis (Q')
causes the navigator to rotate at earth rate (2,) about the P" axis which is now aligned
to the earth's spin axis (P). If there is an equatorial gyro bias error present but theFnavigator is not settled, then the 24-hour oscillation occurs not about zero error but about a
iatitude error given in the above relationship. As a result an equatoria! gyro bias error
results in a stand-off or constant error in latitude which may or may not have a 24-hour

- I-

-- -



INTRODUCTION TO INERTIAL NAVIGATION 1099

T!Qls Ql

P Pee P1 P

PPL

8Q (A)6)

FIGURE 4609d.-Effect of equatorial gyro bias error.

oscillation superimposed upon it. The equatorial gyro bias error defines the settling
point for latitude.

In the case of an east gyro bias error, 6 BE, the instrumented polar axis would be
displaced about the equatorial axis. Again, to settle the navigator with an east gyro
bias error, the instrumented polar axis must be made coincident with the earth's spin
axis. To do this the navigator coordinates must be misaligned about the equatorial axis
an amount given by:

- __o~~~6=5H cos = a - [:

If the displacement about the equatorial axis is the above amount, the navigator would

be settled. The So results in a heading error which varies as a function of latitude asdiscussed with respect to the 24-hour oscillation. If the navigator is not settled and has

an east gyro bias error, the 24-hour oscillation in heading will be about a stand-off error
defined by the above equation. If heading error times the cosine of latitude is plotted
for a given east gyro bias error, this stand-off is constant and is a function of the magni-
tude of the gyro bias error.

If there is both an equatorial and east gyro bias error, there is a settling point for
the navigator involving both a latitude error and a heading error. Figure 4609e illustrates
the error propagation in an inertial navigator which had no errors previous to time 0
and then at time zero a bias error occurs in each of the gyros. View A shows that the - -
latitude error oscillates about a value determined by the equatorial gyro bias error
(the stand-off error in latitude due to an equatorial gymo bias error). The heading error as
seen at view B oscillates about the stand-off error due to the east gyro bias error.
The phase relationship is as discussed earlier and the magnitude of the 24-hour oscillation
errors is a function of the initial conditions of the navigator. These are more easily
studied in the circle plot.

The remaining gyro bias error is the polar gyro bias error. Since this bias error
occurs about the earth's spin axis, it doesn't change the orientation of the inertial
navigator's instrumented polar axis. Instead the polar gyro bias error causes the
navigator to rotate about the polar axis at a rate different from the earth's rotation.

-_
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FIGURE 4609e.-Inertial navigator error plots.

The navigator interprets this as change of position on the earth about the polar axis
which is longitude change or longitude rate. The bias error has a constant value and
this results in a constant longitude rate error. The longitude rate is integrated with

-* time in the navigator to produce an increasing longitude value. As a result the polar --

gyro bias error contributes a straight line function to the longitude error. The slope of I
this line equals the polar gyro bias error or longitude ramp.

, . View C of figure 4609e shows the longitude errcr at latitude 45°N. The longitude

error starts at zero in this case because of the initial conditions previously set up. The

I-s
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longitude error oscillates relative to the polar gyro bias error in the same phase as
the heading error oscillates about the latitude gyro bias error.

• , 4610. The circle plot is a convenient method of representirg the 24-hour oscil-
lation. It combines both latitude and heading in one plot and shows all phase and
amplitude relationships.

Latitude and heading errors oscillate with a 24-hour period. These oscillations
are 90' out of phase. Also, the amplitude of the latitude oscillation equals the heading
oscillation multiplied by cosine latitude. If latitude error is plotted against heading
error times cosine latitude the result is a circle plot as shown in figure 4610a. Also
shown are the latitude and heading cosine latitude curves which the circle represents.
Note that the circle completely defines each of the component oscillations. A point on
the circle is known as the operating point. Its coordinates represent the latitude and
heading errors at a particular time. As the operating point moves around the circle its
projection on the vertical axis is the latitude oscillation. Its projection on the horizontal
axis is the heading error times the cosine latitude oscillation. As the point goes through
one rotation, it projects one cycle of a sine curve. Thus 3600 on the circle represents
24 hours of time or 150 equalk 1 hour. Because of the phase relationships involved, the
circle always propagates in a clockwise direction.

The location of the center of the circle is a function of gyro bias errors as they
represent the standoff values in latitude and heading cosine latitude. The center of the
circle is known as the bias center. The circle diagram can be used to determine how
the system will behave starting with given initial conditions. For example, suppose
the inertial navigator has zero initial latitud, and heading error, but at time zero a
bias error develops in the east gyro only. The circle plot will be used to determine the
resulting oscillation.

The initial conditions are shown in figure 4610b at A. The operating point is at
the origin and the bias center is along the heading cosinc latitude axis. The circle
propagates about the bias center in a clockwise direction as shown at B. To find
the oscillations in latitude and heading, the operating point is projected on the vertical
and horizontal axes as shown at C. Latitude error peaks at 6 hours, goes through
zero at 12 hours, and reaches a negative peak at 18 hours. It is thus a sine curve oscillat-
ing about zero.

Heading error cosine latitude starts a zero, reaches a point of inflection at 6
hours, and a pozitive peak after 12 hours. It varies as a cosine function about an offset.
The offset is due to the east gyro drift. The phase and amplitude relations may thusbe determined from the circle plot directly. This can be done for any initial conditions

or to see the effect of a reset or gyro drift change on the inertial navigator.
A longitude plot must be used in conjunction with the circle plot in order to describe

the error propagation of the inertial navigator completely.
4611. Reset.-The characteristics of propagation of the 24-hour oscillation errors

and the gyro bias error in the inerti .1 navigator are well known. This knowledge isused with fix data to determine corrections which are entered into the navigator to
eliminate the errors and to prevent the errors from occurring in the future. The process
of entering these corrections into .he navigator for this purpose is called reset.

To determine the error of the navigator, propagation plots such as those in 4609e
* could be made. Since the latitude error and heading error times the cosine of latitude

are sine waves of known period, three points would be necessary to determine each
curve. However, it is not always possible to determine points on the heading error plot
due to lack of accurate heading informat.on. If this happers it is still possible to deter-
mine the heading error oscillation from the latitude error plot because of their 900

~It
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relationship. In fact, it is just this relationship which-allows these two plots to be com-
bined into one plot for a more useful display of the errors.

It has been found advantageous in the construction of the circle plot to use bias
"corrections" -.ither than bias "errors." For example, an equatorial bias error (58E)
wouhl be plotted as an equatorial bias correction (BEG).

4612. Geodetic and geophysical errors.*Even if it were possible to make perfect
inertial sensors, inertial navigators would still experience errors. These errors are due
to uncertainties in knowledge of the physical environment.

A particularly serious error in precision marine inertial navigation systems is due
to lack of knowledge of the gravitational environment (art. Xa). Since an accelerometer
cannot distinguish between a kinematic acceleration and a gravitational acceleration,
any uncertainty in the gravitational environment manifests itself as a system error. In
the case of marine inertial navigation in locally level coordinates,it is the horizontal
components of gravity that cause significant errors. These are directly due to deflections
of the vertical (art. X4), which are til~s of the actual (plumb bob) vertical vector
relative to the presumed reference vertical.
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FIGURE 4610b.-Effect of east gyro bias error.

Departures of the magnitude of the gravity vector from the presumed model value
are called gravity anomalies.

Inertial navigation systems ari mechanized in terms of a reference ellipsoid
(art. X7). The reference ellipsoid is chosen as a good approximation to a surface called
the geoid (art. X2). which is that surface to which the oceans would conform over the
entire earth if free to adjust to the combined effect of the earth's mass attraction and
the centrifugal force of the earth's rotation. It has the special property that, at every
point, the direction to the geoid is given by the direction of a plumb line. The angle

,h.-
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between the normal to the geoid and the normal to the reference ellipsoid is the
deflection of the vertical referred to above.

The use of an electromagnetic log or similar speed log for damping the inertial I
navigator results in two types of errors. The first is due to the speed sensor itself. The |
second occurs because the speed indication is made relative to the water, which is I
itself moving relative to the earth.I. ,
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APPENDIX A

ABBREVIATIONS

Abbreviations us d on nautical charts are given in appendix Z.

A, amplitude; augmentation; away (alti- CCIR, International Radio Consultative
tude intercept). Committee.

a, altitude intercept (Ho H-fle); altitude CCZ, Coastal Confluence Zone.
factor (change of altitude in 1 minute CE, chronometer error; compass error.
of time from meridian transit); assumed. cec, centicycle.

a0, first Polaris correction. cel, centilane.
a,, second Polaris correction. CEP, circular probable error.
a2, third Polaris correction. CPR. Code of Federal Regulations.
AC, alternating current. CII, compass heading.
add', additional. cm, centimeter, centimeters.
ADF, automatic radio direction finder. CMG, course made good.
AF, audio frequency. Cn, course (as distinguished fx.jm course
aL, assumed latitude. angle).
AM, amplitude -,odulation. co-, the complement of (900 minus).
AM, ante meridian (before noon). COA, course of advance.
AMVER, Automated Mutual-assistance COG, course over ground.

Vessel Rescue System. coL, colatitude.
antilog, antilogarithm. colog, cologarithm.
AP, assumed position. corr., correction.
approx., approximate, approximately. cos, cosine.
ASF, Additional Secondary Phase Factor. cot, cotangent.
AT, Atomic Time. coy, coversine.
AU, astronomical unit. CPE, circular probable error.
AUSREP, Australian Ships Reporting cps, cycles per second.

System. C.W0 , course per gyrocompass.
aA, assumed longitude. C.,,0 course per standard compass.
B, atmospheric pressure correction (alti- "1,,t, , course per steering compass.

tude); bearing, bearing angle. CRT, cathode-ray tube.
BA, difference between heading and ap- csc, cosecant.

parent wind direction. CW, continuous wave.
BIH, Bureau Internationale de l'f-eure. CZn, compass azimuth.
Brg., bearing (as distinguished from bear- D, deviation; dip (eC horizon); distance.

ing angle). d, declination (astronomical); altitude
B..., bearing per gyrocompass. difference.
BT, difference between heading and true d, declination change in 1 hour.

wind direction. DC, direct current.
C, Celsius (centigrade); chronomc ir time; D. Lat., difference of latitude.

compass (direction); correction; course, Dec ;clination.
course angle. D- z., declination increment.

CH, compass bearing. r -- uparture.
- CC, compass course; chronometer correc- Dev., deviation.i !. tion. DG. degaussing. -

1107
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diff., difference. He, computed altitude.
Dist., distance. Hdg., heading.
DLo, difference of longitude (arc units). HE, heeling error; height of eye.
DMAHC, Defense Mapping Agency Hy- HF, high frequency.

drographic Center. ht, height rPove sea level in feet.
DR, dead reckoning, dead reckoning HHW, higher high water.

position. HLW, higher low water.
DRE, dead reckoning equipment. Inn, height above sea level in meters.
DRT, dead reckoning tracer. Ho, observed altitude.
D,, dip short of horizon. HP, horizontal parallax.
DSD, double second difference. Hp, preccmputed altitude.
dur,, duration. H, heading per gyrocompass.
dX, difference of longitude (time units). H,.,, heading per standard compass.
E, east. Hp ,tg c, heading pe- steering compass.
e, base of Naperian logarithms. hr, rectified (apparent) altitude.
e, eccentricity. hr., hour.
EDD, estimated date of departure. hrs., hours.
EHr, extremely high frequency. hs, sextant altitude.
EM, electromagnetic (underwater log). ht, tabulated altitude.
EP, est*- -:'ted position. HW, high water.
Eq.T, eq , 'ion of time. HWF & C, high water full and change.

ET, Ephemeris Time. I, instrument correction.
ETA, estimated time of arrival. IALA, International Association of Light- A
ETD, estimated time of departure. house Authorities.
F, Fahrenheit; fast; longitude factor; IAU, International Astronomical Union.

phase correction (altitude). IC, index correction.
f, latitude factor. ICW, Intracoastal Waterway.
f, flattening or ellipticity. IHB, International Hydrographic Bureau.
FM, frequency modulation. IHO, International Hydrographic Orga-
ft., foot, feet. nization.
G, Greenwich, Greenwich meridian (upper IMCO, Inter-Governmental Maritime

branch); grid (direction). Consultative Organization.
g, acceleration due to gravity; Greenwich in., inch, inches.

meridian (lower branch). INM, International Nautical Mile,
GAT, Greenwich apparent time. INS, inertial navigation system.
GB, grid bearing. int., interval.
GC, grid course. ISLW, Indian spring low water.
GE, gyro error. ITU, international Telecommunications
GH, grid heading. Union.
GHA, Greenwich hour angle. IUGG, International Union of Geodesy
GMT, Greenwich mean time. and Geophysics.
GP, geographical position. J, irradiation correction (altitude).
Gr., Greenwich. K, Kelvin (temperature).
GRI, group repetition interval. kHz, kilohertz.
GST, Greanwich sidereal time. kin, kilometer, kilometers.
GV, grid variation. kn, knot, knots.

j GZn, grid azimuth. L, latitude; lowar limb correction for
h, altitude (astronomical); height above moon (from Nautical Almanac).

Pea level. 1, difference of latitude; logarithm, loga- k.,
ha, apparent altitude. rithmic.
hay, haversine. LAN, local apparent noon.

I N
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LAT, local apparent time. N, north.

lat., latitude. n, natural (trigonometric function).
LF, low frequency. Na, nadh'.
LHA, local hour angle. NASA, National Aeronautics and Space
LHW, lower high water. Administration.

LL, lower limb. NAVSAT, Navy Navigation Satellite Sys-
LLW, lower low water. tern.
Lm, middle latitude; mean latitude. NBS, Nation.l Bureau of Standards.
LMT, local mean time. NLT, not less than (used with danger
log, logarithm, loge..thmic. bearing).
log., nataral logah.lhm (to the base e). NM, nautical mile, miles.
log 0, common logarithm (to the base 10). n. mi., nautical mile, miles.
long., longitude NMT, not more than (used with danger
LOP, line of position. bearing).
LST, lreal ':dereal time. NNSS, Navy Navigation Satellite System.
LW, low water. NOAA, National Oceanic and Atmospheric
M, celestial body; meridian (upper Administration.

branch); magnetic (direction); meridi- NOS, National Ocean Survey.
onal parts; nautical mile, miles. OTSR, Optimum Track Ship Routing.

m, meridian (lower branch); meridional P, atmospheric pressure; parallax; planet;
difference (M -- M2); meter, meters; po!e.
statute mile, mile,. p, departure, polar distance.

mag., magnetic; magnitude. PC, personal correction.
MB, magnetic bearing. PCA, polar cap absorption.
mb, millibar, millibars. PCD, polar cap disturbance.
MC, magnetic course. pgc, per gyrocompass.
mc, megacycle, megacycles; megacycles P in A, parallax in altitude.

per second. PM, pulse modulation.
Mer. Pass., meridian passage. PM, post meridian (after noon).
MF, medium frequency. Pn, north pole; north celestial pole.
MH, magnetic heading. PPC, predicted propagation correction.
MHHW, mean higher high water. PPI, plan position indicator.
MHW, mean high water. PRR, pulse repetition rate.
MHWN, mean high water neaps. Ps, south pole; south celestial pole.
MHWS, mean high water springs. psc, per standard compass.
MHz, megahertz. p stg c, per steering compass.
mi., mile, miles. Pub., publication.
mid, middle. PV, prime vertical.
min., minute, minutes. Q, Polaris correction (Air Almanac).
MLLW, mean lower low water. QQ', celestial equator.
MLW, mean low water. R, Rankine (temperature); refraction.
MLWN, mean low water neaps. RA, right ascension.
MLWS, mean low water springs. rad, radian, radians.

mm, millimeter. RB, relative bearing.
mo., month. R Bn, radiobeacon.
mos., months. RDF, radio direction finder.
mph, miles (statute) per hour. rev., reversed.
MPP, most probable position. RF, radio frequency.
ms, millisecond, milliseconds. R Fix, running fix.
MSL, mean sea level. RMS, root mean square.
MZn, magnetic azimuth. RSS, root sum square.

t
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RZn, relative azimuth. TMG, track made good.
S, sea-air temperature difference correc- TOD, time of day (clock).

tion (altitude); slow; south; set; speedl. TR, track.
SA, speed of apparent wind in units Of Tr., transit.

: ship's speed. Ts, time difference of skywaves from
SAM, system area monitor. master and secondary (slyde) stationsL: . SAR, Search and Rescue. (Loran).

SD, semidiameter. TSG, time difference of skywave from
sec, secant. master and groundwave from secondary

Ssec., second, seconds. (slave) station (Loran).
semidur., semiduration. TZn, true azimuth.
SF, Secondary Phase Factor. U, upper limb correction for moon (fromn
SH, ship's head (heading). Nautical Almanac).
SHA, sidereal hour angle. UHF, ultra high frequency.•
SHF, sup high frequency. UL, upper limb.

I SI, Inte : ional System of Units. UPS, Universal Polar Stereogiaphic.
SID, suauen ionospheric disturbance. USWMS, Uniform State Waterway Mark- I
sin, sine. ing System.
SINS, Ships Inertial Navigation System. UT, Universal Time.
SMG, speed made good. UTC, Coordinated Universal Time.
SeA, speed of advance. UT0, Universal Time 0.

oSOG, speed over ground. UT1, Universal Time 1.
SPA, sudden phase anomoly. UT2, Universal Time 2.

~~ST, speed of true wind in units of ship's UTM, Universal Transverse Mercato,.-
speed. V, variation; vertex.

St M, statute mile, miles. v, excess of GHA change from adopted
T, air temperature correction (altitude); value for 1 hour.

table; temperature; time; toward (alti- Var., variation.
-2tude intercept); true (direction). ver, versine.
St, dry-bulb temperature; elapsed time; VHF, very high frequency.
Sme,-adian angle. VLF, very low frequency.

tV, wet-bulb temperature. W, west.
= 'tab., table. WARC, World Administrative Radio
- :TAI, International Atomic Time scale. Council.

tan, tangent. WE, watch error.
--- =TB, true beaing; turning bearing; air WGS, World Geodetic System.

temperature-atmos pheric pressure c,)r- WMO, World Meteorological Organiza-
rection (altitude). tion.

TC, true course. WT, watch time. "
- TcHHW, tropic higher high water. X, parallactic angle.

TcHLW, tropic higher low water. yd., yard.
-. '-TcLHW, tropic lower high water. yds., yards.

<TcLLW, tropic lower low water. yr., year.
~TD, time difference (Loran-C). yrs., years. :-
STG, time difference of groundwaves from Z, azimuth angle; zenith.
: ,,master and secondary (slave) stations z, zenith distance. -

(Loran). ZD, zone description.
TGs, time difference of groundwave from Z Diff., azimuth angle difference. ikmaster and skywave from secondary Zn, azinmth (as distinguished fern azi-

(slave) station (Loran). muth angle).
='-TH, true heading. Zn,,,, azimuth per gyrocompass.

I
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ZT, zone time. x, standard deviation.
a small increment, or the change in on I, index of refraction.

quantity corresponding to unit change 14s, microsecond. I

in another. i-, ratio of circumference of circle to

A , longitude; wavelength (radiant energy). diameter=-3.14159-.

I -p
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APPENDIX B

GREEK ALPHABET

A a a Alpha N Nu

B€ Beta 9 Xi

r Gamma 0 o Omicron

S Delta HT 0 Pi

E Epsilon p P Rho

z zeta I a. S sigma
H Eta T Tau

0 0 t6 Theta T v Upsilon
iota 0 0 p Phi

KK Kappa X x Chi -

AX Lambda N k Psi -

M Mu a o Omega

1112.

A NXB

GRE LPAE

A~a lphaN~ N

D~ Bea ~ X



I --a

APPENDIX C

SYMBOLS

Positions

i Dead reckoning position. Symbol used for one set of fixes when
o Fix. simultaneously fixing by two
a Estimated position. means, e.g. visual and radar.

See Note. sometimes used for radionaviga-
tion fixes.

Mathematical Symbols

+ Plus (addition) " Congruent to approximately equal
- Minus (subtraction) Identical with
± Plus or minus / Not iden ical with

Difference Nearly equal to
II Absolute value > Is greater than
- Multiplied by < Is less than

Is to; ratio Equal to or less than
X Times (multiplication) 5 Equal to or greater than

Divided by (division) < Is dominated by
_ Square root 6 or 5 Differential; variation
/Angle f Function

Therefore f Integral sign
Because Summation of; sum; sigma

nN nth root - Approaches limit of
= Equals c Infinity
5 Not equal to -.. Repeating decimal

Celestial Bodies

* Sun *-P Star-planet altitude correction (al.
(I Moon titude)
t Mercury 01 Lower limb
9 Venus e*- Center

E Earth - Upper limb
c1 Mars 0 New moon
24 Jupiter 0 Crescent moon
h Saturn 4D First quarter

Uranus 0 Gibbous moon
w Neptune 0 Full moon
- Pluto 0 Gibbous moon

Star 0 Last quarter
0 Crescent moon

Signs of the Zodiac

T Aries (vernal equinox) -- Libra (autumnal equinox)
'd Taurus Il Scorpius
-1 Gemini t Sagittarius
a Cancer (summer solstice) 11 Capricornus (winter solstice)
D Leo = Aquarius
'a Virgo X Pisces 11-

1113
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Miscellaneous Symbols

Years * Interpolation impractical
m Months ° Degrees

Days ' Minutes of arc
h Hours " Seconds of arc

Minutes of time o" Conjunction
Seconds of time cP Opposition

m Remains below horizon Q Quadrature
Remains above horizon a Ascending node

///Twilight all night - ? Descending node

NOTE.-The digits indicating the times of fixes and estimated positions are printed
horizontally on the chart or plotting sheet; the digits indicating the times of dead reckon-
ing positions are not printed horizontally. The running fix is the only position indicated
on the chart or plotting sheet by both symbol and label (R Fix).

-

S
|
!
I

I
S

I

II
II

I -'



APPENDIX D

MISCELLANEOUS DATA

Exact relationships shown by asterisk (*). See footnote on page 1125.
Area

1 square inch ---------------------------- 6.4516 square centimeters*
1 square foot ----------------------- = 144 square inches*

=0.09290304 square meter*
=0.000022957 acre

1 square yard ---------------------------- =9 square feet*
=0.83612736 square meter

1 square (statute) mile ------------------ =27,878,400 square feet*
=640 acres*
=2.589988110336 square kilometers*

1 square centimeter -------------------- =0.1.350003 square inch
=0.00107639 square foot

1 square meter --------------------------. 10.76391 square feet
-1.19599005 square yards

1 square kilometer ------------------- =-- 247.1053815 acres
=0.38610216 square statute mile
=0.29155335 square nautical mile

Astronomy
1 mean solar unit -----------------------. = 1.00273791 sidereal units

1 sidereal unit ---------------------- 0.99726957 mean solar unit

1 microsecond --------------------------- =0.000001 second*

I second -------------------------------- = 1,000,000 microseconds*
=0.01666667 minute
=0.00027778 hour
=0.00001157 day

I minute -------------------------------- = 60 seconds*
=0.01666667 hour
=0.00069444 day

I hour ---------------------------------- =3,600 seconds*
=60 minutes*

=0.04166667 day

=I rotation of earth with respect to sun (mean)*

=1.00273791 rotations of earth with respect to
vernal equinox (mean) j1

S1.0027378118868 rotations of earth with respect
to stars (mean)

1 mean sidereal day --------------------- 23b56w04!09054 of mean solar time
1 sidereal month ------------------------- =27.321661 days

=27d07h43115

-. 1 synodical month ---------------------- =29.530588 days
=29d12b44m02:8

1 tropical (ordinary) year ---------------- =31,556,925.975 seconds
= 525,948.766 minutes
=8,765.8128 hours
=365424219879-010000000614(i- 1900), where t

-the year (date)
=365d0548m469 (-) 0!0053t

1115
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1116 APPENDX D: MISCELLAN~EOUS DATA

Asftonomy-Continued
1 sidereal year ------------------------ =365425636042+.0000000011i-1900), where t ~

=the year (date)
=365d06b09-.09!5 (+) 0,.O001t

1 calendar year (common)--------------- =31,536,000 seconds*
=525 600 minutes*
=8,760 hours*
=365 days*

1 calendar year (leap) ------------------ = 31,622,400 seconds*'
=527,040 mirutes*
=8,784 holr*
=366 days*

1 light-year -------------------------- =9,460,000,000,000 kilometers
=5,880,000.000,000 statilte miles

=5, 110,000,000,000 nautical miles
= 63,240 astronomical units
=0.3066 parsecs

1 parsec------------------------------ =30,860,000,000,000 kilometers
=19,170,000,000,000 statute miles

=206,300 astronomical units

=- 3.262 light years
1 astronomical unit -------------------- = 149,600,000 kilometers

=92,960,000 statute miles
=80,780,000 nautical miles
=499.'012 light-time

Meandisanc, eath o mon--------= Mean distance, earth to sun
Mea ditaneearh t mon ------------=384,400 kilometers

= 238,855 statute miles
= 207,559 nautical miles

Mean distance, earth to sun-------------- = 149,600,000 kilometers
= 92,957,000 statute miles
=80,780,000 nautical miles

I astronomical unit
Sun's diameter ------------------------ = 1,392,000 kilometers

=865,000 statute miles
=752,000 nautical miles

Sun's mass --------------------------- = 1,987,0,000,000,000oo,000,000,000,000,000,000
grams

=2,200,000,000,000,000,000,000,000,000 short tons
=2,000,000,000,000,000,000,000,000,000 long tons

Speed of sun relative to neighboring stars-. 19.4 kilometers per second
=12.1 statute miles p~er second
=10.5 nautical miles per second

Orbital speed of earth------------------- =29.8 kilometers per second
= 18.5 statute miles per second
= 16.1 nautical miles per second

Obliquity of the ecliptic---------------- =23027108'26-0!4684(1-1900), where t= the
year (date)

General precession of the equinoxes -------- =50!2564+0!000222(t- 1000) per year, where
t =the year (date)

Precession of the equinoxes in right. - xsion--=46!0850+0!000279(L- 1900) per year, where
t =the year (date)

Precession of the equinoxes in declination. - --- =20!0468-0!000085(C- 1900) per year, where
t= the year (date)

Magnitude ratio----------------------- =2.512
V1Ihii
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Charts
Nautical miles per inch ----------------- =reciprocal of natural scale-72,913.39
Statute miles per inch ------------------ =reciprocal of natural scale-63,36O*
Inches per nan~tical mile----------------- =72,913.39X natural scale
Inches per statute mile ----------------- =63,360Xnatural scale*

Natural scale ------------------------- = 1: 72,913.39 Xnautical miles per inch

Eart 1: 63,360 Xstatute miles per inch*

Acceleration due to gravity (standard)---= 980.665 centimeters per second per second
=32.1740 feet per second per second

Mass-ratio.--Sun/Earth ----------------- =332958
Maa-ratio--SunI(Earth & Moon) --------- =328,912
Mass-ratio-Earth/Moon --------------- =81.30
Mean density ------------------------- =5.517 grains per cubic centimeter
Velocity of escape---------------------- =6.94 statute miles per second
Curvature of surface------------------- =0.8 foot per nautical mile

Airy ellipsoid

Equatorial radius (a) ------------------- =6,377, 563.396 meters
= 3,443.609 nautical miles

Polar radius (b)------------------------ =6,356,256.91 meters
=3,432.104 nautical miles

Mean radius (2a+b)/3 ------------------ =6,370,461.234 meters
=3 3439.774 nautical miles

Flattering or ellipticity (f= 1- b/a) --------- = 1/299.325
=0.00334085

Eccentricity (e=(2f-f 2)'l) -------------- =0.081673374
Eccentricity squared We) ---------------- =0.00667054

Australian National-South American ellipsoid of
1969

Equatorial radius (a) ------------------- =6,378,160 meters
= 3,443.931 nautical miles

Polar radius (b)------------------------ =6,356,774.719 meters
=3,432.384 nautical miles

Mean radius (2a+b)J3 ------------------ =6,371,031.573 meters

Flattenin- ellipticity (f= 1- b/a) --------- = 1/298.25

---------------------------------------------------- ;~::a t ia miles645

Eutrarais()----------- =6,377,397.155 meters
= 3,443.52 nautical miles

Plrrdu(b-------------- = 6,356,078.963 meters
=3,432.01 nautical miles

Mean radius (2a+b)/3 ----------------- =6,370,291.091 meters
= 3,439.682 nautical miles

Flattening or ellipticity (f= 1- b/a) --------- = 1/299.1528
= 0.00334277

Eccentricity (e (2p...p) 112)- - -=08693

Eccentricity squared (e2) ---------------- =0.00667437

Clart. ellipsoid of 1866
Equatorial radius (a) ------------------- =6,378,206.4 meters

-3,443.9.R7 nautical miles
Polar radius (b)------------------------ =6,356,i83.8 meters

=3.432.281 nautical miles
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Earth-Continued
Mean radius (2a+b)13 --- ----------------- =6,370,998.9 meters

= 3,440.064 nautical miles
Flattening or ellipticity (f=l-bla) --------- =1/294.98

= 0.00339008
Ecccntricity (c= (2f -f 2)"/2) ------------- =0.08227185
Eccentricity squared (a;) ------------------ =0.00676866

Clarke ellipsoid of 1880

Equatorial radius (a) --------------------- =6,378,249.145 meters
=3,443.98 nautical miles

Polar radius (b)------------------------- =6,356,514.87 meters
= 3,432.245 nautical miles

Mean radius (2a-'b)/3 -------------------- =6,371,004.337 meters
=3,440.067 nautical miles

Flattening or ellipticity U1=1- ba) --------- =1/293.465
=0.00340756

Ececentri city (c= (2f-fl)/2) ----------------- =0.0824834
Eccentricity squared (c2) ------------------ =0.00680351

Ererest ellipsoid

Equatorial radius (a) --------------------- =6,377,276.345 meters
=3,443.454 nautical miles

Polar radius (b) ------------------------- =6,356,075.413 meters

Meanradis (a~b~3----------------3,432,006 nautical miles
Meanradus 2a-)/3----------------=6,370,200..37 meters

=3,439.638 nautical miles
*Flattening or ellipticity (f=I I-b/a) --------- = 1/300.8017

=0.00332445
Eccentricity (e= (2f-f)' 2) ---------------- =0.08147298

Eccentricity squared (c;) ----------------- = 0.00663785

Fischer ellipsoid of 1960 (.1lercury Datunt)

= 3,443.934 nautical miles

Polar radius (b) ------------------------- =6,3.56,784.284 meters
=3,432.389 nautical miles

Mean radius (2a-'b)/3 -------------------- = 6,371,038.761 meters,
= 3,440.086 nautical miles

Flattening or ellipticity (f= I- b~a)--------- =1/298.3
= 0.0033-5233

Eccentricity (c = (2f-f-) )--------- ------ =0.081813334IEccentricity squared (e0)------------------= 0.00669342
Fischer South Asia ellipsoid of 1960

Equatorial radius (a) --------------- -------=6, 378,155 meters
=3,443.92S nautical miles-

Polar radius (b) ------------------------- = 6,356,773.32 meters
= 3,432.383 nautical milesf

Mean radius (2a-'b)/3 -------------------- =6,371,027.773 meters-
= 3,440.08 nautical miles

Flattening or ellipticity (f= I - ba)--------- = j29S.3
= 0.00335233

Eccentricity (e((f).2----------------=0.081813334
Eccentricity squared (e2) ------------------ = 0.00669342

Fischep ellipsoid of 1968

Equatorial radius (a) ------------ --------- = 6,378,150 meters-,-
=-3,443.925 nautical miles

Polar radius (b) ------------------------- =6,3.56,768.955 meters
= 3,432.381 nautical miles



APPENDIX D: MISCELLANEOUS. -DATA 11

Earth-Continued
Mean radius (2a-b)/3 ------------------- =6,371,022.985 meters

=3,440.077 nautical miles
Flattening or ellipticity Uf= I- ba) ----------=1/298.3

=0.0033.7j233
Eccentricity (=(ff))----------------=0.08181333
Eccentricity squared c0) ------------------- =0.00669342

Hough ellipsoid

Equatorial radius (a) --------------------- =6,378,270 mecters
=3,443.99 nautical miles

Polar radius (b) -------- ---------------- = 6,356,794.343 meters

3,432.394 nautical miles
Mean radius (2a-:b)!3 -------------------- =6,371,111.448 meters

=3,440.125 nautical miles
Flattening or ellipticity (f=I I-ba) --------- = 1/1297

=0.003367003
Eccentricity (c= (2f-~fl'2--------------- =0.08199189
Ec1'centricity squared (e2)------------------- =0.00672267

International ellipsoid

Equatorial radius (a) ---------- ---------- = 6,378,38S mecters
= 3.444.054 nautical mile,-

Polar radius (b) ------------------------- =6,356,911.946 metersI

b)1;3 =3,432.459 nautical miles
Mean radius (2a4-)/------------------=6,371,229.315 meters

=3.440.19 nautical miles
Flattening or ellipticity (f= I - b'a) --------- = 1/297

=0.0033V7003
Eccentricity (c= (2f -J 2 )' )-------= 0.0Sl199189
Eccentricity squared (0) ---------- -------- 0.00672~2G7

International :lslronoinical Union figure of earth

Equatorial radiu.a (a) -------------------- =6,37S, 160 mecters-

= 3,443.931 nautical miles
Polar radius (b) ------------------------- =6,356,774.719 meters

= 3.432.384 nautical miles
Meanradus 2a--b)3---------------6,371,031.573 meters

= 3,440.082 nautical miles
Flat'tening or ellipticity (f=1I-k-2) ---------- =l. 29S.25

= 0.0033.-289

Eccentricity squared (0) ------------------ =0.006694i4

Krasso-skia ellipsoid

Equatorial radius (a) ------------------- =6,37S,245 meters

3,443.977 nautical miles
Polar radius (b-------------=,5,6.1 etr

-Z. =3,432.43 nautical miles
'\[an radiun; (2a-1)13 ------- ----------- =6.371,117.673 meters

=3,440.12S nautical miles
Flattening or ellipticity f= I-ia)-----=1/29S.3

= 0.00335233
Eccentricity ---(2--f----- =0.0S181333

SEccentricity.squared (c'- __= 0.006G9342

Woarldl Geodetic SIislem (WGS) ellipsoid of 1972

Equatorial radius (a)~ = 6,378.135 meters
=3,443.917 nautical miles
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Earthl-Continued
Polar radius (b) ------------------------ 6,356,750.62 meters

=3,432.371 nautical miles
Mlean radius (2a+b)/3------------------ =6,371,006.84 meters

=3,440.068 nautical miles
Flattening or ellipticity (f=lI - bia) -------- = 1/298.26

=000335278
Eccentricity (j= (2f-M us) -------------- =0.0818188
Eccentricity squared (02)---------------- =0.00669432

Length
1 inch ------------------------------ =25.4 millitrs

1 fot (US.)------------------=2.54 centimeters*
I fot U.S)- --- --------- --- --- ---= 12 inches*

=I British foot
yard*

=0.3048 meter*
=~fathom*

1 foot (U.S. Survey)-------------------- =0.30480061 meter
1 yard------------------------------- =36 inches*

=3 feet*
=0.9144 meter*

1 fathom----------------------------- =6 feet*
=2 y.,ards t

= i.8288 meters*
I cable ----------------- ------------ =720 feet*

=240 yards*
=219.4560 meterst

I cable (British)----------------------- =0.1 nautical mile

statute mile------------------------- =5,280 feett*
= 1,760.4 y trs
= 1.609.344 klmeters= 1.69344kilomters
=0.86897624 nautical mile

1 nautical mile ------------------------ =6,076.11548556 feet
=2,025.37182852 yards
= 1,852 meters*
= 1.852 kilometers*
= 1.150779"48 statute m-Iles

I meter-------------------------------- = 100 centimeterst
=39.370079 inches -

= 3.28083990 feet
= 1.09361330 yards
=0.54680665 fathom
=.00C62137 statute mile
=0.00053996 nautical mile

1 kilometer--------------------------- =3,20.83990 feet
= 1,093.61330 yards
= 1,000 meters*
=0.62137119 statute mile
=0.53995680 nautical mile

Mass
I ounce- ---------------------------- =437.5 grains*

=28.3.'023125 gmm t

=0.06L, poundt
=0.028319523125 kilogramt
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Mass - Continued

1 pound ----------------------------- =7,000 grains*

=0.45359237 kilogram*
Ishort ton -- ------------------------- =2,000 pounds*

=907.18474 kilograms*
=0.90718474 metric ton*
= 0.8928571 long ton

1 long ton ----------------------- ---- =2,240 pounds*
= 1,016.0469088 kilograms*
= 1. 12 short tons*
= 1.0160469088 metric tons*

I kilogram --------------------------- =2.204623 pounds
=0.00110231 short ton
= 0.00098' 2065 long ton

1 metric ton -------------------------- =2,204.623 pounds
= 1,000 kilograms*
= 1. 102311 short tons
= 0.9842065 long ton

Matheniatios
IT - -------------- 3.1415'jf2653589793238462 643383 27950288 4197l
70-- - - - - - - - - - - - - - - - - - -=9.86vM3 44011
,7-- - - - - - - - - - - - - - - - - - - = 1.7724538509

Base of Naperian logarithms (e) ----------- =2.718281828439
Modulus of common logarithms (logloe)- = 0.4342944819032518
I radian ----------------------------- =206,2W480625

=3,437! 7467707849
=57?2957795131
=57*17'44!80625

1circle------------------------------ = 1,296,000"~ 1
=360'*
=27r radians*

1800 -------------------------------- =7r radians*
J.10---------------------------- =3600i*

=0.0174532925199432937666 radian
1' ---------------------------------- = V

= 0.000290888208665721596 radian
------------------------------ ----- =0.000004848136811095359933 dian

Sine of 1'----------------------------- =0.000290888204.-6342460
Sinr of ? ~--------------------- ------ =0.00000484813681107637

Meteorology
Atmosphere (dry air)4 A

Nitrogen --------------------------- =780%
Oxygen----------------------------- =20.95%
Argon ----------------------------- = 0.93% (99.f,9%
Cqrbon 'ioxidc --------------------- = 0.0 3%0/
Neon------------------------------ = 0.001r%
Helium---------------------------- = 0.000524%
Kzjpton ---------------------------- 0.0001%
Pydruigei --------------------------- = 0,00005%
Xenon----------------------------- = 0.0000087%
Ozonc ----------------------------- = 0 to 0.000007% (increasng with Altituide)
Radon ------------ ---------------- = 0.000000000000000006% (decreasing with a1l-

tittfde)
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Meteorology- Continued
Stand.A adtmospheric p~ressu~re at sea level..- = 1,013.250 dynes per square centimeter*

= 1,033.227 grams per square centimeter
= 1,033.227 centimeters of water
= 1,013.250 millibars*
=760 millimeters of mercury
=76 centimeters of mercury
=33.8985 feet of water
=29.92126 inches of mercury

=14.6960 pounds per square inch
= 1.033227 liogramB per sqv re centimeter
= 1.013250 bars*

Absolute zero ------------------------- =(- 273?16 C
(-)459?69 F

Pressure
1 dyne per square centimeter ------- ------ =0.001 millibar*

=0,006)01 bar*
I gram per square centimeter ------------- = I centimeter of water

= 0.980665 millibar*
=0.07355592 centimeter of mereur'

=0. 2 8- 9 0 inch of mercury
=0.0142233 pound per square inch
= 0.001 kilogram per square centimeter*

1 in~ibr--------------------=0.000967841 atmosphere
IIPfia ---------------- = 1,000 dynes per square centimeter*

=1.01971621 grams per sqiiare centimeter
=0.7500617 millimeter of mercury
= 0.033,~5526 foot of water

0.02S 52998 in~ch of mercury
= 0.014: 0377 pound per square inch
=0.001 bar*
= 0.00098692 atmospheie

I millimeter of mercury ----------------- = 1.35951 grais per square centimeter
=1.3332237 m~illibars

=0.1 centimeter of mnercury*
= 0.04460334 foot of %%ater
= 0.039370079 inch of mnercury
=0.01933677 pound per square inch -

= 0.0013 15790 atmosphere
1 centimeter of mercury----------------- = 10 millimeters of mercury*
1 inch of mercury---------------------- =34.53155 grams per square centimeter

= 33.86389 millibars
= 25.4 millimeters of mercury*
= 1. 132925 feet of water
=0 4911541 pound per squt.,- nch
= 0.03342106 atmosphere

1 etmeter of water------------------- = 1 grami per squarc centimeter
=0.001 kilogram per square centimeter

1 foot of water ------------------------ =30.48000 grams l)Cr :quare centimeter
29.89067 millibars

= 2.241985 centimeters of mercury
=0.882671 inch of mercury
= 0.4335275 lpoune per square inch
=0.02949980 atmosphere

1 pound per square inch----------- ----- =68,947.57 (lynea per square centimeter
=70.30696 gramns lper square ceiitimeter
=70.30696 centimeters of water
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Pressure-Continued
1 pound per square inch ---------------- 68.94757 millibars

=51.71493 millimeters of mercury
=5.171493 centimeters of mercury 
= 2.306659 feet of water a

=2.036021 inches of mercury -
=0.07030696 kilogram per square centimeter
=0.06894757 bar I
= 0.06804596 atmosphere r

1 kilogiam per square centimeter ---------- = 1,000 grams per square centimeter*
= 1,000 centimeters of water

I bar ----------------------------------- = 1,000,000 dynes per square centimeter* |
= 1,000 millibars*

Speed

1 foot per minute ----------------.------- =0.01666667 foot per Second I
=0.00508 meter per second*

1 yard per inuinte ------------------------ =3 feet per minute*
= 0.05 foot per second*
=0.03409091 statute mile per hour
=0.02962419 knot.
=0.01524 meter per second*

1 foot per second -------- -------------- = 60 feet per minute*
=20 yards per minute*
- 1.09728 kilometers per hour*
=0.68181818 statute mile per hour
=0.59248380 knot In

= 0.3048 meter per second*

1 statute mile per hour ------------------ =88 feet per minute*
= 29.33333333 ards per minute
=1.609344 kil,,neters, pei hour*
= 1.4666686 feet per second OR
=0).86897624 knot
=0.44704 meter per sCcond*

I knot ------------------------.--------- 101.26859143 feet per minute
=13.756w1970l vrds per minute j

S1.852 kilometers per hour*
= 1.6S780.986 feet per second

1.15077945 statute ides pr hour
=0.51.t44414 meter per second

1 kilometer per hour -------------------- = 0.62137119 statutw mile per hour
=0.53995680 knot

1 meter per second ---------------------- = 196.85039340 feet per minute
=65.6167978 yards per minute
=3.P kilometers per hour*
-3.28083990 feet per second 4
=2.23693632 statute miles per hour
- 1.94384449 knots

Light in vacuo - ------------------- =299,792.5 kilometers per second
-- .- ' 186,282 statte miles per second

= 161,875 nautic'u miles per second
= 983.570 feet. per microsecond

Light in air ----------------------- =299.708 kilometers per second
= 186,230 statute niles per second

t . = 161,829 nautical miles per second
= 983.294 feet per microsecond

hJ

Ii". S
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Speed-Continued
Sound in dry air at 59OF or 15*C and standard =1,116.45 feet per second

sea level pressure
= 761.22 statute miles per hour
=661.48 knots
=340.29 meters per second

Sound in 3.485 percent saltwater at 600 F ---- 4,945.37 feet per second
8,871.85 statute miles per hour

=2,930.05 knots
= 1,507.35 meters per second

Volume
1 cubic inch ----------------------------- = 16.387064 cubic centimeters*

=0.016387064 liter*
=0.004329004 gallon

1 cubic foot ------------------------ = 1,728 cubic inches*
=28.316846592 liters*
=7.480519 U.S. gallons

=6.228822 imperial (British) gallons

=0.028316846592 cubic meter*
1 cubic yard ----------------------------- = 46,656 cubic inches*

=764.554857984 liters*
=201.974026 U.S. gallons

= 168.1782 imperial (British) gallons
- 27 cubic feet*
=0.764554857984 cubic meter*

1 mililiter ----------------------- --- =0.06102374 cubic inch
=0.0002641721 U.S. gallon
=0.00021997 imperial (British) gallon

1 cubic meter .--------------------------- =264.172035 U.S. gallons
=219.96978 imperial (British) gallons I
:-35.31467 cubic feet

1.307951 cubic yards
1 quart (U.S.) --------------------------- = 57.75 cubic inches*

-32 fluid ounces*

=2 pints*
= 0.9463529 liter
= 0.25 gallon*

1 gallon (U.S.) ------------------------ -3,785.412 milliliters
=231 cubic inches*
-0.1336806 cubic foot

= 4 quarts*
=3.785412 liters
=0.8326725 iml" ,ril (British) gallon

1 liter ---------------------------------- = 1,000 milliliters
=61.02374 cubic inches -*
= 1.05688 quarts
=0.2641721 gallon

register ton --------------------------- = 100 cubic feet*
=2.8316848592 cubic meters*

1 measu ment ton ---------------------- =40 cubic feet*
= 1 freight ton*

I freight ton ------------------------ =40 cubic feet*
= I measurement ton*

Volume-mass
I cubic foot of seawater -------------- =64 pounds

,- I
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Volume-Mass - Continued
1 cubic foot of freshwater ....------------ =82.428 pounds at temperature of maximum

density (40C039!2F)
1 cubic foot of ice ------------------------ =56 pounds
I displacement ton -------------------- 35 cubic feet of seawater*

=1 long ton

Vessel Tonnage

The several kinds of vessel tonnage are as follows:
Gross tonnage, or gross register tonnage, is the total cubical cal)acity of a ship ex-

pressed in register tons of IOU cubic feet, or 2.83 cubic metes,, less such space as hatch-
ways, bakeries, galleys, etc., as are exemptcd from measurnment by different govern-
ments. There is some lack of uniformity in the gross to.rinages as given by different
nations on account of lack of agreement on the spk . hat ue-o__. exempted.

Official merchant marine statistics of most countries are published in terms of
the gross register tonnage. Press reference, to ship tonnage are i,. ually to the gross tonnage.

The net ton-iage, or net register tonnage, is the gros.3 tonnage less the different spaces
specified by maritime nations in their measurement rules and laws. T'he spaces that
are deducted are those totally unavailable for carrying cargo, such as thb. engine room,
coal bunkers, crews quarters, chart an(! instrument room, etc.

The net tonnage is used in computing the amount of cargo that c.;n be loaded oil a
ship. It is used as the basis for wharfage and other similar charges.

The register under-decl t'miage is the cubical capacity of ,, ship unlo let" tonnage
(leck expressed in register tons. In a ve",,,.1 having more than one (leek the tonnage deck
is the second from the keel.

There are several variations of displacement tonnage.
The dead weight tonnage is the difference between the "loaded" and "light" dis-

placement tonnages of a vessel. It is espre-sed in terms of the long ton of 2,240 pounds,
or the metric ton of 2,204.6 pounds. and is the weight of fuel, passengers, and cargo
that a vessel can carry when loaded to her maximum draft..

The second variety of tonnage, cargo tonnage, refers to the weight of the particular
items making up the cargo. In overseas traffic it is usually expressed in long tons of
2,240 pounds or metric tons of 2,204.6 pound- The snort ton is only occassionally
used. The cargo tonnage is therefore very distinct from vessel tonnage.

NoTE.-All values in this appendix are based on the following relatiouships
I Iiic!|=2. ' "titimete s,
I Yard-C .4. meter* -
1 pound (avoirdupois) -0 4354237? kilogram*
I nautical mlle-1852 meters'

Absolute zero- (-)273:16C- (-)4*qCgF.

tJ.

-- 4
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Decibel Scale

The decibel (dB) is 10 times the logarithm to the bae 10 of the ratio of two
amounts of power. The decibel scale is used to express conveniently the ratio
between widely different powers.

The ratio between one power P, and a second power P2 is expressed in dB's as:

,.rns if P, is 1,000 times P2, their ratio is expressed as

[ 1010 log,0 (10)=10X3=3V tB.

If P2 is 1,000 times P, their ratio is expressed as

10 log (10)=IOX(- =-30 dB.

Power r. dBI' 1 02 3

4 6
10 10

100 20
1,000 I 30

10,000 40
100,00,0 50

1,000,000 60

Prefixes to Form Decimal Multiples and Sub-Multiples of International System of

Units (SI)

Multiplying factor Prefix Symbol

1 000 000 000 000 =1012 tera T
1 000 000 000 =109 giga G -

1 000 000 =106 mega M
1 000 =103 kilo k

100 = 102 heeto h
10 = 10' deka da

0. 1 =10-' deci d
0.01 =10 -2 centi c

0.001 milli m -)
0.000 001 10-6 micro

0.000 000 001 =10-' nano n
0. 000 000 000 001 =10-'- pico p

0.000 000 000 000 001 =10-,5 femto f
0.000 000 000 000 000 001 =10-" atto a
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~~NAVIGATIONAL COORDINATES |

D Prei. Maximum2 Coordinate Symbol Measured from IMeasured along tI- MauetoInisio s vLbel

_ latitude L, lt. equator meridian N. S parallel e, 0!1 90 N, 8

,longitude )4 long. prime merid, parallel E, W local meridian ,, 0!1 180* I !

r _ '

declination d, dee. celestial equa- hour circle N, 8 parallel of ,, 0:I 90. N 8
tor declination

f5

r p elevate pole hour circle S" P pTrUe1 f I ° 0!1 51). I --
dtatnce d li ton - 1

Idtitude b horizon vertical circle up Prlitleld of o, .o1 W.. -

zenith dis- z zenith vertical circle down flitd 011 Igo. --
tance "Vleld =

azimnuth Zn north boio E vertical circle __Il 0 i- --.-

azimuth Z north, south horizon E, IN vertical circle 0 * 1 1901 or 90V N, 8 ... E,W -
• t •angle

amplitude .]A east, west horizon" N, S body _ 0.1I 90- E, W ... N, S

Grenic H Genwich telof W hour circle 0', 3W
meridian - i

local hour LHA local celestial paallof W hour circle o• 0I 0" -
angle meridian delnto

meridian t local elestial P Iale of E, W hour circle o, 01 18° E
angle meridian P delinationl

sidereal 8HA horcircle of parallel of W hour circle , 0:1 301-
hour hvernal equi- declination
angle nox

right RA hour circe of parallel of E hour circle U, . . 24h -
ascension Vernal equi- declination

iI

nox

Greenwich GMT lower branch paallob our circle 24b, 1.-
mean Greenwich decli1nation mean sun
time celestial

meridian

local mean LMIT lower branch parallel of W hour cirle 1 . . 241- i
time local declination mean sun ']

celestial!
meridian

20o. time ZT lower branch parallel I W 'hour circle h,%• 1. 21 ii
zone decih ,)n mean sun
celestialmeridian 4

Greenwich GATP lower branch pUalel of W hour circle , ,, 1. 24h
nl
et

elsleida en ichdelnton [apparent sn l

- a~~~pparent Grewchldciainaprn
SIme celsl sun

: meridian

II

lcal LA lowrench parallel of W hour circle h, P l 24h ' -

Cordnate ST roleeacu prrallel ong hour circle 1. 2b
sidereal mleti dclinatlo n vernali

ltitue L mla. eriato eq.S paaieox A_0~ 0 N
sidereal_ ccet' ! mecin vepral ~

time merd men i equinox

dWhen m eu from clestial horizon.

~1127

disane ple hou crcl 5 N arlle o ,' o~ ig'

poa eeae
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EXTRACTS FROM NAUTICAL ALMANAC
ALTITUDE CORRECTION TABLES 10°-90-SUN, STARS, PLANETS

ocr.-X. SUN AM-S-r1. STAMS An PLAN DW J
AN. Lovrer umer AnI.* L eupgig An). Amp. Additionlal Hft. Of Ht.Of Ht. Of
At. Limb Limb Aft. Limb Limb Alt. jAl. Co Eye C" Eye Eye C

II~~~~ 30-85+.0101 * 43 1 0- 7.8

934 9 393-. ' 9356 --28

+10--2104 951 10 2 53 6 1 5- 0-.
95 9 12 3 2 +10"7-3-: 1 -5"2 J- I -June 7 4-+412-0-2.'0 +10's-3o- 2 I +3 3"0 Ag7- .2--3101 5 XO 33 40 " 3"0- 4

+ 1- 2 0 - 30.9 - 0 42 s 8-3

1 0.:-1027 10 +3 200-.,.-3._ 043 30- 3-0
3 140 + 3 it June -July 213 4 6-x 1 32e0b0

' 7+11-3-2:0 +12,-30-7 1 14- 4 3 4 34-10 3S-e

I+,.- 1 i 4% ._°6I 1_4 J ? 36-i ] Z' -+

x -1 +15- o0 11 Q1 12" 6 11 29 47 46 -03 3"8 -
!  

12"60 - -
5 +11.5-,, 11 234 .,_320.. 2-. 4 . + 4 4o0-3+1--0 1"-04 _ 5 45July 2; -Aug. 6 13"3 20- 7:9

210 211 38 41l3-'z - +0-5 _. ,.

21 2+6-3 62 129- 5 - 0 1 0' +, . 3', 1 0- 8_3
+1 -- 2 2 11 - -+Iz36-- 32 11 O 04.6-Noy2 1-4 36-

10 212 3c 4* -6-00

+119-204 ... 1'7-3 2 , -42 41 " 4" _ - 50-
127+12'o-203 + 11-8-20 o 12 .4_-4-1 iAut, 7-Aut. 15 5"°--0 28- 9'3

+262-22 1224 3 1 4 52 17'4

+11-9 19-9 -- 0 Nov.2

2 5 1 2 60 + 135 .. 13 33 0+0: 5"5-- 1 73
+-- 1 2 ,0+a ' - 1. 8 . . - 3.; 6 + 0 _ -4 - 3 o- 9 "6

3 4+ta23- 7o +2a. 13 20 + -4-3 19z 32-0-08• t ~1 4 z9 13 45,1~_9 14 16-3. 3 0'7 6.1
-  |  

O0 3._0.

27352 347 401 0- 75- 1, 3-4-

2 1+5-195 1 4+1.3-1-3 1-6 Aug. x6-Sept o 63 4-2 0- 36-

30I 4 0I 304 *~ ~66 22 - 3-32 ~ ~ +-1-12 -3-4 -35 0AR -4- 6- 38-0-8

14 7 _4 1454 15 3o 6 640-6 2-93 +,-r _,,., is z9 +,2.6._,,. 1+ 57-3'4 4 0 '7 7-2- 1 49
41 +I,8-19.1 54 +I91 6 9 + 6 -36- 16 - 8 40 -- 1 '

47i+12-9-190 +12*7-1914 -3-2 -N 76-49 2439 420-1-4

1 13" -93 16 144-"8-90 56-3"1 Ie I-Sept. 19 7 2 26-. 44-1-7S2 6 44 -, 172. 5; 2,7-1 4 -."6 + +13+1- ..+ 29 3 . .. -3- "0+ .,: 8"5-1 46--I9 -
5, 5 8-4 2-1

413 27 - - '0- - 6 41 -6 v. o " 
-  

292 48- 12- 2
66+13"3-9" +13"1-39"4 183 -2' 30+0"..5 ft.

+,3.4-,,, o IS 24 3'. ,. 9g 1.Z 7 31 9+_ 30.4

70 42+1354163 9190-33-86 199-- -8 2- 13 1-4

19-2 +!'5 - 19° 13'3- a 185 1 -2 Sept. =o-Oct. 5 95 *S31'5 4- V9
;+z-6 :7 11942 -- - 2o42- 9"- •, "321 --x9

264 20 25+1'4-39 .4 . 21 2 -4.5  0- + 0465 - 6-4-4
-4-+,+37- .... +,35-,,., -- 4 +o0. "" 0- ,°- 3.I 14- -7

208 3 ' ~1 9-5 86 11 +136- 8 7 03 1 - o0 9 -2- 4 o 6 8-8 350t _19

[ 1 3"-- 9 200 0 234 705 -1-3 51 3-1t3'919-4 +13.7_ 1 -- 2 Oct.6 - N ov. +229-"I- "A . 2254 4 t aitd 7e6 fee tarn p
1214o--dy3 it13"8- b . -a - O-f -0n 60 , pa"eI260.23 2+,4 ,. 2.3 51;+ 2., ,,, 4-20 + 0' +' .8°'  * 38-9 -

4 21 14"--:$-2 24 53 3+ 4-13' -371" 9 ~ r 262 46 12"2--6 40"I
1246o.+- l o ... .. "6-4"9 Nov 23-' _,s ' " -e- ' 31 12"- 6  41 -5 70- -81

i+ 14-4- :7-9 7 +3 14'2- 17 6 6- - 7  0 1 13 0 -- 42 8 75- -8-4
27 452 ' 8 2i '+14"3-/ 5 --.6 42 13-4- 6 5 44-2 80- -87
29 15 6 7 300 3204"407 -1. 3-8-6 6  45-5 85- 8"9

+1--t 31 35 +15-173 345 -1- MARS 12 67 46-9 9-- 9.a2
32 6414"8-17"5 33 20 +14.6-17.a 3 _5.40 14"7-f6. 48-4 95- 9-5 4

-1-

3 1 '-1. 35 17.1._tt 374 JU I I-Sept. 8 15.1 6  49-8
3 .20 1--3- 37 26-1- 12 400 " -- 2" •

.-rIS 0- :7'3 +4"I8- 7'0 -1 0 ' 55 7 51-3 100- 9-7
38 36 +15.-7' 39 50 4 4 10 6o + 0'  16"O_7* 52-8 105--9
4 " - +. t 14-49-269 45 -36 7-1

+15S2--2T' 42 3r "ox.6"--lem. ,w , 15 54-3 110--024 3 .-, .5 9 4 5 3 + , s -x -, .•, 4 9 7 - 9s S 9 O. 2 2 1 - - - 5 5 8 1 5 - 1 0. 4 _
47 504+-15' 48 55 1.-6 52 0. 18 +o0'2 17"4_ 57-4 120-1O-6
5 -16.9 5_244 +15.2366 56 z--. 41.. 1' 7"9_-74 58-9 125--o'
+15"6-167-8 1

5 "
3
4 - 

1
6 

5 "--6"-, -5 4 57_S'6- 6 7 50 4 "-- 6 02 7_54N._23_e 19'-- 6o"1 -5 1 I"593. +,.- ., + 15-4 1,.-, 65,,, . 6 .-o.-5 , 19.3-7.6 62.-13 -.: till+
58526 65"4 N'-! 130-1.6430 -'6 23- er 41'-*+-" 4 0 31 _-7 7 " 4 -Z'

701+15-8 -, t 9 5 .3 ,+ t6-,. If ao~ 60o- -' 7'*-
+1-9 16 73 16 75 3.48 1o-1.

830+i6"--i6z 863 +159 S.9$, 870 0.0 80+0 20"9-8 .1 98 10 1-
90 0 90" 1 9"0 1 11'4 70-5 155- 1 '2 1 ,.

. App. Alt Apparent ati~tude - Sextant altitude ct-mected for ine eror and eYip.-
1128 For dayio observaio if Vesa, *ft pap 26o.

IX.

+:S
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AL:TITUDE CORRECTION TABLES 0W-10 °-SUN, STARS, PLANETS A3

ocr.-mAR. SUN APR.-sEPT. I OCT.-MAR. SUN APR.-SWT. I
App. -- !TAR App 1 SrARAll. j Lower Upper Lower upper LA.Fr(S Lower upp 'LowerLimb L=b Limb Limb j Limb I 1mb Limb Lpb

o - . -so-3 " -18 -so-2 -34'5 3 30 + 3- -9o1 + 3"- -11.7 -13"o
03 17'5 49- 17-8 4961 33-8 35 3-6 28T17 3"3 28-s 12"7

16*9 49-2 I17" 45"9 33.2 40 3-8 2.15-3 3-5 2s3 12"5
09 16.3 416 x6"5 49-3 32'6 451 4"0 a8-3 1 3'7 281 12-3
12 15"7 410 15"9 477 32-0 50 4-2 2-1 39 279 12"1
25 15-1 474 15'3 47'1 314 3 55 44 279 4-1 I 2771 119

0 38 -- 34.5 -46.5 -14" -4661 -308 4 00 45 -27-5 ; 4.3 -- 51 -u-8
S21 140 46-3 14"2 460! 303 05 47 27 6' 4"5 271 1x'6
24 x35 45-8 137 45"S 29"8 10 4-9 21-4 4"6 27'2 tx'4

27 1 12'9 45-2 132 45-0 29'2 15 5'1 2721 4'8 27-0 1I'2
30 12"4 447 127 445 28-7 20 5"2 27-1 ' 5-0 268 111

233 11'9 440 1" 440 28-2 25 5"4 269. 5' 26-7 10'9

0 36 -11-5 -43g -- 37 -433 -278 4 30 5,6 -267. + 5'3 -6 -107

39 10 "O 433 430 273 35 1 5,7 266 5'5 26*3 io6

42 1 05 425. 108 4261 26-8 40 59 26-4 5*6 262j 10-4
45 10'1 424 103 42'1 26-4 4S 6"0 263 5-8 260 10"3
48 9-6 4,9 99 4Z'7 25-9 50 62 261! 5.9 25 9 2O1
51 9'2 41-5 9"5 413 25-5 4 55 6"1 26o 6o 23's oo

0 54 - 8g-41 -t 9'1 -409 -251 5 00 + 
6

"4-z...' .- 6-2 -:p -- 9,9
057 8-4 407 8'7 405 24"7 05 66 z,7 6-3 -1 91
1 00 8-0 40-3 8-3 40 24-3 10 6-7 23 6 6-4 2$4j 96

03 7'7 40- 79 397 240 15 6-8 35-5, 6-6 2,.2 95

06 7"3 39 6 7S 393 ; 23-6 20 1 6-9 25'4 6-7 25-' 9-4
09 1 6-9 392 1 72 3901 23.2 25 7"1 2s-2 6-8 25-o 9"2

x12 - 66 -39 - 6-8 -38 6 -22-9 5 30 7-2 -1 9 6-9 -49 -- 9-1

15 6-2 3-5 6 5 3 3' 22"5 35 7 3 2:s 70 245 9'0
18 5"9 3s-2 6-2 35-0 22-2 40 7"4 249 7"2 2.46 8-9
2x 56 379 5"8 37-6 21-9 45 75 248 7"3 24 S 8.8
24 i 5"3 376 5"5 37"3 21-6 50 76 24-7 7"4 24-4 8-7

27 9 4"9 37-2 5"2 37'0 21"2 5 55 1 7"7 24-6 7"5 24-3 8-6

1 30 -- 46-369 4"9 -367 -209 600 + 7-
8 

-24-5 + 76 -24-2 "8-5
35 1 42 36 5 4"4 36-2 . 20-5 10 80 24"3 7-8 24o 8"3
40 1 3"7 36o 40 3513 20-0 20 8 g'2 242 8-0 2315 8' I
45 i 3-2 35 5 3-5 35"31 19"5 30 S-4 239 8-1 23-7 7"9
50 1 2-8 35-z 3-1 34-9 i 191 40 8-6 237 8-3 23-S 71

2 55 1  2"4 347 2-6 34-4i 18-7 6 50 87 23-6 9-5 23-3 76

2 00 - 20 -343 - 2,2 -34-o -18-3 700 89 -23-4 + 86 -23-2- 74
05 1-6 33-9 1'8 33-6 1 17-9 30 9"1 23-2 8-8 23o 7-2
10 1-2 33-S I"5 33; 1 17-5 20 9-2 231 9-0 24 3 7"1

i5 0-9 33-2 1-1 32-9 i 17-2 30 9"3 230 91 23-7 7-0
20 S 05 32 08 326 36; 40 9"5 9-2 216 6-8
25 -02 32 0"4 322 16"5 75o 96 2271 94 224 6-7

2 30 0'2 -32-1 O- -31'9 -16-I 80 0 + 9-7 -226, + 9-5 -22-3! - 6-6
35 0"5 31:8, - 02 31-6' 15-8 10 99 22-4 ' 96 22 2 6-4

40 0 3 5 0-5 31-3 is's 20 10-0 22 3+ 97 22-s. 6-3
45 1-1 3::z 3 8 31-O 15-2 30 10"1 2z2 9-8 22-0 6-2
50 14 309; 1 3071 14"9 40 10-2 22.1 20o 2:-% 6"1

x-63 34 So . I27
255 i 3-6 307 24 30 14"7 103 2- 0 -1 20 6'0

300 -349 -304 1 11 -30'z -- 4 900 +10-4 -219 1 o+0-2 -216 - 5"9
05 2"2 3023 1-9 299! 14-1 10 10"5 2159 10"3 21- 5"8

0 24 2991 2-1 29q 7 13-9 20 1o6 t.7 104 2t.4 5-7
15 26 29 7 2'4 29-4 ! 13-7 30 107 21 6 10-5 21-3 : 5

"

20 1 2 9 2941 26 29-21 13-4 40 20-8 -'5' 206 222! 5"5
25 3"x 2 2'9 2-9, 33-2 9 50 I 109 '14 106 2-2 5'4

3 +30 - 3"3 -29-o + 3"1 -28-7, -13 0 20 00 +11-0 -- 31 +-101 -- 5*3

Additional corrections for temperature and pressure are given on the following page.

FLt bubble sextant observations ignore dip and use the star corrections for Sun, planets, and stars.
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ALTITUDE CORRECTION TABLES-ADDITIONAL CORRECTIONS
ADDITIONAL REFRACTION CORRECTIONS FOR NON-STANDARD CONDITIONS

Temperature

-zo*F. -t0 0 +10 20 300 40 SO* 60 7o ' Wo go* F.
'1I I I I I I I I I

-30'C. -l00 -z0' 0 +0* 20i 300 4

A B C D E/F G H JK L Z

290NI

At I - K L N -

-6o 9 -57 -4:6 44 --2.3 -1-1 00 1 2:3 43.4 +4- 6 +5:7 +69 0* 00

0 0 5-2 4.4 3-5 2-6 1.7 0-9 0-0 0-9 1.7 2-6 3-5 4-4 5-2 0 30
43 35 2- 2-1 1-4 07 0-0 0-7 1-4 2-t 2-8 3.5 43 1 Of

30 3-5 2-9 2-4 1-8 1-2 o- 3 - -2 149 2-4 2-9 3-5 1 30a
00 3-0 2-5 Z-0 1-5 1-0 05 03- -0 1-5 2-0 2-5 3-0 2 00

2 -2-5 -2-1 -t-6 -1-2 -- 8 -04 0-0 40-4 40-8 41-2 +1-6 42-1 +2-5 2 30
3 0 2-2 1-S 1-5 I-1 0.7 04 0-0 0-4 0.7 3.3 1-5 1-8 2-2 30

3 30 2-0 1-6 1-3 1-0 0-7 03 0-0 0-3 0-7 1-0 1-3 z-6 2-0 3 30
4 00 1-8 1-5 1-2 0.9 o-6 03 0-0 0-3 o -6 09 1-2 1-5 1-S 4 00
4 30 t-6 1-4 1.1 0-9 0-5 0-3 00 0-3 0-5 05 1-1 1-4 z.6 4 303

00 -1-5 -1-3 -130 -0-8 -0-5 -0-2 0-0 +0-2 +-5 -08 +1-0 +1-3 +2-5 5 00
6 1-3 1-1 09 0-6 0-4 0-2 0-0 0-2 0-4 o-6 0-9 1-1 1-3 6

7 1.1 5 07 05 03 - 0 02 03 0- - - -0-9 0-7 06 0-4 02 0-0 0-2 0-4 o-6 0-7 0-9 1-1 7i

34 06 09 4  0-3 0-3 0-3 0-2 0-0 0-2 0-2 0-3 0-3 0-4 10 1

9 0-9 0-7 o-6 0-4 0-3 0-1 00 01l 0-3 0-4 o-6 0-7 0*9 9
10 00 -0-S -0-7 -0-5 -04 -0-3 -0 1 00 +0-1 -. 0-3 -0-4 -0-5 +0-7 +0-8 10 00
12 0-7 0-6 0-5 03 0-2 031 00 0.1 0-2 0-3 0-5 06 0-7 32

14 o- o5 0-4 03 0-2 0-1 00 0-3 0-2 0-3 0-4 0-5 o6 14
16 0-5 0- - - - - - .1 02 03 03 14 051
Is 0-4 0-41 0-3 0-2 0-2 0-1 0-0 0-3 0-2 0-2 0-3 0-4 0-4 13

2000 -0-4 -03 -0-3 -0-2 -0-1 -0-1 00 +0-1 -0-1 +0-2 '0-3 +0-3 +0'4 2" 00

35 0-3 0-3 0-2 0-2 0-1 -0-1 0-0 +0-1 0-1 0-2 0-2 0-3 0-3 2S
30 0-3 0-2 0-2 0-1 0-1 0-0 0-0 0-0 0-1 0-t 0-2 0-2 0-3 30
35 0-2 0-2 03l 03 0.1 0-0 0.0 00 0-1 0-:1 03 0-2 023

40 0-21 0-1 031 or0 -0-3 0-0 0-0 00 0I0-1 0 - 0- 0-2 40

50 00 1 -0-11 Ot-0-1, 0-0, 0-0, 0-f 0-0, 00, +0-I 0-I' +0-31 +0-I, 5O00

The graph is entered with arguments u... perature and pressure to find a zone letter; using as arguments
this zc ne letter and apparent altitude (sextant altitude c~t-ected for dip), a correction is taken from the table. I-
This rrection is to be applied to the sextant altitude in addition to the correct ions for standard conditions
(for 0.e Sun, planets and stars from the inside front cover and for the Moon from the inside back cover).

Ap

* A B D -

AIt m
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INDEX TO SELECTED STARS, 1975

Name No. Ma. S.H.A D No. NaW MA S.H.A. Dtc

Aca 3-" 316 S40 x ,lpher,,,- 2-2 35A N. 2 aA-mar 5 o-6 336 S. 57 2 Ankaa 4 54 S- 42
Acwur 30 1'1 174 S. 63 3 iS -U 2.5 350 N.56Adlua i19 1-6 256 S.29 4 Difhi 2.2 349 S. 8Albarax o zI 29t N. z6 5 Ac ar6 336 S5
Aot, 32 7 167 N. 56 6 Haw1 S2 57

22 329 N.2AMaid 34 1'9 153 N.49 7 Ac.,"a 3.1 41 S 4oAI~'ir .55 z-~ 28 S.47 8 Makr - 315 4Abdim is 1. 276 S. 1 9 Mifak 1'9 309 N. 50A/phad 25 2-2 218 S. 9 10 Aldebaran .1 291 N. t6
Alphac. 41 2'3 127 N. 27 it Rige 03 282 S. 8

Abair st 0.9 63 N.9 13 Bdiatrix 1-7 xn N. 6
Antares 42 12 3 S. 26 Ahri/a1 276 S. i
Arcturs 37 02 146 N. 19 16 &eteeust iVar.- 212 N. 7Atria 43 1-9 lo8 S.6 9  17 CanoPut 1-0-9 264 S-5 3Avo" 33 1-7 234 S. 59 is Sirius * 259 S." x1Bix 13 17 279 N. 6 x9 Adhara 1,6 256 S.z 9
Betelgeuse .6 V1r.* 2 7 2 N. 7 20 Procyon 0.5 245 N. 5
Canous 17 -0-9 :64 IS. 3 21 Pollux 1'2 2 N 2
Capella 12 0-2 28z N. 46 22 At/or 1-7 234 S,59
D3mb 5 1-3 50 N. 45  23 Suhail 2-2 23 S.43Dme&. 12 2-2 83 N. 15  Mioplacidus 1.8 - S. 70Diphda 4 2-2 349 S. 18 2s Aiphard 2"2 218 S. 9

2 0 194 N. 62 a6 Rquls 1-3 208 N 12Elnath 14 1-8 279 N. 29  27 Dubhe 2-0 z94 N.62
Eaf 4 2-4 92 N. St 29 Dntbola 2 183 N.

f 2"5 a4 N. to 2 2-8 276 S. 17Foma5 aut 5G 1-3 16 S. 30 3a Aciu. 174 S.63Garx 31 1-6 173 S..67 761O6117 S 57 31 Gacrux 173 S.57
Hak 29 2 76 S.17 32 Alioth 1-7 z67 N. S6Hadar S.6o 33 Spica 159 S.11Hmalo 61 2'2 329 N-.2 3  34 Alkaid 1.9 153 N.4 9
Iaus m ustrafis 4 2-0 84 S.34 35 Hadar 0-9 149 S.6o
x-'cw a-2 13 N. 74  36 Af"m 23 19 S-36Ma 57 2-6 14 N.is 371 Araurut 0.2 x46 N. i9Me.kar 8 2"8 315 N. 4 3 R iKeugtarus o-i t4t S. 6z
Mwpla 36s 1 2-3 149 S. 36 39 Zubevimekb 2"9 138 S. x6mi alcdus 34 1-8 =2 S. 70 4o Ydib 2-2 137 N. 74

Mi 91 1'9 309 iN. so ^I! A/pWw€ 2-3 1 27 N. 27
Ninti so 21 77 S. 26 42 Antares 1-2 r13 S. 26
Peck 51 2-Z 54 S. 57 43 Atria 29 to8 S. 69

o44 -2 2 N'2 4 Sa 2-6 103 S. 6
R W 0 2-1 9r7 N. t3 Rastit w 2.1 9 N-13'Reuls'S13 2o8 N t 4 Eltamn 2'4 91N. $1Rige I 0-3 292 S." 8 46 K-Uin fti 2-0a/ ao S. 34;

Rig//tam o- x 49i Vega 0-1 81 N. 39 ;Sabik 4 2.6 103 S. 16 so Ninth 2.1 77 S.2a6,

Sdidar 3 2"5 35o N. 6 Altair 0-9 63 N. 9ShaI4 4S 1'7 97 S3 Peacock 2-I 54 S.57Sirius 18 -z'6 259 S. 17 53 oe 13 50 N. 4 5Spi.ca 33 -2 159 S. it Esf 2-5 34 N. to
Suai. a3 2.2 223 S. 3 Al Na'ir 2.2 2 S. 47

Vi o-i 8i s. Fu ' ,6 1S. 3oIz 2-9 3b S. 16 2 -6 14 N.15

-
A-
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1975 MAY 25, 26, 27 (SUN., MON., TUES.)

ARIES VENUS -3.8 MARS +1.0 JUPITER -1.7 SATURN +0.4 STARS

G.HA G.A. Dec. GOJA Dec. G.A. Dec. 0jH4A DOC. " Not" S HA. Uec.

2100324.57".5 322.46 24 572 23547. S0 24.3 227 20.73 4593 134 24.1 322 20.6 Accor 31540.4 S4024.1
01 257 00.0 148 22.1 56.9 253 482 23.5 242 22.7 59.5 149 26.2 20.5 Achetrr 335 4.4 557 213
02 272 02.4 163 21.6 56.5 268 49.0 22.8 257 24.7 59.7 14 28.4 20.5 Acrux 173 40.9562 581
03 287 04.9 178 21.1 562 283 49.7 22.1 272 26.7 4 59.9 179 30.6 • 20.5 Adhor 255 35.3 528 56.
04 302 07.4 193 20.6 55.8 298 50.5 21.3 287 2.7 5 00.1 194 32.8 20.5 Aidehaan 291 223 316 27.6
05 317 09.8 208 20.1 55.5 313 51.2 20.6 302 30.7 00.3 209 34.9 20A
06 332 12.3 223 19.6 N24 55.1 328 52.0 S 0 19.9 317 32.7 N 5 OCA 224 37.1 N22 20.4 Afleh 166 45.3 56 05.7
07 347 14.7 238 19.1 54.8 343 52.7 19.1 332 34.7 00.4 239 39.3 20.4 Akoid 153 20.9 349 26.2
08 2 17.2 253 18.6 54A 358 53.4 18.4 347 36.7 008 254 41.S 20.3 Al Neir 28 19.4 S47 04.

S 09 17 19.7 268 181 54.1 13 54.2 -- 17.6 2 38.7 01.0 269 43.6 -. 20.3 Aiargar 276 15.1 S 1 13.1
U 10 32 22.1 283 17.6 53.7 28 54.9 16.9 17 40.7 012 284 41:Z 203 Alphocd 218 24.2 S 8 33.3
N 11 47 24.6 298 17.1 53A 43 55.7 16.2 32 42.7 CIA 299 48.0 20.3
D 12 62 27.1 313 16.6 N24 53.0 58 564 S 0 15.4 47 44.7 N 35 01.6 314 50.2 K22 20.2 Aphwcco 126 34.8 N26 47.8
A 13 77 29.5 328 16.1 52.7 73 57.1 14.7 62 46.7 01.7 329 52.4 20.2 A4p4ewo 358 13.2 328 57.2
Y 14 92 32.0 343 15.7 52.3 88 57.9 14.0 77 48.7 01.9 344 54.5 202 Altor 62 35.8 H a 48.2

15 107 34.5 358 15.2 52.0 103 8.A -- 13.2 92 50.7 - 02.1 359 56.7 20.2 Ankoo 353 44.0 S42 26.1
16 122 36.9 13 14.7 51.6 113 59A 12.5 107 52.7 02.3 1L 58.9 20.1 Antorm 113 00.9 526 22.7
17 137 39.4 28 14.2 51.3 134 00.1 1L8 122 54.7 02.5 30 01.1 20.1
18 152 41.9 43 13.7 324 50.9 149 00.9 5 0 11.0 137 56.7 N 5 02.7 45 03.2 322 20.1 Arcturus 146 21.5 N19 18.6
19 167 44.3 58 13.2 50.5 164 016 10.3 152 58.7 02.9 60 OSA 20.0 Ata 108 27.9 S68 59.0
20 182 46.8 73 12.7 50.2 179 02.3 09.6 168 00.7 03.0 75 07.6 70.0 Aviot 234 30.0 559 26.2
21 197 49.2 88 12.3 .. 49.8 194 03.1 -- 08.8 183 02.7., 03.2 90 09.8 -. 20.0 Bolatri 279 03.0N 6 196
22 212 51.7 103 11.8 49.5 209 03.8 08.1 198 04.7 03.4 105 11.9 20.0 Bsoksem 271 32.5 N 7 24.1 1
23 227 54. 118 113 49.1 224 046 07.4 213 067 03.6 120 14.1 19.9

26 242 56.6 133 10.8 N24 48.7 239 05.3 S 0 06.6 228 087 5 03.8 135 16.3 U22 19.9 Canop 264 09.3 552 41.2
01 257 59.1 148 10.3 48.4 254 06.1 05.9 243 10.7 04.0 150 18.5 19.9 Cpevo 281 17.1 345 58.4
02 273 01.61163 09.8 48.0 269 068 05.2 258 12.8 04.1 165 20.6 19.8 Deneb 4950.7 N45 1.4
03 288 04.0 1178 09.4 .. 47.6 284 07.5 .- 04.4 273 14.8 • 04.3 180 22.8 .. 19.8 Demolo 183 02.6 N14 42.5
04 303 06.5 193 08.9 47.3 299 083 03.7 288 16.8 04.5 195 250 .9.8 Clphd 349 24.7 SIS 072
0S 318 09.0 208 08.4 46.9 314 09.0 03.0 303 18.8 04.7 210 27.2 19.8
06 333 11.4 223 07.9 N24 46.5 329 09.8 S 0 02.2 318 20.8 N 5 04.9 225 293 322 19.7 Dubhe 194 26.4 361 53.2
07 348 13.9 238 07.5 46.1 344 10.5 015 333 22.8 05.1 240 31.5 19.7 Elntah 278 49.1 328 35.2
08 3 16A 253 07.0 45.8 359 113 S 0 00.7 348 24.8 05.2 255 33.7 19.7 E1lin 90 58.9 151 29A

m " 18 18.8 26806.5 *-45.4 14122.0 000.0 3 26.8- 05.4 270 35.9 -- 19.4 DEfi 34 15.13N9 45.7
OI0 33 21.3 283 06.0 45.0 29 12.7 N 0 00.7 18 28.8 05.6 285 38.0 19.6 Fomolhaut 15 55-5 29 45.0
N n 48 23.7 298 05.6 44.6 44 13.5 01.5 33 30.8 05.8 300 40.2 19.6
D 12 63 26.2 31305.1 324 44.3 59 14.2 N 0 02.2 483 2.8 N 5 06.0 315 42.4 1122 196 Gocnu 172 32.5 S56 S&9
A 13 78 28.7 328 046 43.9 74 15.0 02.9 63 348 06.2 330 44.6 19.5 Gieso1h 176 21. 517 24.6

Y 14 93 31.1 343 04.1 43.5 89 15.7 03.7 78 36.8 063 345 46.7 19.5 Hodar 149 27.9 S60 213
15 108 33.6 358 03.7 -- 43.1 104 16.5 -- 04.4 91 38.8 -. 06.5 0 489 -. 19.5 Hornao 328 33.3 N23 20.716 123 36.1 1) 0-3.2 42.7 119 17.2 05.1 108 40.8 06.7 is 51.1 19,4 Kom ust 64 21.3 S34 23.717 138 38.5 28 02.7 42.4 134 17.9 05.9 123 42.8 06.9 30 53.3 19.4

18 153 41.0 43 02.3 N24 42.0 149 18.7 K 0 06.6 138 44.3 N5 07.1 45 554 N22 19.4 Kockab 137 17.7 N74 15.5
19 1" 43.5 58 01.8 41.6 164 19A 07.3 153 46.8 073 60 56 19.4 Maob 14 06.8 15 04.3
20 183 45.9 73 01.3 41.2 179 202 08.1 168 48.8 07.4 75 598 193 MemkoIr 314 45.2 N 3 59.6
21 198 48.4 88 00.9 -. 40.8 194 20.9 -- 08.8 183 508 -" 07.6 91 01.9 - 19.3 Mefkent 14840.9 S36 15.2
22 213 0.9 103 OCR 40 209 21.7 09.5 198 52.9 07.8 106 04.1 193 Miapioddus 221 46.0 S69 37.4
23 228 53.3 117 59.9 40.0 224 22.4 10- 213 54.9 08.0 121 063 192

2700 243 55.8 132 59-524 39.7 239 232 0 11.0 228 56.935 082 136 0.5 22192 Mirfok 309 2 849 46.4
01 258 582 147 59.0 39.3 254 23.9 11.7 243 58.9 08A 151 10.6 192 N"k 76 33.4 S26 196
02 274 00.7 162 5.5 38.9 269 24.6 12.5 259 00.9 08. 166 12. 192 F 54 03.8 S56 48.
03 289 032 177 58.1 "" 38.5 284 25.4 -- 13.2 274 02.9 -" 08.7 181 150 19.1 Fa m 244 02.8 328 052
04 304 05.6 192 57.6 38.1 299 26.1 13.9 289 04.9 08.9 1% 172 19.1 Procyon 245 29.8 3 5 172
05 319 0.1 207 57.2 37.7 314 26.9 14.7 304 06.9 091 211 19.3 19.1
06 334 10.6 222 567 24 37.3 329 27.6 W 0 154 319 0.9N 5 093 226 213 322 190 Rotowge 96 32.6 312 346
07 349 13.0 237 562 36.9 344 28.4 16.1 334 10.9 9. 241 23.7 19.0 Regulus 208 13.9 N12 05.2
0 4 15.5 252 55.8 36.5 359 29.1 16.9 349 12.9 ".6 256 25.8 19.0 Rio 281 39.8 S 8 13.9

T 09 19 18.0 267 55.3 -- 36.1 14 29.9 -- 17.6 4 14.9 -. 09.8 271 28.0 -- 18.9 Rig Kent, 140 30.1 S60 44.2
U 10 34 20.4 282 54.9 35.7 29 30.6 183 19 16.9 10.0 286 302 18.9 S" 102 44.9 315 41.7
E 1 49 22.9 297 54.4 35.3 44 313 19.1 34 19.0 102 301 32.4 18.9
S
D 1264 25.3 312 54.0 324 34.9 59 32.1 N 0 19.8 49 21.0 N 5 10A 316 34.5 N22 18.9 Sckdor 350 13.5 N56 24.0

13 79 27.8 327 53.5 34.5 74 328 20.5 64 23.0 10.6 331 34.7 1 Shaoula 97 00.3 537 05.2y 14 94 303 342 53.1 34.1 89 336 21.3 79 250 10.7 346 38.9 18.8 Sirius 258 59.2 S16 41.

15 109 32.7 357 52.6 -- 33.7 104 343 -- 22.0 94 27.0 -- 10.9 1 41.1 .- 18.8 Spic 159 01.1 SI1 02.2
16 124 35.2 12 52.1 333 119 35.1 22.7 109 29.0 11.1 16 43.2 18.7 Suh 223 13.6 S43 20.3
17 139 37.7 27 51.7 32.9 134 35.8 23.5 124 310 11.3 31 45.4 18.7
18 15440.1 42 51.224 32.5 149 36.630 242 139 33.0N 5 11.5 46 47.63W22 187 Vega 80 57.9 33 45.5
19 169 426 57 50.8 32.1 164 37.3 24.9 154 35.0 11.6 61 .9.7 18.7 Zuben'ubi 137 36.7 S1S 56-:
20 184 45.1 72 50.3 31 7 179 38.0 25.7 169 7.0 11.8 76 51.9 18.6 SH. M.A Po.
21 199 47.5 87 49.9 - 312 194 38.8 -- 26.4 184 390 -- 12.0 91 54.1• 18.6 . , -

22 214 50.0 102 49.5 30.8 209 39.5 27.1 19 41.1 122 106 56, 18.6 Ve u 250 142 15 08
23 229 52.5 117 49.0 30.4 224 40.3 27.9 214 43.1 12.4 121 58.4 185 Mom 356 08.7 8 03 v

J up er 345 12.1 8 46
mr.ou. 746.9 v -os d 0.4 v v d o7 U z d o2 V 2.2 d 0.mStur 25219.6 1457

S t
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1975 MAY 25, 26, 27 (SUN., MON., TUES.)

SUN MOON

1M.. D.c. . 20 oDc sF. * , 0o% 6°

N 1"44 462 1232 36 7.9 203 1 58 .0 45 30 0346 001 2041 4 5 214 0.3

2254 .. 49.1 47.2217S 2026.A 3SU 6w 0216 57 2301 23 3 2357
4 240 A6 4I692 X A5Z6 10 0241 ZI 43 2236 2.3123 23.1705 23 4L, 5007 407 011 1S N G 46 0301 U 23 n2 17 2256 2324

96 270 4 5-5 "040.0 &v SZO037.4 33S82L Ni An. 02 15 03 17 21 07 ZZ 01 2242 2312

153487 06.U G9 ? a 20.8.7 a S&I 5 -0 560-6002 3282 020
07844A 4 1.7 9 7&s 210 9 57SU54 0,. 370 S 32 04!n3 2 t 2

u0 3047I A 2148 9.9 20.1 5. 5002230320 04 02 251 16 2202 223

N 0934547.4 02.016249.8742052.. 5L0 4500003 460421 2001 20572144 2223

0 12 0 47.71N20 54.2 1 13 7. S420553 23. L0 940 03 26 04 05 0437 1945 2041 22 29 22 20

A1341547.3 53. 191. 722057417 3 04 0 21 04S 93m0 n1 20

Y 14 0 47. 4.1 6 0 8 7. o21002 2. 04 5 0 19 20 0 21 2 50
15 4473 5 42 2.6 7a 21194 57.9 20 04 04 o6273 3 1 1 1 013 4 47 0427

Y16 6047 0.823459.97A42114627579 V100449 15 03 1842 19 23 030 1 29
17 7547A4 55.524925.9 7a210&61.s 57.9 0 05 05 05 3210 55. 1826 19 2220 152106 _

18 47.4 N20 S5.9 26S.3 7I S21L 1 57.3 S20 05 20 OS 460 0 18 10 It 2 00 29S3

It 1 044.0 5.7821&317m21 10.391.7 211 MI 0 0 0250 3 35 6 24 0549
2012075.2 St.1223 7. 21 I15572 302055 2106 It 064 733285 4S 20205

21 85472 .. 5 307 10A , 21 14 135.. 25024.8 0.6 9, 27 0 55 17 21 11 20
21045.7 57.723136,6 .7 2 $u 57.7 40624 2127 07 07317 023 1901 20 01

20 1645.7 S1.2 36 2.72i 2111.91n*57.7 4 013 202 90 22 1 02747 043 7 53484

2621047.0 W20SS. 3129.8 721617.0l 7.7 S 06 5073 2 0740 16 17427 0 195
0119545. 59.1 45.2 j 21108 es51.7 5 062 0709 0755 1624 17 1580 192

21 04C920593 19 21.5 " 210M o. 57.6 406 6 1 09 816131708 3 10430907
02 210463 2100.0 47. 74 2100.7CA 5.9 36 163 0724 192 160216 59 5 10
0240.3 00.4 48142 u21 20.0A 5.9 06 4207 3 20424 15

49 
04 17 47 185 7

0625406 00.9 62405. 21205 3 57.5 1 0648 0742 10854 0541 637 0732 064

062704.012101.3 77 .2 .5 1~20.9 5 S 14 187 830200 4 065.07 Z0544A6 01.7 91331..41',.s21 21.00. $7CA STS m &

08530046. 022 759.9 7. 2121.2 0 15725 175 13 25 7 2 27 2 91M 09 31S546A4 .. 0220 W6.4321 21A00257.4

0 33046.4 03.1134 S2.7 .21204 . 57.4 3 1 1 10 044 074 084 0927

0 12 0 42 N210., 16346.1 7.7 S2,, 20. a-5. 0 c 3 0 a 0 l
A 1315462 04.4 1712 77 21 29.4.? 3.7 5 14 172/ 175 0700 6 0251 0427
Y 1 30 461 04 142 144 2 2111e7 4 66422 17 1 0759 023 0340 0949

11 45 46 053 207.3.0 A 2127.9 1.4573 64 21 40 1704 174 02 2 8 03 10 64 12 0529
16 6046.A 06.7 21 3.1 ?s 721 1&91 is7.2 62 2: is z27 s- m 02 50033 )04 3605 49
17 7S45.9 06.1 2.15593 .9 , 21 1.9 12 .972 i0 20 5) 22 10 Is 03 04 035S 04 SS 06 CS

0 458121043 250 26 7.9 S2 104.7 14 57.2 N8 5401 2141 7031 748 048 11 06 19
1 3 

1544.4 7. 264 5.7 &a 2& 2. 1 57.1 56 20 24 21 2072 0 6 75 0425 05 24 0631
30126453 07.427920.7 0 21011.9 754. 54215 21402 221 0347 04 97 0536 0641

21 1554.7 - 07.9 29$47.8 A2 20a v57.1 52 0.02 20 47 2140 1 57 044 1006 045
22 15045A 06 3001. v2 20A.3 S.057. 58153 20342132 0406 04 5705 55065

17 165443 14200.71 320214 51.04.5 It 151 9 420 15 0 94 15O 7034I 0 10

18 45-SU2I092 3109.2 C 100 2A 57-0 40 19 10 1949 20.9 04 40 9 2 8 73 06 30 07 3

20120644.1 174 .244 253 '.s 16O197. I 200023 055504150517061507M16 '" t~

10 1354.0 9 51 2 3 210.19 2 . 54.4 1904I 1 20 04 5 OS 47 es44 07 42A
221045.9 10. 603J&.42100.7 z.3$6.930 18 532919 19S20504055"0655 07S2
03 225 453 -" 10.4 205ILI &4 20 4z.45S6.9 20 1833 24 030 6 0 1 15 0401307 1 05 10
0424043.2 10.9 345 20 4.2 z S6.9 10 16 0139 190 05 41 06 17 07 31 2 026
05 25545.1 11. 4926.0&3 20552.6 ZA S.9 0 18 011823 1842 057 ST 06) 07 48 08 40

06 270 45.01N21 11-7 6 33 *A S20 S9 215.8 5 15 17 45 1 07 11706 12 07 09 11 04 0145

07 2S 45A0 12 Y721.1 ; 20 4&1 56.8 20 178 17 52 18 19 '0629 07 27 08 21 09 10
T8 30044.9 12.A 92 4L.76 2045.3 )3 6.8 30 17 1017 36 14 OS 06 49 0747 06 40 09 27

3 9.1544,8 -. 13.0 1071 .48CA20 4Z3 3a 5V. 35 1659 17 2 1?757 07 00 07 59 W 519 " 3
10 31044,8 13.4 n14428as203.92 32 SO. 40 1646 17 1617 49 0713 Of 12 09 04 00.49 -

1 11 3454.7 13.9 16 12.0 s ". 36A& 33 5V. 45 163 .1 17 04 1741 07 29 as 2 09 Z0 10 03

0 12 0 44A N21 14. IN039.9 9AoS20 317 s4566550 1614 1651 17 31 07 48 064 09 38 10 19
A 1.3 i 4 4 S0.A2029. 3 & 52 1605 1644 17 27 07 57 08 57 0947 20 27
y145434.44-S 1.75.1 17907S5.9 ~9. 20 21-7 3A5, 56. 541 IS6&16 31717 22 0107 09 080957 1036 -

S15 4544.4 .- 1.5$ 1"403.9 92 2022.1 3A 56- 56 1545 16 3017 17 041909It10 08 1045 -
16 60 44.4 1,. 20132.1 9.2 20 ILI 3s SO. 59 153 .1 6 21 27 12 04 ,1 69 33 10 21 1056

° 17 75 443 16.4 1,3 00.3 93 20 10. 4.A 56" S G 15 It 16 2 17 046 0 46 .49 10 36 11 0-?

18 90 44.z22 1,8237 284 tjS20 10354956-S SUN MOON -
19 it 44.A 172 ZS S , ,.4 20 C4 4.2 SL4. .. ,.
20 120 44.1 17.6 266 25. 9.S 20 02.3 4.3 S6.4 Day W Of 12"o *or. A ~r. Pa Pk

21 13544.0 -- ILI290 534ts895t95&O 4.454 w t -po m

!1,,, .. 5.o,. 1 4.2,, SO o 1o 11 5; 244 11 . '
,~0 05o~. . 11 57 115o

sm s . D " 1A IA 2 20 91



1134 APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC

1975 MAY 31, JUNE 1, 2 (SAT., SUN., MON.)

ARIES VENUS -3.8 MARS +1.0 JUPITER -1.7 SATURN +0.4 STARS
GAV. -

G.HA. G. Oec GA. Dc. IGMA D"c. GJ) Doc Nm S. Doc

3100 24752.3 13210.68U23 57 240 34.6 12123 2321N52.4 13437812i 1.3 DA.W 31-40.4540 24.1
01 26254.3 147 182 572 255354 22.0 247 122 25.6 1 3.8 6." 0dmur 33 48.4 S57 2L4
02 277 57.3 162 17.8 57 270 363 22-7 |262 14.2 25.8 169 410 163 At= 173 40.9 562 58.2
03 292 59.7 177 17.5 -. 53 285371 -- 23.4 1277 162 - 25.9 18443.1 142 Adhemo 255 3.3 528 565 1
04 308 02.2 192 17.1 55.1 300 37.8 24.2 1 82 26.1 199 45.3 12 AIdebronm 291 W 516 27.4 |05 32304.7 207 1W7 55.3 335386 24.9 307 20.2 26.3 21447.5 14.2
06 33807.1 2m2 163 23 SU 330 39.3 N 1 25.6 i 322 22.3 N 5 25 229 49.6 22 16.2 ANA 16 45.3 156 05.7 1
07 353 09A 237 15.9 54.3 34540.1 203 337 243 20.7 244 52* 10.1 Aad 15 2Lo N9 2662

S K 1 12.1 252 15* 532 040.8 273 352 2.3 208 259 54 10.1 Pi Nir 20 194 547 04.5
A 09 23145 67 152 -- 533 15416 -- 27.8 7 28.3 -- 27.0 2745.1 -- 16.1A A u. 276 155 113.1
T 10 38 17.0 282 14.9 528 30 42.3 28.5 2230.3 27.2 289 53 16 Alp', 218 24.2 S 8333
u 11 53 19.4 297 14.4 523 4543.1 29.3 37 32.4 27.4 30500.5 14.0
S12 66821.9 31214.023518 0 43.8N130.0 5234.4N527.5 32002.61821 .0 Ap 12 34.S2647 -

3 3324.4 327 13.7 S13 7544* 30.7 6736.4 27.7 33504.8 259 AOpliut 35 13.2 28 57.2
1 14 98 26A8 342 13.3 53 9045.3 31.4 8238.4 27.9 350 009 15.9 Ab r 6235.8N848.'
15 113 29.3 357 129 - 04 10546.1 .. 3Z2 9740.5 -- 283.1 5091 -- 15.9 Aj~wo 35344. 5422.1 1
16 128 310 1212" 49.9 120468 32.9 112423 2&2 20 113 158 "Joe 113 09 S26 22.7
17 143342 27 12.2 49.4 135 47.6 33.6 12744.5 28.4 3513.4 15*
18 158 36.7 42 11.8 N23 48.9 150 48.3 N 134.4 142 465 N 28.6 50 15.6 N22 158 Atcow 146 21.5 819NA
19 173 39.2 57 11.4 48.4 16549.1 35.1 15748.5 288 65 17.6 158 Ald 10 27.8 S6 59.1 1
20 .8 41.6 721.1 47.9 18049A 35. 172 0.6 28.9 80 19.9 15.7 Avlo 234 30.2 59 2&2
21 20344.1 3r 10.7.- 47.4 19550.6 .- 3 IS 52.6 - 29.1 9522.1 -- 15.7 - -d-9 279 9 N 9 19.6
22 21840.5 102 103 4. 210 S3 37.3 202 546 29.3 110 4.2 15.7 30s ;o .27132.5I7 24.1
3 233 49.0 117 10.0 46' 225 52.1 30 217 56 295 125 26.4 15.

10 2~4851Sj13209A6N23 45324052.88N138W 23258.78N5 29.614086822 15.6 Cwpe 264 09.3552Z41.1
01 263 53.9 147 09.2 45.3255 53.6 39.4 248 00.7 U. 5530.7 15. 281 17.1 84558.4
02 27856.4 14208.9 44.8 270 54.3 40.2 263 02.7 30.0 17032. 15. Demob 49 50.784511.4
03293 8.9 177 .5 "" 44.3 M55.1 . 40.9 27804.7"" 302 18535.1 .. 153 Dwelo M8302.6 11442.5 00439O31201 43.8 3 58 1. 293 067 3 20037. •s W 3 4. ,II07.2
0532403.8 20707.3 43.331556.6 424 o308. 30.5 21539.4 .4

003390.322 07A23422 33037.38 143.1 32310.8530.7 23041.582215. )Dbbe 194 26.581532
01 ,5408.7 23707.1 42.3 345 51 43. 338 12 30.9 24543.7 1.4 Imadi 27849.12, 352
03 9112 25206.7 41.8 058 44.5,353 148 31.0 26045.9 15.3 S90 9 K5129.4

S 0 24 13.7 267063.- 413 1559*-- 45.3 116.9.- 31.2 27548L0. 15 3 w 34 15.0N945.1
'j 10 39 16.1 28206.0 40.7 3100.3 46,0 23 18.9 31.4 20502 15$3 F, IS55.4S29 44.9
u l1 54 18.6 297 05 40.: 4601.1 46.7 3820.9 31.5 30552.3 152

0 12 69 21.0 312 053 1123 39.7 61 018 N 147.4 53 22.9 5 31.7 320 54.22152 W e. 172 325 S58.9A 13 94233 327 04.9 39.2 76 02A 482 68250 31.9 335 5.7 15.2 G4.h 176 215 S17 24A 21 2&0!42 04A 3V 9103.3 48.9 8327.0 32.135058.8 1 kp" 14927.9 so 0
1114 28.4 357 042 .. 382 106 04.1 -- 49. 98290 -- 32.2 6OL0 -- 151 32833.32320.7 
16 12? 30.9 12 03.9 376 121 04*8 50.4 113 3LO 32.4 21 03.2 1 Ko* 84 21.2 534 23.7
17 144 33.4 2703-S 37.1 136 05 51.1 12033.1 32.6 3605.3 15.1
18 159 358 42 032 123 36.6 15106.3 N 1 51.8 143 35.1 X 5 32*8 51 07.58 22 15.0 Kadub 137 17.7 174 15.5
19 174383 57 02.8 36.1 16 07.1 52. 158 37. 32.9 66 09.6 15.0 Mmrkab 14 0 15 04.3
20 19 40* 72 02.5 35.5 13107.0 53.3 17339.1 33.1 1 11.8 15.0 MvAskr 314 452 I 3 59A.6
21 20443.2 7 02.1 -- .C 1960 .6 -- 50 188 41.2 -- 33.3 96 14.0 -- 14.9 M9e4e 148 i19 S36 152
22 219 45.7 102 01.8 34-5 211 09.3 54.7 203 43.2 335 111 16.1 14.9 Miaplocki- 221 46.1 569 37.4
23 234 482 117 01.4 34.0 226 10.1 55.4 218 452 33.6 126 1.3 14.9

249 50.6 132 01.1123 33.4 241 10.81 K 62 2;3 472 N 5 332 14120.4 122 142 mh 309 21.7 49 46.4
01 264 531 147 00.7 32.9 256 11.A 56.9 24849.3 34.0 156 26 143 Hoodi 76333 526 19* 1
02 279 55.5 162 004 324 271 12.3 57.6 263 51.3 341 171 24. 14. P aoc 54 03.7 S56 48.0
03 294 58.0 17700.0-- 31.9 286 13.1-- 58.3 278 53.3- 34.3 186 2L9 -- 14.7 Pon= 244 02.8 N2 052 f
04 310 005 191 59.7 31.3 301 13. 59.1 293 !5.4 345 201 29.1 14.7 Pacl 245 298 N 5 17.2
05 325 023 206 59.4 30*8 316 14.6 1 59A 308 57.4 34.7 216 31.2 14.7
06 34005.4 221 59.0 P23 30.3 331 15.3 N 2 005 323 59.4 I 5 34. 231 33.4 122 14.6 Rtotwho 96 32.A U 34A i
07 355 07.9 236 57 29.7 346 16.1 0L2 33901.4 35.0 24635.6 14.6 Regus 203 13.9 112 05.2
0 10 10.3 251 58.4 292 1 16A 020 354033 352 261 37.7 14.6 Ru 281 39* 8 13.9 1

M " 25 12* 266530 -- 28.7 16174 -- 07 905.5 -- 35A 27639.9.- 14.6 A38Ko- 140 30.1 560442 -
0 10 4015.3 281 57.7 28. 31 133 03A 2407.5 35.5 129142.0 14.5 s" 102 44.9 $15 41.7 i
m l S5 17.7 2957.3 27* 46 19.1 C4.1 39 09-5 35.7 306 44.2 14.5
0 2 70 20.2 31157.0 3 27.1 61 198 N 2 04.9 -4 &1.6 N 35.9 321 4L4 122 14.5 Swodor 350 13.4 83 20
A 13 ,122.6 326 567 263 7620.6 05. 69 13 6 3&0 336 483 14.4 Shoa 97 002 S37 0?
Y 14 100 25.1 341 563 26.0 9) 213 06.3 4 15.6 342 351 50.7 14.4 SW 25 51 " S6 41.1

15 115 27.6356 .0 -- .4 106 22.1-- 07.0 9 17.7 -- 36A 65 . 14.4 $pica 159 0 oS1 22 I
16,., 1 130 30.0 11 55.7 24.9 121 22.8 07.8 114 19.7 36.4 21 55.0 143 5.w 223 13. S43 20.3
17 145 32.5 2655.4 24.4 136 23.6 08.S 129 21.7 36.7 34 57.1 143
18 160 35.0 41 55.0 823 23.8 151 24.3 8 2 09.2 144 23.7 N 5 36.9 51 59.3 22 14.3 V 80 57.9 N 45619 175 37.4 5654.7 Z3.3 1"6 25.1 09.9 159 25.2 37.1 i67 01.5 14.2 iZv b; 13 7 0 15I 5"_

2 0 19039.9 7154.4 22.7 111 ZS. 10.7174278 37.2 2 03. 14.2
2120542.4 86540- 2.2 1%2&6 -- 13-4 169292 .* 37A 9705.8 142
222204.8 101 53.7 211. 211 27.3 12.1 204 31.9 37.6 112 07.9 14.1 Vow. 243 1L1 15 12
2313547.3 111 53.4 21.1 226 28.1 12.8 219 33.9 37.5 127 10.1 14.1 Mor 352 01.3 7 56

"--4im* 307.2 ,
___Mw -u. 1 2175374 -54 1 6 8 0.9 1 z d37 0 7 1.2 d 08 uis 251 37.1 142

Z---

S!

4[



APPENDIX F: EXTRACTS FROM NAUTICAL Ar,.VLA AC 1135

1975 MAY 31, JUNE 1, 2 (SAT., SUN., MON.) S
Ix wilgghtMon.

SUN MOON Lot. Nout Civil Sunf-" 31 1 2 3GAMT. -

,,A Dec. GHA. t' Doc di H.P. h
h . I o. I o.. I I ., I .,.N72 m 3 C 010 050 4; 00 ; 0o2;

3100Ig o 351 N21 47.6 269 46.4 145 SI0 468 1A 54.7 N 70 c- M D 00 48 00 40 00 33 00 25
01 195 37.0 47.9 304 19.9 145 10 37.2 ?A 54.6 68 C3 C3 M 003 4 00 32 00 30 00 27
02 210 37.9 483 31 l )A 145 10 27.6 V? 54.6 66 111/ ill 01 15 00 23 00 26 00 27 03 29
03 225 37,8., 467 3)3 26.9 146 10 17.9 9,7 54.6 64 till lit 02 00 00 14 00 20 00 25 00 30
04 240 37.7 49,0 348 00.5 14 10 08.2 9.? 54.6 62 1111 00 15 02 26 00 06 00 15 00 24 00 31
05 255 37.6 494 2 34.2 146 9 58.5 u. 54.6 60 II 01 28 02 S0 24 11 00 11 00 22 00 32
06 270 37.6 N21 49,6 17 07.6 14t S 9 48.7 9.& 54.6 N 58 Ill 02 02 03 08 24 07 00 07 00 21 00 33
07 25 637.5 50.1 3141.6 14? 938.9 g 54.6 56 00 13 02 26 03 23 24 04 00 04 00 19 00 34

$ 06 300 37.4 50.5 46 15.) 14t 9 29.1 as 54.5 54 01 20 02 45 1 03 35 24 01 00 01 00 16 00 35
A 09 315 37.3. 50.9 60 49.2 148 9 19.2 9., 54.5 52 01 51 03 00 0) 46 23 56 24 17 00 17 00 36
T 10 330 37.2 51.2 75 23.0 149 9 09.3 v.t 54.5 50 02 14 03 14 03 56 23 56 24 16 00 16 00 36
U 11 345 37.1 516 09 56.9 iso 6 59A too 54.5 45 02 53 03 41 04 17 23 50 24 14 00 14 00 38
R 12 0 37,0N21 51.9 104 30.9 149 S 8 49.4 loo 54.5 N 40 03 21 04 01 04 33 23 46 24 13 00 13 00 39
D 13 is536.9 523 119 04.6 iso 8 39.4 ioo54.5 35 03 43 04 18 04 47 23 42 24 11 00 11 00 40
A 14 30 36.9 52.7 133 388 151 8 29.4 1o 54.5 30 04 00 04 32 04 59 23 38 24 10 00 10 00 41
Y 15 45 36.8 -- 53.0 148 12.9 151 8 19.3 10.1 54.5 20 04 27 04 56 05 20 23 32 24 07 00 07 00 42

16 60 )67 53.4 162 47.0 Isi a 092 io 54.4 N 10 04 48 05 15 05 38 23 27 24 05 00 05 00 44
17 75366 53.7 177 21.1 15z 7 59.1 10 54.4 0 05 06 05 32 05 54 23 22 24 04 00 04 00 45
18 90 36.5N21 541 191 55.3 152 S 7 490 102 54.4 S 10 05 22 05 43 06 10 23 17 24 02 00 02 00 46
19 105 36.4 545 206 29.5 152 7 388 102 54.4 20 0S 37 06 04 06 27 2) 11 24 00 00 00 00 48
20 120 363 548 221 03.7 is5 7 286 102 54.4 30 05 52 06 21 06 47 23 05 23 58 24 50 00 5021 336.2 -- 552 235 380 1s) 7 18.4 1o) 54.4 35 06 00 06 31 06 59 23 02 23 56 24 50 00 50
22 150 361 555 250 12.3 153 7 08.1 1o2 54.4 40 06 38 06 42 07 12 22 58 2) 55 24 52 00 52
23 165 360 55.9 264 466 154 6 57.9 1o) 54.4 45 06 17 06 54 07 27 22 53 23 53 24 53 00 53

-106 180 3606N21562 279210 154 S647.6104 54.4 $50 0628 0709 0746 2247 2351 2454 0054
01 195 35.9 55.6 293 55.4 54 6 37.2 10) 54.4 52 06 33 07 16 07 55 22 45 23 50 24 55 00 55
02 210 358 56.9 308 29.8 Ise 6 26.9 104 544 54 06 38 07 2) 08 05 22 42 23 49 24 56 00 56
03 225 35.7 ,, 57.3 323 04.2 is5 6 16.5 104 54.3 56 06 43 07 31 08 17 22 39 23 48 24 57 00 57
04 240 35.6 57.6 337 39.7 155 6 06.1 104 54.3 58 06 49 07 40 08 30 22 35 23 47 2458 00 58
05 255 355 580 352 13.2 155 5 55.7 104 54.3 S 6 06 55 07 51 08 45 22 31 23 45 24 59 00 59
06 270 354N21 583 647.7 156 S 5453 104 54.3 - -oonse07 285 353 587 21 22.3 555 5 349 105 54.3 Lot. Svni.t08 300 352 59.0 35 568 56 5 24.4 IoS 54.3 Civil Nout. 31 1 2 3

5 09 315 351 - 59.4 50 31.4 157 5 13.9 105 54.3
u 10 330 350 21 597 65 06.1 156 S 034 ios 54.3

N1 134534.9 22001 7940.7 157 452.9104 54.3 N72 0 C 0 0853 1038; 121 1 35
012 0348220O.4 9415.4sS 442.3o 54.3 670 0 0 C 0909 1045 1219 1352A13 15 348 00G.8 1108 50.0 1117 4 318 1*6 54.3 68 0D 0 1:3 09 21 10 51 12 19 13 47
Y 14 30 34.7 01.1 123 247 is 4 21.2 0, 54.3 66 22 44 till Il 09 31 10 56 12 20 13 43

15 45 34.6 01.5 137 595 i,7 4 10.6 1*t 54.3 64 21 58 1ll 11! 09 39 11 00 12 20 13 40
16 60 34.5 01.8 152 4.2 157 4 00.0 1o 54.3 62 21 28 till fill 09 46 11 04 12 20 13 37
17 75 34.4 02.1 167 )8.9 15 3 49.4 106 54.3 60 21 06 22 30 tll1 09 52 11 07 12 21 13 34
18 90 34.3622 02.5 111 43.7 i38 S 3 38. io7 54.3 658 2048 21 55 ill 09 58 1110 12 21 13 32
19 105 342 026 196 18.5 158 3 28.1 Ot 54.3 56 2033 21 31 lill 10 03 11 12 12 21 13 30
20 120 34.1 03.2 210'53.3 153 3 17.5 lot 54.3 54 20 21 21 12 22 37 10 07 11 14 12 21 13 26
21 135 34.0 .. 03.5 225 28.1 158 3 06.8 1o 54. 52 20 09 20 56 22 06 10 11 11 16 12 21 13 27
22 150 33.9 03.8 240 02.9 15 2 56.1 1o7 54.3 50 20 00 20 42 21 43 -0 14 11 18 12 22 13 25
23 165 33.0 04.2 254 37.7 isa 2 45.4 o0 54.2 45 19 39 20 15 21 03 10 22 11 22 12 22 13 22
S10 33.7 N22 045 269 126 Ise S 2 348 10 4,2 N 40 19 21 19 54 20 35 10 28 11 25 12 22 13 19

01 195 33.6 048 283 47.4 159 2 240 lot 542 35 19 00 19 37 20 13 10 33 11 28 12 22 13 17
02 210 335 05.2 298 22.3 15 2 13.3 lo? 54.2 30 18 56 19 23 19 56 10 38 11 31 12 23 13 15
03 225 334., 05.5 312 57.1 159 2 026 lot 54.2 20 18 35 19 00 19 28 10 46 11 35 12 23 13 11
04 240 33.3 05.9 327 320 1s9 1 51.9 0s1 542 N10 18 18 18 41 19 07 10 53 11 39 12 23 13 0 K
051255 33.2 0 342 06.9 IS# 1 41.1 l07 542 0 18 01 18 24 18 50 11 00 11 42 12 24 13 05
06 270 33.1 M22 06.5 356 41.7 iS S 1 304 lot 54.2 S 10 17 45 18 08 18 34 11 06 11 46 12 24 13 02 I
07 285 33.0 069 11 166 iso 1 196 1t 54,2 20 17 28 17 51 18 17 11 13 11 49 12 24 12 59
08 300 32,9 072 2551.51Si 108.91o54.2 30 1708 1734 I804 1121 1153 1224 1255 *

M 09 315 32.9 . 07.5 40 26.4 is 0 581 105t 42 35 16 56 17 24 17 56 11 26 11 56 12 24 12 53
0 10 330 32.0 07.9 55 01.3 iS 0 47.4 106 542 40 16 43 17 13 17 47 11 31 11 58 12 25 12 51 _ A
N 113 45 32.7 082 69 362 159 0 366 lot54.3 45 16 28 17 01 17 38 31 37 12 01 12 25 12 48
012 032.662208.5 8411.1159S025.810543 550 1609 1646 1727 1144 1205 1225 1245
A 13 i 32s 088 98 460 15 0 150 0t 54. 52 16 00 16 40 17 22 11 47 12 07 12 25 12 44
Y 14 30 32.4 092 113 208 1is S 0 043 lt 54.3 54 15 50 16 32 17 17 11 51 12 0 12 25 12 42

15 45 32.3 09.5 127 55. 75 N 0 065 108 54.3 56 15 38 16 24 17 12 11 54 12 10 12 25 12 40
16 60322 098 142 306 1st 0 17.3 lot 54.3 58 15 25 16 15 17 06 11 59 12 13 12 26 12 38
17 75 32.1 10.1 157 05.5 15 0 28.1 lot 54.3 S60 15 10 16 04 16 59 12 04 12 1! 12 26 12 36II
i1 90 32.0N22 10.5 j71 40.3 1S9 N 0 38.9 107 54.3 SUN MOON19 105 31.9 108 166 152 15 049.6 108 54.3 Eq. of T5 yer ". tPo
20 120 31.8 111 200 50.1 Ise 100.410854.3 nay .o Tim Pa. j.r POL
21 135 31.7 -. 114 215 24.9 isS 1 11.2 iot 54.3 0 126 POS. Urr Lower
22 150 316 118 229 59.7 1.5t 1 220 loS 54.3
23 165 31.s 12.1 244 34.6 is 1 32.0 0? 54.3 31 02 32 02 28 11 58 20

- 102 24 2 20 1158 0532 1753 21
S.D. 15.6 d o) S.D. 148 148 14.8 2 02 15 02 10 11 58 06 14 18 34 22

2

K

|a



1136 APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC

1975 JUNE 12, 13, 14 (THURS., FRI., SAT.)

ARIES VENUS -3.9 MARS +0.8 JUPITER -1.9 SATURN +0.4 STARS
GHA GHA oc GkA Doc OHA D.c GHA. D.c No-.* SHA O€

1200 259 420 131 062 N21 02.9 244 122 N 4479 241 580 I 6 13.1 149 567 N22 066 Acomor 315 403 S41 24.0
01274 44 5 146 061 022 259 13 0 486 257 001 13.3 164 588 06.6 Achernor 335 48.3 S57 21.4

02 269469 161060 015 274138 1 '1.3 272 022 13.4 180 010 066 Acrux )73 41.0 562 5d2
03 304 49.4 176059 "- 008 289 14.5 .- 500 287 042 13.6 195 031 . 065 Adhoro 255 353 S2856
04 319 519 191 058 21 001 1304 15.3 50.7 302 06.3 13.7 210 052 06.5 Aldeboroa 291 224 N16 27,6
05 334 543 206 057 20 593 319 160 514 317 084 13.9 225 074 06.4
06 349568 221056 N20586 334 168 N 4521 332 10.4 N 6 14.0 240 095 N22 064 Ahoth 166 45.4 N56 057
07 4 593 236 055 57.9 349 17 6 52 8 347 12.5 14.2 255 11.7 064 Aikad 153 21.0 N49 26 3

T 08 20017 251054 572 4183 535 2146 14, 270138 063 AINo'ir 28 192 547045
H 09 35 042 266 053 564 19 191 542 17 166 145 285 160 063 Amtom 276 156 S 1 131
u 10 50 066 '1 053 55.7 34 198 549 32 187 146 300 181 01.3 Alphord 218 24.2 S 8 333
R 11 65 091 6 052 550 49 206 556 47 208 148 315 202 062
5 12 80 116 311051 N20543 64 214 N4563 62 228N 6 150 330 224 N22 062 Alphecco 126 348 N26479-
D 13 95 140 326 050 53.5 79 221 5701 77 249 151 345 245 061 Alpherutt 358 13.1 N28 572
A 14 110 165 341 049 528 94229 577 92 27.0 153 0267 061 Ahor 62 3i7 N 848?
Y 1S 125 190 356 048 "- 52.1 109 ?37 584 107 290 . 154 15 288 061 Ankoo 353 439 542 261

16 140 214 11 047 513 124 244 591 122 31.1 156 30 309 060 Antores 113 009 S26 227
17 155 239 26 046 506 139 252 4 598 137 332 15.7 45 33.1 060
18 170 264 41 045 N20499 154 259N 5 005 152 35.2 N 6 15.9 60 352 N22 060 Arcturus 146 215 N19 186
19 185 288 56045 492 169 267 012 167 37.3 160 75 374 059 Atio 108 278 S68 59.1
20 200 313 71 044 484 184 27,5 01.9 182 394 162 90 395 050 Awor 234 301 559 261
21 215 338 86 043 .- 477 199 282 02.6 197 414 163 105 416 059 8.0ott. ? 79 029 N 6 196 i22 230362 101 042 470 214 290 033 212 435 165 120 438 058 Betelgeuse 271 325 N 7 241
23 245 387 116 041 462 229 297 040 227 456 16. 1135 459 058

13 260 41.1 131 041 N20 455 244 30 5 N 5 04.7 242 476 N 6 168 150 481 N22 057 Canopus 264 093 S52 411
01 275 436 146 040 448 259 313 054 257 497 16.9 165 502 057 Cpello 281 171 N45 584
02 290 461 161 039 44.0 274 320 06.1 272 518 171 180 524 057 Deteb 49 506 45 115 I
03 305 485 176 038 .- 433 289 328 .. 068 287 538 .. 172 195 545 -. 056 D*nebolo 183 027 N14425
04 320 510 191 038 426 304 336 075 302 559 174 210 566 056 D;phdo 349 246 S18 071
05 335 535 206037 418 319 343 082 317 580 175 225 588 056
06 35S 559 221 036N20 411 334 351PN 5089 333 000 N 6177 241 009N22 055 Dubhe 194 266 N61532
07 S 584 236 03.5 40.3 349 358 096 348 021 179 256 031 055 Elnoth 278 490 N28 352
08 21 009 251 035 396 4 366 103 3 042 180 271 052 05.4 Eltonn 90 588 N51 295 -I

F 09 36033 266034 .- 389 19374 • 110 18063 -- 182 28607.3 " 054 E1.f 34149PN9458
R 10 51 058 281 033 381 34 381 117 33 083 183 301 09.5 054 Fornolhout 15 55.3 529 449
1 11 66 083 296 033 374 49 389 124 48 10.4 185 316 116 053

D 12 81107 311 032PN20 366 64 396N 5 131 63 125 N 6 186 331 138422 053 Gocrux 172 32.6 556 589
A 13 96 132 326 031 359 79 404 138 78 145 188 346 159 053 G..noh 176 216 S17 246
Y 14 111 156 341 031 35.1 94 412 145 93 166 189 1 180 052 Hodor 149 280 S60 156

15 126 181 356 030 -. 344 109 41.9 . 152 108 187 191 16 202 '' 052 Hormol 328 332 N23 207
16 141 206 11 030 337 124 427 159 123 208 192 31 223 051 Kou% Aust. 84 21.2 534 2371
17 156 230 2602.9 329 139 435 166 138 228 194 46245 051 -4
18 171 255 41 02 8 P20 322 154 44 i N 5 173 153 249P4 6 1951 61 266 P422 051 Kocltob 137 179 P74 155 -i
19 186 280 56 028 31.4 69 450 180 168 270 197 76 287 050 Morkob 14 067 P45 044 A20 201 304 71 027 307 184 457 187 183 290 198 91 309 050 Monkor 314 451 N 3 59 6
21 216 329 86027 .. 299 199 465 194 198 311 . 200 106 330 .. 050 Monkont 148 410 536 152
22 231 354 101 026 292 214 473 201 213 33.2 201 121 352 04.9 Mmplacdus 221 462 569 374
23 246 378 116 026 284 229 480 208 228 353 203 136 373 049 0

14 261 403 131 02.5 N20 277 244 488 N45215 243 373 P46 204 151 394 N22048 M,rfok 309 217 49494a4
01 276 428 146025 269 259 496 222 258 394 206 166 416 048 Nvnki 76 332 526 196
02 291 452 161 024 262 274 503 22.9 273 415 20.7 181 437 048 Peocock 54 036 S56 486
03 306 477 176 024 -. 254 289 511 .. 236 288 436 -- 20.9 196 459 " 047 Pollux 244 028 N28 052 u
04 321 501 191 02.3 247 304 518 24.2 303 456 210 211 480 04,7 Procycn 245 298 N 5 172
05 336 526 20602.3 239 319 526 249 318477 212 226 501 047
06 351 551 221 02 2 P20 232 334 534 N 5 256 333 498 N 6 213 241 523 N22 046 Rosolhogu* 96 326 N12 347
07 6575 236 02.2 224 349541 263 348 518 21.5 256 544 046 Regulus 208 139 P12052

5 08 22 000 251 021 217 4 549 270 3 539 216 271 566 045 Rqel 281 398 S 8 138
A 09 37025 266021 .- 209 19557 .. 27.7 18560' 218 7865 87 .. 04.5 RgilKent. 140301 560443
T 10 52 049 281 021 201 34 S64 284 13 581 21.9 302 008 045 Solwk 102 449 515 41.,7
U 11 67074 296 020 194 49572 29.1 49001 221 317 030 044
R 12 82099 311 020N20 186 64 580N 5 298 64022PN6222 332 051N22 044 Schdor 350 133 N56 24.0
0 13 97 123 326 019 179 79 587 305 79 043 224 347 073 044 Sloula 97 002 537 052
A 14 112 148 341 019 17.1 94595 312 94064 225' 209.4 04.3 Snu$ 258 592 516 411
Y 15 127 172 356019 -- 164 110002 ,, 319 109084 ,. 227 17115 ,. 043 Spico 159011 511022

16 142 197 11 01.8 156 125 01.0 326 124 105 228 32 13.7 04.2 Suhod 223 137 S43 203
17 157 222 26018 148 140018 33.3 139 126 230 47 158 042
18 172 246 41 018N20 141 15502515 34.0'154 147PN 6231 62 179 N22 042 Vega 80578 N38456
19 187271 56018 133 170033 347 169 16.7 233 77201 041 Zuben'ubi 137 367 515 565
20 202 296 71017 126 185041 354 184 188 234 92222 041 S At PA.,
21 217320 86017 - 118 1200048 361 199209 2361107 244 04h ,
22 232 345 101017 1i01215 056 368 214 230 237 1122265 040 Venus 230 229 1516
23 247 370 116016 103 1230 063 375 229 251 23.9 137286 040 Mots 343 494 742JUlffer 342 06 5 7 48 I_

MerPau 6362 v -01 d 07 r ' zi d 00 Satr 250069 1355

----

@I



APPENDIX F: EXTRACT FROM N ,AUTICAL ALMANAC 1137

1975 JUNE 12, 13, 14 (THURS., FRI., SAT.)

SUN MOON Lint NwL aA 2 1 i
OAT. - oo d , 1 1 1

4 k I 7i0 02 46 0;50 0106 1012
12 0 11 N 5.3 149452 7.2a18 1 .. 9 V C3 o o 04 06 0619 0 1 1ol3

1195 06. 05.9 I 411.4 72 18 0497 .1 SO c3 C3 c3 04 46 06 41 O 633 10 22
02 21004.2 0.1 178 37.6 1.2 1f 59.8 X9 64 m I I 00 Of 05 13 06 57 06 42 10 26
03225 06.1 .. 06.3 193 03 73 17 52. 73 59.0 64 IX it 0136 05 34 0711 08 50 10 29
04 24006.0 06.4 207 30.1 73 17453 ?A 59.0 62 it1 lilt 02 12 05 50 07 23 06 57 10 31
05 25505.8 06. 221 564A 73 1737.9 1.959.0 60 UN 0058 02 37 06 04 0732 09 1034
06 27005.7 N23 06. 236 22.7 7 1117T 47 r. 59.0 II 51 no 0144 02 57 06 15 0741 99 06 10 36
07 28505.6 06.9 250 49.1 7. 1722.7 7. 59.0 56 lf 02 12 03 14 06 26 07 48 0913 1037

06 0005A 07.1 265 15.5 7 715,0 7.9 59.0 54 00 53 02 34 03 28 06 35 07 55 09 17 10 39
W 09 315053 07.3 279 41.9 7.3 17 07.1 Uo59.0 52 0135 0251 03 40 0642 0601 09 21 1041
u 10330052 07A 29406.4 7. 1659.1 L 59.0 50 02 02 03 04 0350 06 50 0604 09 24 1042

11 345 05.1 07.4 30634.9 7A 1451.0 u259.1 45 02 46 0334 0413 07 05 0613 09 31 1045
5 12 004.9 N2307.8 32301.5 . N1642.08 9359.1 N40 03 16 03 53 0430 07 17 0 27 09 37 10 47
D 13 1504.8 07.9 337 2$17 1 5 2 3 .4 59.1 35 033 9 04 16 0445 07 28 08 35 0942 1049
A 14 30 04.7 0.1 35154.7 7.1626.12 59.1 300354 04 31 04 58 07 37 06 42 09 47 10 51
Y IS 4504.5 .. 08.3 621A 7.7 16 17.6 #A 59.1 20 04 26 04 55 05 20 07 53 0855 09 55 1054

16 40 04.4 08.4 20 48.1 7. 1609.0 7 59.1 N 10 04 49 05 16 05 9 06 07 09 05 1002 10 57
17 75 043 08.6 35 14.9 7. 1400.3 59.1 0 05 0 0534 05 56 06 20 09 15 1006 1100
1 90 04.1N23 08.7 4941.7 ?. 11551.5 5.9 9.1 Si0 05 24 05 51 P4 13 06 33 09 25 10 15 1103
1910504.0 08.9 640.57 . 15 42.6 9 592 20 05 40 06 08 06 32 0 47 09 36 10 22 1105
20 12003.9 09.1 78 I5.47.91533.649.1S9.2 3005S57 04 24 04 53 09 03 0948 10 30 11 09
21 13503.8 .. 092 9 02.3 u 1524.5 92 59.2 35 040 06 37 07 05 09 12 09 55 10 34 11 11
22 150 03.6 09.4 107 293 .o 15 15.3 9 59.2 40 0 14 06 48 07 19 09 23 10 03 10 39 11 13
23 165 03.5 ,.5 121 563 8.1 15 06.0 9.4 59.2 4506 25 07 02 07 35 09 35 10 12 1045 11 15

13 100021.42309.7 M323.4 31 1N56. 59.2 sso 06 0 717 0754 0950 1023 1052 111 3
01195033 09.8 150S0.4 1447.1 9A 59.2 52 06 41 0725 060 09 57 1028 10 55 11 19
02 21003.1 10.0 165 17. 2 1437.5 959:2 54 06 47 0733 0617 10 04 10 34 1059 11 21
03 225"03.0'- 10.1 17944.A U 14 Z.9 9.359.2 56 06 53 0742 0829 1013 1040 1103 11 22
04240 02.9 10.3 194 12.0 3 14 11 9 59.2 56 07 00 07 52 0644 10 22 1047 11 07 11 24
05 25502.7 10.4 20639.3 3 140.31o559.2 S60 0707 0804 0901 10 33 1055 1112 1126
06 270 02A N21 10. 223 06. 93 111 583 1,A 59.3 T',
035 02.5 10.7 227 33.9 8 1348321 59.3 L"t. ~ ~

0 02.3 10.9 232 01.34 13 2 3 1.1 z 59.3 a%* Nat 12 13 14 15
F 09 15 02.2 - 11.0 24 28. A 13 28.0 113 593-
i10 330 02.1 11.2 280 56$A 13 17.710i59. 3 , -& - -

1 11 345 02.0 1132952348$5 13 07.4 16.45931N172 0 o o 011Y; 00 31 1U 2;3;
0 12 0 01.8 123 11.5 309 51.3 3.7 12 57.0 1.5913 N 70 3 C 0 00 16 Ift 1 2342 23 34
A13 15 01.7 11.6 324 19.0 . 12 46.5 1. 59.3 4 3 2338 2337 2335 23 33
Y 14 3001.6 11.833846.s712 35.9103759.3 66 m 3 0 2320 2324 2329 23 32

15 45 01.4- 11.9 353 14.3 V. 12 25.2 i.7 593 4 2225 fn I 2305 2314 2325 23 32
16 60013 12.1 742.0 U 12 14.5 1. 593 21 48 l tin 22 53 2306 23 20 23 31
17 7501.2 12.2 22 09.A .9 12 0X71t 593 40 2123 23 04 IN 22 42 2301 23 17 23 30

18 9001.0N23 12.3 6 37.7 . ill 52.8 11.0 59.$ N58 21 03 22 17 tI 22 33 22 55 23 13 23 30
19 105 00.9 12.5 5105.5 89 1141.8 1m 59.3 56 20 46 21 48 I 22 25 22 50 23 11 23 3020 120008 12.6 5 33A 9.0 11 11.1 59.4 54 203 2 2124 23 09 22 17 22 45 23 06 23 29

21 135006" 12.8 80 01.4 9.0 11 19.7 112 59.4 52 20 20 21 09 22 25 22 11 22 40 23 06 23 29
22 15000.5 12.9 94 29.4 9. 11 0 5112 59.4 50 20 09 2054 2158 22 05 2236 23 03 23 29
23 145 00.4 13.1 108 57.4 91 10 57.3 11 59A 45 19 47 20 24 21 14 21 52 22 27 22 59 23 28

140 1800031123132 12325 9.11N1046011.59.4 N40 1929 2002 2044 2142 2220 2255 23 27
81 19500.1 133 13753A 9.2 1034.611459.4 35 1914 1944 2021 21 33 2213 2251 23 27
02 21000.0 13.5 152 21.8 92 10 23.2 m. 59.4 30 19 01 19 29 20 02 21 24 22 06 22 48 23 26
03 224 59.9 -- 13.6 14 50.0 92 10 1.7 113 59.4 20 13 40 19 04 19 33 21 11 21 58 22 42 23 26
0423959.7 13.7 111 182 93 10 002 11.59.4 1N10 13 21 18 49 19 11 20 58 2149 22 38 23 25
05 254 :9.6 13.9 19546.5 93 48.6 ,7 59.4 0 18 03 18 24 18 52 20 47 21 41 2233 1 24
06 269 59.5 (23 14.0 210 14A 9.3 9 3 6.9 111 59.4 S10 17 46 1 09 18 35 20 35 21 32 2221 23 23
07 284 59.3 14.1 224 431 94 925.2 11.59.4 20 17 23 17 52 13 19 20 23 21 ? 22 23 23 23

5 6 299 59.2 14.3 23911.5 9A 913.4 11 59.4 30 17 07 17 33 18 03 20 08 21 13 2213 23 22
A 09 31459.1 -- 14.4 253 39.9 9.5 9 01.6 .9 59.4 35 14 55 17 23 17 54 20 00 21 07 22 14 23 21 -ee
T 10 329 5.9 14.5 28 0.4 9. 149.7 li9 59.4 40 16 41 17 11 17-45 19 50 2100 22 11 23 20
U 11 3445U 14.7 23236.9 9. 637.812 .59.4 45 16 24 16 58 17 35 19 39 20 52 22 06 23 20
R 12 ^ 58.7123 14 297 05.4 9A 325.812 59.4 SS0 16 04 1642 17 23 19 25 2043 22 01 23 19
013 1458.5 14.9 311 34.0 9. 8 13.8 12.1 59.4 52 155 4 16 35 17 18 19 19 26381 215 2 18
A 14 29584 15.0 32602.6 9. 801.711 59.4 54 15 43 16 26 17 13 19 12 20 33121 56 23 18
Y 15 44583 -- 152 340312 97 749. 122 59.4 56 153 0 16 17 7 06 19 04 20281 2153 23 17

- . 16 59 58.1 153 354 59. 9.9 7 37.4 m91.4 58 15 16 16 07 17 00 10 55 20 22 21 49 23 17
17 74 53.0 15.4 9 2.6 97 7 25.2 12 59.4 S40 14 59 15 54 16 52 18 44 20 15 21 46 23 16
18 39 57.9 N23 15.6 23 573 9. f 7 13.012.59.4 SUN -MN

19 104 57.7 15.7 38 26.1 9. 7 00.7 123 59.4 M -FEqn. of row, MW,. AMm. POO

20 11957. 15 52 54. 9. 6 48.4 124 59.4 Day Eq.. Uppow 1M. MU.2Porn.21 134 57.5 15.9 67 23.7 9 6 36.0 124 59.4 0' 12- 1 . UHt"--eA
22149 57.4 160 81 52.5 9.9 6 23. 12.5 59.4 ,. $ 1 10

231457.2 16.2 9621499 611.112459.4 12 0026 0020 1200 1434 020403
3 0014 00 03 12 00 15281031 04

5.0.15.8 S.D. 16.1 162 16.2 14 000_1 12 00 1621 0355 05

A;5
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1138 APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC

STARS, 1975 JANUARY-JUNE

-- S.H.A. _ Dec.

!A. . M.AMMA ~~ ' I JAN.i I hm APR MAY! JUNE2; 1 , . 49:3i 48:8 434N7z 55"5
3-1 y Ursa: Minoris t II: 79884 - 79 47-9 4801 N. 5' 0 55'0 55'0 551 55 5

3.1 y Trianguli Aust. .30 51'5 150-9 50-4 50-0 49.8 149-7 1156 3513513523-33-53-
207 05 044 043 04' 1 S. 7
28 48 Lupi 3 14605 46"2 4 02-3 ,

240 U U.. o 237 19'2 18-6 i-o 17.7 176 17-9 IN 74 151t!15o0 15-1 152 154 15

2"9 a Ubrm 39 137 374 37 2 37-0136-8 367 36-7 IS-15 56-3 56-4 56 56- 5 6-5 56-5
2'6 1391.5 01ll 0101009 00 1 N. 27 10531 o4' 104 10 10"6 10-7
2.9 a L.pi 139 55.9 5555 1 549 1 1 6 1 7 -1 172
ox1 a Centauri I I

1038 140 31-2130-8 3-5 30-2130-1 302 1i S. 60 43.7 4348 43-9 44-0144'2 4413
26 13n3ui 141 3100 30'7 3S. 42 02-8 0 3 103 3 033 4

3-0 17 Boot$ 1142 13-9 13-613-4113"213" -224"7 24"7 250
02 1 a Bootis 37 1146 22.-021.8 216 215I 21352-5 N z8 4 18"4 18"5 18-5 18-6-

-3 Centauri 36 1148 4' 43 41 41 40' 9 41-0 S- 36 14-8 149 15-0 15-1 15-2 15.2
0-9 , Centauri 35 1149 28-9 28-5 28-2 128"0 27"9 2"0 Il S. 6011 5 -0 

35-1 15 4 15"5 15"6
3"1 Centauri 1151 30-1 29'8 j 29-5 29-4 293 29-4. S.47 098 099 10-0 10-2 10-3 10-3

2-8 il Boot$ .11 3" 37"1 37-0 36-9 36-936-9 1 N. 18 311 31-.0 31.0 3'1131-2 31 2 a
1 '9 71 Ur Majori$ 34 3 215 21'2210 20'9 20"2149  259 259 26-0 26 2 26 3
2-6 a Centaunt 155 25"2 24-8 24-6 24-4 24-4 20"2 20-3 5 2-6120' 7 20-8
1-2 a Virginis 33 .59 ot6 o014 01o2 ol'ot01-1 01-I .11 02-0 021 02-I 02-2-02-2 02 -1

2-2 Urm Majoris z59 z6-o 15-7 15"5 '5"4 15-1 " 5-6 li N. SS 02-9 o029 o3"j03-I 033 03'4

2-9 Centauri 1140 z-8 i x-6 11.4 11,.31 113 11 3 i S.36 34-9 34.9135-0 3 .1 352 35'3
3-0 c Virginia j 14 45-7145-5 45"4145-3 45-3 45-4 iN 11 054 05-3 °053 105-3,05-4 05"4
2"9 a Canum Venat . I" z6-8 x6-6 z6'41 t6'4 16-4 116-5 N.38 268 268 26-9 27.0 127"1 27-
1.7 1 Ure Majoris 32 114 45-9 45-4 45-2 45-2 45-3 454 N 5 6 o53053 05-4 05-- 105-7 057
1'5 Crucis 18 25-7125-3 25-1 250 2512531S 9 33"0 33 " 33333 337

2-9 .7 VirgniS 169 5, - 53"6 53"4153-4 53-4 535! . 1 18-9 190 o 190119"1 190 190
2-4 y Centam 69 576157-3 571 1570157-1 57- S 48 49-3"49- 49-5 49-7149-8 49-8
2I"9 a Muscle "1 04-1103-7 03403 033 03 S 9 8 6o-o6o12 60.3 60.4Corvi 43"5 43"3 43"2 43 43 S3 5"7 5-7' ' 5- 9 5 159
2-8 4314324 -2lv 13'3. S- 23 156 157158 85-81-9 1589
1-6 !y Cruci 32-9132-6 32-4 '323 32.4 32658 58 6 58"7 58-9 589

Il a Cruis 29 4'4' 408140"71408 41 %62 57-557-6i57-8 58-0 58-1 58"2
2-8 2 21 26 215 21-5 1215121-61. S. 17 24-3 24-4124-5 24 "6 24-6 M
2"9 i 8 Centauri 17 13"3 13" 3"2 13"3 1 y1341 S 50 34-9 35-1 35-235-4 35-5 35"5 i2'5 yUrse h jOr's 181 51 -7 51"4 [5z' 1 3 5 ' 51 ' -PC 53 49 6 49'6 4974'95 . 

[5
-55-1 64- 49-9 500 50-

2-2 L"ois 28 1
8

3 02"8 025 02" 026 027 1 N. 14 42-4 42-4142-4 42-4 42"5 42"5

2-6 is Leonis 191 47-8147-6 476147"6 47"7 47"8: N. 20 39"4 39-3 39-4 39-4 39-5 39-5
3-2 Uri Muors M192 55-5 155"3 55"2 55-3 155-4 5s 6 1: N. 44137-7 37-7 37-8 37-9 38-0 38-0 3
2"0 Urse Mljorns 27 1 4 26-4 26-1 26-0 26-1126-3 26'6 N. 6z 52-8 52-8153-0 53-1 53-2 53"2 .

24P rmMors IM5- -2 N. 53. 33--, 5325-
2"4 P Urs Majoris 1z4154"2 54"0 53"9 540154"2 54"4"N 563 30- 7 30-8 30-9131-0 31-0
2-8 11, Velorum 98 34-0 133-8 33-8,33 9! 34-0"342'S. 49. 17-2 17-4! z7-6 17-7 17-8 7"8

3-i Carinz t 1 28-21280 28c28 I"2878- 15 9 z6-i z x6
20 . 204 20"3 i 20°4 20"5 20'6 N. x9 57 8 57-8 57-8 57"9157"9 579 9 --

1'3 1 a Leonis 26 208 13"8;13-7 13-7113 7 13-8 13-9'N. j 0 5205-1 05 -1 05- 05.2 05.2 i

21 Leois 123 529 52-8 5 z-8 52-8 53-0 53 !!N-23 53"1 53"1 53"2 532 53
2 

5313
3-0 NVelorum 1217 22-3 22-122-3122-5 22-712301! S56 554 55 8 55-9156.0 55-9 l
2-2 , Hydra: 25 218 24-0!24.o 24-0o'24.t 24. 4*2 .4*2 % 8133 - 3 33 33-3133-3 33"3
26 .6 VMM ,219 39'2 139"1 39'2 139"4 S39-639'8 8 S4 54-2 1 54"4 54"6 54-7 54 7
2-2 t Carin 22 52"9 i 52"8 52-9153"1 53"4 53"7 S % 5 10o2 1

0
o

4  06 10-71 10-7 10-7
1'8 i CArini 24 1-1144-9 44"9 45-45-4 45-9 46"3 S %69 36-9137-1137"2 37"3 37"4 37"3 4
2.2 A Vdorun 23 t3 13y2 1 13.1 I3"4 513-4 3 " 13-7 .43 19"91 20.1 20 3 120-3; 204 20-3

3-1 I Un *joris 125 36-6 36-6 36.6 36-8 37-0 37-1i N. 48io8"28-3 08"308"4o108"4 08"4
2.0 Velorui 2281 59"059'0 59 159 81.16 S - 54 370 37"2 37-4 37"5137,5 37"4 - -

1-7 I carinz 2212341291 2921 29"3296 29"93' 1i S.9 25"8 6"oz6" 26-226-2 26"1

1-9 -y Velorum 1237147-9 47"9148-0 148-2 48-4 48"61..47 15"9it16" ox6" t 6-21 z6" -1
2-9 p Puppis 1a23a1 ' 32 2i223 21-4 22-5 22.6 S. 24 144"314.3 14-2

-2"3'I Pupp1s 123 88188'18-9119-1 19-2 19-4 .6-391561562'563 156-4 56-4156-3

z-2i/ Ge inorum 21 ,244025 024102-5 102'7102-8 02'8! N. 2805-1105-1 o05- I0-2 105. 105
O'5 a Canis Minoris 20 '245;29-5'29'498 24 1 N. 511722 27 2 17-27-217 2117 ."

t Not suitable for use with o.. 214 (H.D. 486) -

IF~



APPENDIX F: EXTRACTS FRO-M NAUTICAL ALJ-fMAAC 1139 -

POLARIS (POLE STAR) TABLES, 1975
FOR DETERMINING LATITUDE FROM SEXTANT ALTITUDE AND FOR AZIMUTH

L.H.A. W2p* 2 7,e* - W-3* 1* W-3e 34-35o*-:

LH-oARIES 2o 2 - 3 79 3W 2-- 3- 3290 - 3 o - ! 32o -o  34W o -

a, at at 4, -. a9 at as9". t Iat
43'8 1391 1 33'1 1 26:1 1 08:31 09:9 10--1 ; 52:3 436 0 35:4 0 27-9 021-3 3

4340 1002 57"41 428 34-61 27-2 20-7
2 3. 8-1 18 46 06-7 08-2 0 594 j 50-5 41'9 33-8 26-5 20-1
425 x8 07-3 58-5 496 4 "1 33-1 25-8 i9-6 _

4 42-1 36" 30'4 23-1 150 I o6-41 576 4323 25"1 19-0

$ 1 41-6 1 36-2 1 29-7It 22-3 1 14-2 I 05510 55-7 047-9 0 39-4 0315 0 24-5 018-5
6 41-1 35-61 29-0 215 13-3 o4-7 55-8 47-0 38-6 3o-8 23-81 179
7 40-6 35-0 1 28-3 20-7 12-5 03-8 549 46-2 37-8 30-0 -23-2 17.4

401 34-41 27-6 199 II6 o2-9 I 54-o " 370 293 225 .6-9
9 396 338I 269 191 10.8 020 532 445 36-2 28-6 21-9 z6-4

so. 1 39"11 33-111 26-1 x z8-3 i 99 01-1 052-3 10436 035.4 027-91021-3 015-9
Lat. a, a, a, at #I a as a, a, a, a a,

0j0-51 0 -4  0 3 02 02102102 02 0 02 3 04 0-4
-5 4 o0 424 o3 " 3- 2 o2 0.2 -3 3 '4"5x 4 . -3 . 3 . 3 '3 .. 3: -4 -4 .5

20 51 - 44 .4 3 4 . 4 4 -52o: .4 : ~ I ._I

0 5 .5 0" 045 "50-5 0 5 0. 6 o
45 -6 16, - -5 - -5 s 5.6 jo6 1 .6 1 6 -.6 166

75 6 . 7 7 7 -7 7 -7 .7 .6-6 4+ -+60 7 7 7 .8 .8 .8 "8 8 .8 "7 7 7+- ,, o+ 0., 0 8 + . . o's o- 0.- o.0*7 0-7
62 0710-710-8 0- I-8 1o.-9 -91o8o8 0817 0S64 "7 11 "7 "8 '9 .o 9." " 09 " 8 7---

i4I 1 7!.8; 1 9 09 0-9 0-9 o 1 09 "9 "7
l. 7 o -Bo + 9 1o0 9 1 0 1 0 o0 o0-9 -s

.__ 9 1-oiz-o0 -1 ii~- 1 ;:. t0 10 0-9!1 0-9 0-8

Monthi as a, a, a, as a as - a, a, as as a
Jan. 4- o4 1 o:6I o'6 o'6 0 -71 01

ja. 0-4 0-4 0-4 1 0-5 0-Feb. -3 3 3 3 3 4 -4 , -5 6 "M Wr. "3 3 1 "3 " 3 "3 - 3 "3 -3 -4 "4 I -5

Apr. 04 04 0-3 1 0-3 0-3 0.20.o-2 Q2 0-2 o -3 -3 10o3 -_
May 6 5 5 4 3 3 '2 2 2 2

'6 - 5 5 -4 4 -3 i 3 3 -2
July 1  0808 - 0-6 o-6 0-5 050-40-4 0*3 0.3Aug. 9 . * .9 .9 .8 . . .6 .5+ .
SO t. "8 , 9 9 9 • .9 I-.6-7I 109i 910 09;9-0
Ov. 1-6 o8 -9 ' 0'9 0-9 0 -91 0'9 1001 0 09 09 o.0-Nov. -6 "7 .8 - 9 "9 1-o 1* 7-9-Pzo zo xo

Dec. 05 1 0-6 07 1 -8 0-9 1 10 1-0o 10j11_-
0* 0z~r~, 0:si0-j0:61G'

I~at. "i' AZIMUTH :-

0 05 i0-86 o17 8 8 0-8 0-8 1 o'8 o:7 0;6 0.5
20 o5 o61 o7 08 o9 I 0 9 0-9 09 080 0810-7 0-5
4 0 0 6 0 7 ! 0 19 , 1 - o 1 -I I -I -I - 1 - o 0 -9 . 8 0 -7
SO 0-7 10 019 - 1 V3 13 07 :z 1

.o 1-5 1 -4 : 1-3 11 0-8
SS 08 1 0 z-- 193 1 -4 12-05 1-4 '3 1z 0
6o -9 1 1-3 1- t 1 -6 1-7 17 1-7 1-6 1 -4 1 1-3 1 1-0
6S 1-O 1-3 1 6 ,-v 20 2.0 1 1-5

Latitude = Apparent altitude (corrected for refraction) -- + a. + a, + a,

The table is entered with L.H.A. Aries to determine the column to be used; each column refers to a
range of 1o. a, is taken, with mental interpolation, from the upper table with the units of L.H.A. Aries in
degrees as argument; a., a, are taken, without interpolation, from the second and third tables with argumenta
latitude and monts tespectively a., as, a, are alwayt positive. The final table gives the azimuth of Poa-is.

IP
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1140 APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC

CONVERSION OF ARC TO TIME

00-5,* 60eII,19 120* -179* 160. -239 2400 -2" 300-S9~ *050017
•,. •~ ,- • -- . -! .- I- .

* ooj ,t U * *4 , oa* uoo *io j o mi m. o
*b 00 60 400 12; 1300 1508.120 240 160; 3.; 200 01 0001 002 02003
S0041404121 804 11112 04 4116 C4301 20041004005006 oo7
2 008 42 408 12 308 932 12 08 20 1608 303 2008 3 008 o09 010 o
3 012 63 412 123 31. 183 1212 243 1612 303 2012 3 012 013 014 015
4 016 44416 14 8z6 t84t2 16 244 x6 6 3*4 2016 4 0 60 170*IS019

5 020 45 420 125 80 135 1220 245 1620 305 2020 5 020 021 022 023
6 024 66 4224 V 241122430 164 33224 02410250 26 027
7023 67428 127 828 137 1223 247 1628 3072023 7102810291030 031
8032 61432 118 332 I 12 32 248 1632 306 2032 8032 033 034 035
S036 69436 1 836 1 12 36249 16 36 30 2036 90 36 0370 38 039

o00 40 130 40 190 1240 350 164o 310 204910o040 041 042 043
Is 044 71 444 131 844 191 1244 251 1644 311 2044 11 044 045 046 047
12 043 72 448 132 3 48 192 124;8 252 16 48 312 2048 12 048 049 050 05St
13052 7345233 521 ,3 1252253 1652 313 205230 520 53 054 o055 i
14 056 74 456 34 5 6 194 2 56 354 16 56 314 20 56 14 0 56 057 051 059 ,
15 1 00 75500 135 900 195113 00 255 1700 315 21 00 15 1100 1 01 £02 £ 03
16 104 76 504 134 904 194 1304 25 1704 316 2104 16 1o4 105 106 107
1710877508137 90 19713 2571708 317 210817108 09 1 10 1 11
18 £12 73 512 138 912 196 1312 I$ 17 12 313 2212 I1 12 13 1 14 15

z 6 5619g61"9 13216 259 17 16 319 21619 1216 J 1713£9

20 120 8. 520 140 920 200 1320 260 1720 32 30 2 20 1 2£ 122 £ 23
221 124 11 5 24 141 9 24 201 13 24 241 17 24 321 21 24 21 1 24 1 25 £ 26 1£27
22 128 2 528142 9 2202 £3 283622 17 28 322 21 2322 12 1 29 130 13£
23132 3 32143 9 32 203 13322631732 32321322313233134 35
24 1 36 84 5 36 144 936 204 13 36 244 17 36 324 21236 24 1 36 £ 37 £ 33 ;39 3

3- 5 140 540 145 940 25 1340 245 £740 325 2140 25 140 141 142 43
26 144 3 544,944 20613442641744 32 21441 144145 146 1 47

*27 148 87 548 147 948 207 13 48 267 17 48 327 21 48 27 148 1 49 1 50 1£St
26 152 I8 552 14 9 52 243 £52 248 1752 32 2152 IS1152 £53 154 1 55
29 156 8 556 14 9956 29 t356 249 17 56 329 I1 56 29 1 56 £5 51 £59

30 20 OD 600 IS* 1000 220 1400 270 18 00 330 220OD 30 2 00 20£ 202 2 03

3t1204 91 604 151 1004 211 1404 271 1S04 33t 2204 31 1204 20 O o6 207

3292o 20 p6o8 152 1008 212 1408 272 18 08 332 2208 321208 2 09 2 10 2£ it331212 93 612 153 1012 213 £412 273 1812 333 2212 33 212 213 2 4 2151_ 94- , 6. 16 1 4,,1 1 4 16 2 4 1 6 33 z2 16 34 2, z6 2, 17 2 1 It 2 9
35220 95 620 155 1020 215 1420 27511320 335 220 35 220 221 2 22 223
36 2 224 96 62.4 £54 10.4 2264 424 274 18 24 336 22 24 34 2 24 2 25 2 26 2 27A
372 28 97 628 157 1028 217 14 282In13 28337 2228 37 228 229 330 231
38 232 98 632 151032 213 1432 378 132 338 2232 3 2322 33 234 235
39 236 " 96365910362191436 27 36 33 2236 39 36 2372338 239
4o 20I*010040 20 140 80 13 34 o4, o 4 340 24,024 1 3 43

41 244 tat 64 14 £044 22£ £444 281 1044 34t 2244 41 244 245 346 247 :>
42 14 102 649 162 048 an 1443 292 1348 342 22 442 249 249 250 251
43252 13 652 522234 5223152345243 252253 2 54255
44 256146566 24145624 856 344 22 6 44 aS6 a57 a 5 59

-- 45 300 IOS 70 6 1O 2 50 8 900 34- 300l4S1300 3o0 302 303++
46 3 0 70 4 1"1 43 50 9 904 346 23041 4630430 3 o6 307

41 3529113 9712 173 1112 238 1512 2091 12 3451 23 14 31 2 351 3 3 14 3 5 A
49 3s6 1756 ,6 349 23 161493,6 317 3T8 319

T 3a0o Is 7 oe ee s 1592 34 03 te0r e0320 3i2 3i m 3e3i mSI 3 24117411 t2 524+ 39 9 24 351 23 241 St 3 24 325 3 26 3 2r7
52 3s 2s= 11 3121 3 52 9 9 S 352 3 22123 2 3 2 3 30 3 31
53 3 36 21 73 149 6 3 532 19 36 354 23 361 54 3 36 3 3 3 34 3 39

.5 3,0157 40 17S It4 3,1 02 940 355 23 40l S 340 341 3 4.2 3 43 _- +
56 344 116 7 A16I 426U4 9 944 3$6 2344i56 344 345 3 46 347 ++[

-5 9 3 521975 1111 228 503941 9 2 [359 23 5i 59 3523 53" 3 54 3 55 -+°
39 3 S6 191756.7 t 6,n I 56 , 1 ,os196p 3 2356 1 St 3 56 3 57 1 5 3 St13

• The above table is for converting expressions in ec€ to thei equivalet in time ; its main toe in this Almnc L,

is for the conveion of longitude for application to L.M.T. (added if tmt, nktraced if cst) to give G.M.T. or vice
.e. rticularly in the cue of 1snise, sunset. etc.

U2



APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 1141

24m INCREMENTS AND CORRECTIONS 2r

24 ~SARIES MOO oe orr or SUN ARIES MOON or Cor Core oCorrPLANE Ira d 8 d d_ d4
I ,. . . . . .I * I I I S * I * I

00 600-0 601-0 543-6 0.o .0 2-5 -.o 4 9 6150 6160 5574 H.0 4-a 2-6 u-oS-1
01 6003 601-2 5438 o- 00 -1 2.5 1 1 4-9 01 6153 616*3 5582 a-1 00 6 .1 2-6 12- 5.1
02 6005 6015 544-1 o-2 01 .2 2-5 1.250 02 615.5 616-5 5584 0-2 0-1 6-z 26 12-z 5-2
03 600,8 6U1-7 5443 0-0-1K 6.3 26 1.- 5-0 03 6154 6168 558 6 0-3 0-1-) 2.7 U) 52
04 6010 602-0 5460.4 02 4 26 12.4 5-1 04 616-0 617-0 5584 0-4 0-2 .4 27 12.4 5-3
05 6013 602-2 5448 o-s 0-2 .s 2.7 u-s 5-1 05 6163 617-3 5591 os 0-2 6,s 28 12-s 5-3
06 601-5 6025 5450 o602 44 2-7 t2-4 5-1 06 616-5 6175 559-3 0-6 0-3 .6 2- 12-6 5-4
07 6018 6027 545-3 o-7 03 6.? 2-7 ivy 52 07 616-8 6174 5% 07 W03 6-7 24 1 -2 54
08 6020 603-0 545-5 0-8 03 &- 2 8 5-2 08 617-0 610 559,8 0.8 0-3 is 29 .8 54
09 602-3 603-2 545-7 o-9 04 6.9 26 " 53 09 617-3 618-3 6001 0. 04 "44 2q9 -9 5.

-5 60 546-0 -o 0-4 7- 29 1o 5.3 10 6175 618-5 6003 1-004 .- 0 3-0 5--
11 602-8 603-7 5462 m-1 0-4 m- 29 u- 5.3 11 617-8 6188 600-5 1-1 0-5 7-1 3-0 12- 5-6
12 603-0 604-0 546-5 1-2 05 7. 24 12 54 12 618-0 6190 6004 1 205 3.1 1 256
13 603-3 6042 546-7 1-3 0 7.) 3-0 13) 54 13 618-3 619-3 6010 . 3 06 7.2 3-1 13- 5.7
14 603-5 604-5 546-9 1-4 06 7-4 3-0 13-4 5-5 14 618-5 619-5 601-3 v-4 0.6 7-4 3-1 D-4 57
Lq 6038 6047 547-2 -s 06 7-s 3.1 1"-5-5 15 6188 619"8 601-5 -s 0617-s 3-2 s 5-7
16 6040 6 050 5474 1.- 07 .- 31 13& 56 16 619-0 6 20 601-7 16 0-7 7- 3-2 1 - 54
17 604-3 6052 547-7 1-70-7 771 3-1 01-1 5-6 17 619-3 6203 602-0 1-70- 7-1 3-3 13-7 548
18 604-5 605.5 5479 1- 0-7 v.s 3-2 12- 5-6 18 619-5 6205 602-2 1-8 0 7- 3-3 1" 5-9
19 6048 605.7 548-1 1-9 06 - 32 1" 5-7 19 6198 6 20e 602-5 1-,04 7.9 3 1 5.9
20 6050 606-0 5484 2-0 0600 3-314-c 5-7 20 620-0 621-0 602-7 z-o0 0.0 " 414-060
21 605-3 6063 548-6 21 09 0-1 33 1-1 5,8 21 620-3 6213 6024 2-10M - 34 14-1 6-0 1
22 605-5 6065 5 488 z-2 0-9 .2 33 14-2 58 22 6205 621-5 603.2 2-2 0-9-23-5 4 6-0
23 60 6068 549-1 2) 0-9 s. 0 4 -354 23 6 20 62146 6034 2-3 1-0 8- 3-5 14-36-1
24 600 6070 5493 2-4 10 -4 3-4 144 5-9 24 621-0 6224 603-6 2-4 1-0 0-43-6 u-4 6-1

2 606-3 607-3 549-6 2-01.0 -s 3.5 -s 59 25 621-3 622-3 6034 2-5 1-1 0-3-6 14-56-226 606-5 6075 5498 246 11 0-6 3-5 t4-( 6-0 26 621-5 622-5 604-1 26 11 0.64 3-7 14 62
27 606-8 6078 5 50 2.7 1-1 s-7 36 u- 6-0 27 6218 6224 6044 2-7 11 $-137 1-7 6-2
28 607-0 608-0 550-3 2-a 1-1 m. 36 14- 6-0 28 6220 623-0 604-6 2-0 1-2 " 3-7 u-8 6-3
29 607-3 608-3 5 50-5 2.9 1-2 0 3-6 14- 6-1 29 6223 1623-3 6048 - 1-2 2- 348 144 6-3
30 607-5 608-5 5508 0 12 . 3-7 15o 61 30 622-5 623-5 605-1 3-0 13 *-0 3, -06-4
31 6074 6088 551-0 1-1 13 -1 3-7 is-i 6-2 31 622-8 6 23 605-3 -1 13 9-1 3- 1-1 6432 608-0 6090 551-2 -2 13 0-23.8 15-z 62 32 623-0 624-0 605-6 -2 14 ,-2 3-9 1-26,5
33 608-3 6 09-3 551-5 3.3 1-3 -3 38 15-3 6-2 33 623-3 624-3 6058 3-3 1-4 9-3 4-0 15 (5
34 6 0H 609-5 551-7 3-4 14 4 34 -4 63 34 623-5 6245 606-0 -414 4 4- -4 6-5
35 60O- 609, 552 " 14 9-s 39 s-6-3 35 6238 6246 6063 2 1-5 9-s4-01- 6-636 609-0 61060 552-2 2-4 1-5 9-6 5 -9 i-& 64 36 624-0 625-1 606-5 3 , 15 +-6 4-1 10-6-6
371 609-3 610-3 552-4 3-7 1-5 -7 4-0 15-7 6-4 37 624-3 6253 6 067 2-7 16 9-7 4.1 19-7 6-7
38 609- 6105 552-7 3-s 1-6 0-0 4-0 is-s 6-5 38 624-5 625-6 607-0 3-s 1-6 S.- 4-2 1!-S 6-7
39 6098 6104 552,9 1-6 - 4-0 s.6 39 6244 6256 6072 3-9 1-7 -94 14-9 68
40 6104 611-0 5531 4-o 1-6 l-O 4-1 16.0 6-5 40 625-0 6261 607-5 4-0 1-7 10-0 4-3 16-0 68
41 610-3 6 11-3 553-4 4-1 17 10-1 4.1 1 66 41 625-3 6 26-3 6 07-7 4-1 1-7 1l 4-3 161 6
42 6105 611-5 553.6 42 1-7 1o-2 4.2 16-2 6-6 42 6255 626-6 607-9 4-2 18 12 4-3 1&-2 69
43 6106 6118 5 53 4- 18 0-3 4-2 16-3 6-7 43 6254 6264 608-2 4-3 18 10-) 4-4 14-1 6-9
44 611-0 6120 554-1 4-4 118 -4 +2 W-4 6.7 44 620 627-1 6084 414 1-9 4 4-4 W- 7-0
45 611-3 612-3 554-3 -5 14 la-s 4-3 1s 6-7 45 626-3 6 27-3 608-7 4-s 19 1- 45 16. 70
46 611-5 612-5S 554"6 A-4 1-9 Ic-' 4-3 u-,8 46 626-5 627-6 608-9 4-20-45 16-6 7-1
47 611-0 6124 554 4, 1-9 1o-7 44 &-7 B6 47 62 6 6278 6091 4-72,0 1-7 2"45 17 71
48 6124 6130 555-1 4-s 20 10, 4-4 1"-0 6-9 48 627-0 628-1 6 09-M 4-62 10-8 46 1. 7-1
49 612-3 613-3 555-3 '4- IM 4-5 1"464 49 627-3 6 283 609- "- 2-10 46 1 7-2
50 612-S 613-S 555-S s-o 2-0 1o 4-5 1i76- 50 627-5 628-6 6094 -021 1*0 4-7 10 7-2
51 6124 61348 5558 - 2-1 11-1 4-5 17. 7-0 51 6278 6288 610-1 s-1 2-2 11-1 4-7 11 7-3
52 613-0 614-0 5560 s-2 2-1 n-2 46 17-2 7-0 52 628 629-1 610-3 s-2 2-2 n-2 48 172 7-353 63-3 6 14-3 5 56-2 S-3 2-2 11-3 4-6 173 7-1 53 628-3 6293 6 106 s- 2-3 11-) 44 17-3 74
54 613-S 614-5 5565 -4 22 1.4 7 74 7-1 54 628-5 6296 6104 s-4 2-3 114 48 17-4 7-4
55 6134 6148 5567 - 2-2 1-s 47 17.5 7-1 S5 6284 6 294 611-0 5-5 23 11-5 449 17- 7-4
56 614-0 615-0 557-0 s-6 2-3 u-6 47 17-& 7-2 56 629-0 630 b11-3 s-6 24 1146 49 17., -5
57 614-3 615-3 557-2 s-7 2-3 11-7 44 17-7 7-2 57 629-3 630-3 611-5 s-7 24 1u7 5-0 17-7 7-5
5 614-S 615S 5574 -s 24 11. 48 1- 73 58 62M5 6306 6114 5- 2-511-5.0 17S 7-6 .
59 6144 61546 557-7 " 2-4 1-9 41 9 17. 7-3 59 629 630 6120 5 2-5 .- 9. 5-1 1" .7-6

6 615-0 6160S5579 . 2-5 12-o 49 4-o 7-4 60 6304631-1 612-2 - 2-612 511 -0 7-7

J. 
,
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1142 APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC

TABLES FOR INTERPOLATING SUNRISE, MOONRISE, ETC -

TABLE I-FOR LATITUDE

Tabular Interval Difference between the times for cutnc e latitudes

to, 50 3' 
5
0 1 0 0 1 5 0 ?a2'30' 35a40"45'So 5ft 6o b4 ob5 c it- to 

1
6
1 5  

P I200 it

30 ;oIi;. ; 0*1 1 1 1 1 222 o 002 0; 0'02

9 0300IS0 11223334445 05 05 05 05 -1 3e 045 °40 IS 1 2 3 3 4 4 5 5 7 0 7 0
2 0 100 024 1 23 45 5 6 77 8 9 10 10 10 10

230 15 30 1 2 45 6 7 8 9 9 10 It 12 12 13 13

30 x130 036 1 3 4 6 7 8 9 10 11 12 13 14 0 15 o5 0o16 o6 o
3 30 145 04 2 3 5 7 8 10 11 12 13 14 z6 17 is 18 19 19 5
4 * 2 8 043 2 4 6 8 9 113 1 1314 15 6 81 91 20 21 22 22
430 2 5 0 54 2 4 7 9 It 13 15 168 19 21 22 23 24 25 26 -
5 00 2 30 Z 00 2 5 7 10 12 14 x6 Y8 2o 22 23 25 26 27 28 29

5 30 2 45 1 06 3 5 8 11 13 16 18 20 22 24 26 28 029 030 0 31 032 1
600 3 12 3 6 9 12 14 17 20 .2 24 26 29 31 32 33 34 36
630 3 x5 1 18 3 6 to 13 16 19 22 24 26 29 31 34 36 37 38 40
760 3 30 1 24  3 710 14 17 20 23 26 29j31 34 37 39 41 42 44730 345 1 30 4 7 11 15 18 22 25 28 3t134 37 40 43 44 46 48 !=-

600 40 136 4 8 x2 16 20 23 27 30 34137 41 44 047 048 051 053

$30 41S51424 8 13 172t125 2933 36140 4448 o051 0 53 056 05 H8

900 430 1 41 4 9 13 I8 22 27 31 35 39 434752 o 55 058 1 01 1 04
930 445 1 54 5 9 14 19 24 28 33 38 42147 51 56 o 04 x 08 1 12

100 5 S " 2g 05 10 15 20 25 30 35 40 45 50 55 60 5 1 1 1 5 1 20
Table I is for interpolating the LM.T. of suntise, twilight, moonris, etc. fo latitude. It is to be noted

that the interpolation is not linear, so that when using this table it is essential to take out the requited pheno- M
men for the latitude !ss than the true latitude. The table iientered with the nearest value of the dierence
between the times for the tabular latitude and the next higher one, and, in the appropriate columw with the
difference between true latude and tabular latitude; the correction so obtained is applied to the te for the -
tabular latitude; the sign of the correction can be seen by inspection. a

TABLE I-FOR LONGITUDE A I
Long. Differenc betwee the tmes for given date and Preceding date (for eat longitude)
East or fe gmen date and followin date (for west longitude)

West -20-30-o 4050- 6o- to020-30 40' 5oo 6o' 1n0
" 
F.o 2b 30 2&40

" 
30b0 3 o I PD

* 000 000 00 00 ocoo 0 00 oo 000 h000 00

1 1 1 2 2 2 2 3 3 3 04 04 4 04 0 05
2 1 1 2 2 3 3 4 4 5 6 6 7 08 09 09 10

30 1 22 3 4 5 6 7 7 8 9 10 11 12 12 13 14 15

46 1 2 3 4 6 7 8 9 o 1 1 2 13 1 4 16 17 i8 19 20

50 1 3 4 6 7 8 10 11 12 14 15 17 o,8 o19 021 022 024 025
o 2 3 5 7 8 TO 12 1 3 15 17 18 20 22 23 25 27 28 30

7 2 4 6 8 10 12 14 16 17 19 21 23 25 27 29 31 33 35

02 4 7 9 111 3 16 18 20 22 24 271 29 31 33 36 38 40 -J0

90 1 5 710 12 I5 17 20 22 25 27 30 32 35 37 40 42 45 7W

is* 3 6 8 I 1 4 17 19 22 25 28 31 33 0 36 039 042 044 047 050

Ito 3 6 9 12 15 I8 21 24 27 31 34 37 4 43 46 49 052 055
1- 3- 10 3 1720 2327 30 33 3740, 43 47 5a 53 057 1 00
130 4 7 11 14 16 22 25 29 32 36 40 43 47 51 5 s o58 1 01 1 05
14 4 S z2 16 19 23 27 31 35139 43 47 51 54 o58 102 106 r o

150 4 8 13 17 21 25 29 33 384 46 5o o54 o58 103 1 07 1111 15

169 4 9 13 18 2227131 36 4. 144 49 5310 58 11 02 1 071111 11t6 1 20
170 5 9 14 19 24 28133 38 42147 52 57 1 o 1 106 1 11 1 16 1 20 1 25 _

180 510 15 20 25 3035 40 45 50 55 60 1 05 1 1 1 15 1 2 1 1 5 1 30

Table II is for interpolating the L.M.T. of moonrise, moonset and the Moon's meridian pastage for
longitude. It is entered with iongitde and with the difference between the times for the given date and for
the preceding date (in east longitudes) or following date (in west longitudes). The correction is normally
added for west longitudes and subtracted for east longitudes, but if, as occasionally happens, the times become
earlier each day instead of later, the signs of the corrections must be reversed. I

i , s

a

= L
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APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 1143

ALTITUDE CORRECTION TABLES 0o-35 0-MOON
#PP. o-4

°  5--9° '10'-14!l" -19'i20-24 25-29* 3'-34! Ap DIP

conj Corr: Corr Cow, Conz *cor,1on -I jL
Ht.r of r' Col|" H . H.. of Colt-.... o

00 0 '8 S ' ' 5 1!S628g1" 6±-' 6,-g 30 58' 00
oi0333i  582+, 162: ,,,. ,0620 i,,6o., 305,90 HtI "-Iio 'i i
10 359 58-5. 62 62.8 - 62-1 6o8 58-8 10 m ft. ft.
20 37.8! 587 62.2 6z-8 62-1 6o-7 58 8 20 I 8- " 9o 3..5
30 39.61 58-9 623: 6 .8 62.1 60.7 5 7 30 6 28 35 2

40 41"2 59 1 62-3- 62-s 62o- 6o-6 58.6 4o -2-9 6 9
50 42- 393 624 62.7 6.0 636 380 "50 92 103-35 39

oo 1 6'Iz' 6 21 ±6 31 30 9816 35'1 -
00 44'oi 595 62'4'16627 62- 6o5 358-5 0o -39 53
o 4521 597 62.4 62-7 61-9 6o4, 584! 10 3 -3-2 ,o52 ,,-_59 36-3

20 46-31 599- 62-5 62-71 61-9: 6o4 58-3 20 34_.3 11-2 11-4 ,-a376
t30 47'31 600 6±-5  62.7- 61-9 60-3: 58-2 30 136 119 1;.

40 48.31 602 6z"5 62-7 618- 603' 58-2 40 34 -2.6,12-2 " 401

50 49-21 603. 626. 62-7j 61.8 6o-2 58-1 50 40 - 3 -

2 2500 7 6o.,162.61762..7'2-6.7 733., 3-6 ,3

10 5o8 606 6±6 62.6; 61-7 6o-, 5791 10 734 - 6 j20 5o 8; 6oi 45 9134 6.. .44-

20 I 51-41 607: 62.6 626 6:- 6o o 5781 30 , - 3 i. .
30i 52-11 6o9- 62-7 62.6: 6z6 59 9; 57. 1 -- 3
40 52-7! 61-o- 62-7 62-6: 61-5 5991 57-71 40 0 -4-016514-2 -6-7 469
so 53 3 61-i 62-7, 62"61 6i-5 598 57.6'50 

2
-4-7 -6- 484

3 53" 96i± '6-7 1865 23 6z- 597 33 55 1 1 4

10 543 61-3 627 -5 61"4 5971 57-4 10 4-3 .5 70 -
20 54-8 61-4- 62-7 62-5: 6t-4 596 i  574. ±o 6-4 20 -44 -7-1
30 1 55-1 6z-5 62.8 62"5161-3 5961 57-31 6-3 21-0 16-5 54"3
30 ±5-" 6 2- .68 62. t 6t-3 5935 5 *2 40 606-4- -7-
40 55.s6 6x-6 - ±8 6-4. 7 61-3 6995 55-86so 56-ol 616' 628 62-41 6-2. 59.4 57-1 50 69-4-6 22.9 7-4 -"3 S7-4
00 7 4'64 96z7846 962" 2 593 17 707-2 4.7 91 74'574
00 564 412 t-:59 700 2391 17 9 _ 58956-7 61-8- 6±-8 62-31 61-1 593 569so -7 249 8 -4 6-5

106 - S 62 - 3 6-i 5 69. T5 49 .8 7 - t
20 5 7-1 6129.8 62-36 60388 59.2 569, lo i 7 o 6.-i
30 57-4, 61-91 628 6z.3' 61.o 591, 568 30 .I 7-5"0 2 7"7,19-3 - o
40 57-71 620, 62-8 62.2 6o9: 59 1 56"71 40 I - 5"i 28 I-71 .8 3 8 5-4

50,i 57"9
[  

6-1 6.8 622 i 609 590 66 50 So -5-228-"119 634- .-- . . 5-8 292124 7967-1
H.P. L U!L U'L U L U LU L U L U IH.P I 304 209

-  
68-

+ I .. - . . 95 315 21"4 70-51

$4,0030910309 0-410 051-1 o61-2 071-3 0-91- 5 1540
S4-310-7 1-1 07 1-2 071 o0 1-3 091-4 1-1 1-5 1-2 1-7S4-3 MOON CORRECTION
54.6 1-1 1-4 1 1-4 11 1-4 1-2 1-5 1-3 1•6 1-4 1-7 1-5 1-s 5 4 6 TABLE
.4-9-1-. 1-6 r-5 t-6 z-5 1-6 161-7 161-8 -S 1-9 1-92054.9 Thecorrection;isin two part A-
55-2 1-8 1-8 1-8 1-8 1-919 1-91-9 2-02-0 2-1 2-1 2-2 2-2 $', the first corrction is takess tra-

55. 2220'-220 232-1 2-32-1 242-2 242-3 2-52-4|5.-S the upper part of the table with
5.8' 2.6 2-2'2 6 2-2 2-62-3 2-72-3 272-4 291-4 292 5 558 argument apparent altitude, and
56-1 302-4,3-02-5 302-S 3-02-5 3-126 3-126 3-227 S6-1 ihe second from the lower part,

-73427'34283"528352"9 564 with argument H.P., in the same

567 13-7 2-9 3-7 2-9 3 82-9 3-8 2-9 - 3-8 3 0 13-8 3-0 3-9 3-0 56-7 column as tha from which theI ~first correction was taken. Sep-
57-0 4-1 34 4-1 3-1 4-1 31 4-1 3-1 4-2 3 '423-2 4-23-2 570 ist corrections zrgiven inthe
57"3;4-53-3453-3 4"533 4533 4"53"3453-4 463-4 573 lower part for lower (L) and
57-6 4-93 5;493-5 493-5 4935 4935!493-5 4-93-6 57-6 upper (U) limbs. Allcorrections
57-9 533-8 53 385-2 38 5-237 5-2 3-7'5-2 37 5-237 S7-9 are to beadded toppsst alsi-
-8-2 564-015-64-0'5640 564o5639i5639 563-9,582 tude, Lw, 30' is to be subroacud

5856o4.2604-2604.2 6o-2 604-1 594-1 -5-94-t 585 Sfrm the al:udeof theuppe ri--b.
58 8, 6.4 4-4 1 6 4 4-4 -644.4 634-4 634-3,634-3 6-24-2 58'S For corrections for pressure
59-1 

6 8
4

6
16-

8
4

6
i

6
74

6 
6746 6745 6645 664-4 59-1 and temperature see page A4.

59-4 7-24-8 714-S 7148 7-t4-8 704-7 7047 6946 594 For bubble seatant observa-

59'7" 75 5-1 ' 7-5 5-0'7"5 5-0 7-5 5-0 7-4 4-9 7 3 4-8 7-2 4-7 S9-7 tions ignore dip, take the mean

6079 5-3 795-3.7 95"2 785-2 785-5 775Cl7'64-9 6o0 ofupper and lower lmb correc-
60-3, 8-3 55835-518-2 5-4 8-2 3-4 8-1 5-3 S-a 5-2! 7.9 5-1 6o-3 ,ions sid subtract s' from
6o 6t 8-7 5-718-7 5-7 8 6 5-7 ,8-6 5 6 85 5-5 8-4 5"4 8-2 5-3 6o 6 the altitude.
6o9i9-1 5-9 9o,59,9o5.98-95.8 885"7 $-75-6 8"65-4 609 App. Alt. - Apparent altitude
61-±'956'946 19-461 9360 929 9-158 8-956 61- - Scxtant altitude corrected for K -- ;
16t-s 986-4 9863;9763 9762 9561 9459 9'258.6151 index error and dip. A

L +" < ----I
__--

..+,. ++,. I"..

< 4



1144 APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC

ALTITUDE CORRECTION TABLES 3°-90-MOON

I "-"145'-*' W.W55 - 44 "-W"1" 70-74'7f-7 k44 3(4
C-r C-" C"' "  - 0-Cmc Ca COW C" C "

g 3556:5 4053.7 455-:15469 543:-S "3S-91 "34-6 76 30*17S5" 'h* :5 *5$ O0
20 564 53-6 50-4 46-8 42"9 38-1 34-4 29-9 25-2 20-4 15-5 to

56-3 53-5 502 46-7 42-8 38-7 34-3 29-7 25-0 20-2 15-3 20
30 56z 53-4 50. 4651 42- 38-5 34-1 W6 249 W-0 15-1 30

0 56-22 53-3 50-0 46.4 42-5 38-4 34-0 29-4 24-7 1".9 1-0
so I 53-2 49-9 46'3 42-4 3-82 33- 29-3 24-5 19-7 14-82 J1 136 [4 3146 491 36. G .. 6x 3 1 1 7 t

09'J 5 " 4 5 - 4 - 6 2 = 8 33 .1 7 29 - 1 2J~ 4 .4 1~9 6 1 14 6 oo1. 35- 53-0 49-7 46-0 .21 7- 33,5 29-0 244 194 W+. 1,
as 553 5- 49-5 45"9 !42-0 37'11 33"4 ,23-8 "4-1 192 14'3 2

30 57 52-7 49-4 4531 418 37-7 33.2 25-7 23-9 19-1 4- go

4 S5"6 52-6 49-3 45-7 41-7 37,5 33-1 23*5 23-8 11-9 14-0 40
5o 55"S 52-5 49-2 45-5 41-6 37-4 32-9 28-3 23-6 18-7 13-8 5O

3754 4252*4 4749-I 5245-4 5"41-4 63 37-2 6732.8 722.2 77234 1
8
4 - 37

1* 55"3 52-3 49-o 45-3 41-3 37-1 32-6 2 -0 233 18.4 13-5 O
S 55'2 52-21 4-21 45.21 41-2 36-9 32 5 27-9 23-t 1-2 13-3 20

30 55-1 52-. 48-71 45-0 41-0 36-8 32-3 27-7 22-9 18-1 13-2 30
55- 52-0 4$6 44-9 409 3" 32.2 27- =4 17-9 13-0 405O 55-0 51-9 4.55 44.8 40-8 35 32-0 27.4 22-6 7-8 U-8 So

o 31549 4351-. 442-4 544-6  840. 6336-4  13- 9"73 27-2 7.U-5 83 17-6 22-7

20 54-8 51-7 48-2 44-5 4045 36-2 3t-71 27-1 22.3 17-4 22-S5 e
20 54-7 S-61 48-t 44-4 40-3. 36-: 32-6' 26-9 22-I 17-3 12.3 20

30 54-6 51-51 49-0 44-2 402 359 3-4 2$ 2-0 17-t t2-2 30
40 54.5 51-4 47-9 44-1 40-1 35-8 31-3 26-6 21-8 16-9 22-0 40
so 54-4 5 2- 47. 44-0 39-9 35-61 31-1 2&65 21.7 t6-9 12. so

op 3954"3 4451"1 047-6 5443.9 593931 6435"5 6931-0 7426-3 7921-5 4t6-6 891"7 2s

1* 54-2 5-0 47-5 43-7 39-6 35-3 30-8 26-1 21-3 16- 5, 2t-5 0
-0 54-1 50-9 47:4 43-6 39-5 35-2 30-7 26-0 1-22 t6- 1- 4 0
3- 54-0 50-8 47"31 43"5 394 35-0- 3-5 25-S 21-0 z61 112 39
40 53-9 50-7 47-21 43"3 39-2 34 ,9j 30-4 25"7 20"9 16-0 11-0 40
sa 53-81 50-6 47_01 43-2 39_1 34-71 30-21 25-51 -7. 15-SI I"- P5

H.P. L U L U L U L U LU LU LU U !ut~ H P.

54 1-2 1-7 1,32- 1t-,4 2*0 26 2"32-9 2"63-.2 2-9 35 3-23-31 3"$ 4" S 544054-.142- 2-2-24"12-2.62---82
54-3 1-4 1- 1-62- 2-025 23 2.7 253.0 2-32 3-03-5 3-338 3464-1 3-944 43
S-4 1-72-g-92-2',- 2I+.32.6 2z.52.1 2-73-01303-3 1323-5 3-53-8 3-74-1 4-04-3 544
54-9 2-02-2 2-22-3 2 1-5 j25 2-7 2-7 -9 2-9 3-1 3-23-3 3-4 3-5 3-63- 3-94-0 4-1 4-3 54-9
55-2 2'3 2-3 212-4 2-6 .- 6 2-8 2-8 3-029 3-2 3-113 4 3"3 3-63-5 3- 3-7 4-04-0 42 4-2"- -2
5-5 2-7 2-5 2-S2-6 -9 2-7 3-12-9 3-2 3-0 3-4 3-2 3-6 3-4 3-73-5 3-93-7 4-1 3 .4-41 U-S
55

"
- 302-6 3-1 2-7 3-

. 2- 3-33-0 3-53-1 3-63-3 3-8 3-4 3-93 -4-
" 3-7 4-23-9 4-44-0 559t

561 3-32-8 3-4 29 3-53-0 363-1 3-73-2 3-83-3 4-03-4 413-6 4-23-7 4-43-8 4-54-0 *i
56-4 362-9 3 7 3-0 3-83-1 3-93-2 -3-93-3 4-03-4 4t 3-5 4"336 4-43-7 4-3-8 4-63.9 364
S6-7 3-93-1 4-03- 4-t 3-2 4-1 3-3 4*2 3-3 4-3 3-4 4-3 3-5 4-43-6 4-5 3-71 '-6 3- 4"7 3- 961
57-C 4-33-2 4-33-3 4-33-3 4-4 3-414-4 3-4 4-53-5 4-53-5 4-63-4-73-6 4-7 3-7 4-8 3-8 57-0
57-3 4-63"4 4-6 3-4 4-6 3-4 463-5 4-73-5 4-73-5 4-73-6 4-3-6 403"6 4-3-7 4-93-7 57-357414-93"6 4-93"6 493-6 4-93-6 4-936 4"93-614-93.6 4-93-6 5-03-6 5-034 5-036 574-
59 3-23"7 5-2 3-7 5-2 3-7 5*2 3-7 5-2 3-7 5-13 5" 3 6 5-1 3-6 5-1 36 5- 36 5-13-6 57-9

59-2 5-5 3-9 S-5 3- -553S5.43- 5-4 3-7 5-4 3-7 5-3 3-7 5-336 5234 5-2 3-5 5-2 3"5 S6
58-5 5-94-0 5-8 4-0 5-S33-915-73-91 5-6 3-8 5-6 3-8 5-53-7 5-53-6 5-43-6 S-33-5 5-3 34 56s
S8- 6 .4 - 1 6 4-3 6 -04- 0 5-93.9 583-9'3 -73-7 5-63-6 .5-5 435 5-33.4 *8
59- 6-43 44- 3 6-34- 2 6-24- 6 14-0 03-9 5- - 3-7 5- 3-6 55 3-5 5463-4 5-433 5-
594 6.-4-5 6-74-4 6-6 4-3 - 6-5 4-2 644-1 6-23.9 6.1 3.-16-0 3-7 5-2 3-5 S-7 3-4 5-5 3-2 -4 f
5-7 714-6 70-o5 6-94"46.84-3 66 41 6-5 4-0 6338 6.23-7 6-0 3-5 5-3-3 543- 9"

6- 17-5 4-8 7-3 4-7 7-2 4-5 7-04-4 6-9 4"2 6-74-0 6-5 3-9 6.3 3-7 6-t 3-5 5-9 3-3 57 3- 61

40-3785-07-64- 75477"34-5 7-14-3i694"s6-739 653-7 6-335 6-03-2 5- i3-0 6--3,,.4 11 5-1 7-9 5-0 7"74"1 7644
.6 

7-3 4-4 7"-14-2 |6-9 3"9 67 3-7 6-4 3-4 6 3-2 5-9 2-9 -
60918-45"3 1-2,- 1o49 7,14:7 7-6 45 34 -7" 4 - 7 " 3-4 6-33-1 6-02-9 4

',i41. - 3os- 46 2 -1 4.57-6 4-3 7'j 3 4-0 7-."7 6-734 643-t 6121 61-2
61"5 1 9-1 5-6! 8,1 9"- 65+ 1"34 .46 17" 4-3 t7-5 4-17.2 3"7+ 6-9 3-4 6-5 3-116-2 2-716-$i

|o



APPENDIX G

EXTRACTS FROM AIR ALMANAC

STARS, MAY-AUG., 1975 INTERPOLATION OF G.H.A.
No._Name_____.H.A.1 Dec. ncmt to be added for intervals of G.M.T. to
!MA -''- t G.H.A. of: Sun, Aries (T) and planeis; Moon

70 Ammar 31' 3148.4024 SVJN.se. MOON SIJNOdL MOON ISt1.4.06. MOON
50 Aciternar 0-33548 S.5721 m s ., s

1.1 Az .173411 S.6258 000 0  0311 " '0325 " '052
19 Adhara t 1.6 255351, S.2856 0150002 21 8329 41 1 641
10' Aldebaran t 1-1129122 N. 16 28 05 002 06 0520 4142 0700
33* Afwth 1-7 166461N. 56 06 9 29 0337 49 0704

34' Aikaid 1.9I 15321 N. 49 26 13 0014 3300341 5 008

5 Al Nir 2.2 2819 S.4705 1700018 37 034510657 0713
15 Almacm t 1.S 27616 S. 113 21 000022 410550349 0701 140717
25' Alphard t 2.2 21824 S. 833 250070028 45056 0354 051470721
41' Alphecca t 2.3 12635 N. 26 48 2900031 49 0358 0140725

1* Alpheaz t 2.2 i 358313 N. 28 57 30729
1 Altair t 0-9I 6236 N. 848 3 935h 0406 17 073

2 Axr 2-4 35344 s.4226 410104 4l0 041o01 21 110737
420 Ant a 1.2 111301 S.- 2623 45 0 5 0414' 25: 0742
3,, Arctuu t 0.2, 146 22 N. 19 19 4 0 200 51 09 ! 4 19 . 29 15 074

43 1.9i 1828 59 004 0750
22 Aior 1.7 23430 8.592G 0100 17 0764
13 B.Lsri t 1.7 27903 N. 620 001 0104 21106 15616 dles -- 016 10656]

17" Canopus -0.9 1264 09 S.5241 
0 9

0 1 1 2  
2 0 0806

12" Capella 0.2 281171 N. 45 58 13 0116 33 i043 53 0811
530 Dceb 1-3 49 511 N. 45 12 17 0120 37 0448 0757 0a15

S3'cad 2020014 110 200
280 Demetiota 2.2 183031 N. 14 43 0124 41 0452 08 19

4. D'pa 2.2 34924 1 S i87 (r 02012 1 111 201
022 11 j 202r27* Du 2.0 194 27 N. 6153 29 0133 1 49. r, 9 0827

14 Ebma t 1-8 278 49 N'. 28 35 33 0137 53 0504 13 0831

47 0ftaxin 024 114203042-41 90 5 N. 5 13 0 0141 04 008 17 035
540 FA if t 2.51 3415 N. 9 46 014510501 05 21 08408' Fomaa t 143 1555 S.2945 070 2 0516 5 20

- 3 Mekei 2314841 8365 203022 1 25 0450 170 41 05 4 11 1 2021

31 Gaku 16117233 1S.156 9 01 
53  

09 021 9 08 48
25" Nimak t 2-8117622 S.1725 33 01538 31 5 25 06 09083
3 2' Hadar 0-91 14928 .6016 1 02 02 17 062 37 38

S2* HaIn t 2-2 328 33 10N. 23 21 0 06 120 2120042

20' rocoa 0.124301. 01 44025 1 31 41 210940

4 Kamahut,. 2.0 321 S.4 90 020 913 06 292237 ::

±6S'l eiiu I 241031451N.124 5343301 p 1 ] 3 2 010 22 1

400 IReIKo 22 -3 1 4. 02 157 02104. 4 305 4 0901

-- W~igil~eul. 03538 1535 412100

4 lal t2 1 02 S. 1540 37 2 1 33 0504 52 2 012
V] M b' kr t -2 314 25t N. 4 4 1 022 35 053 0 091

35'eneon-t 2-11 97001 S.3635 10450 41 25 0320 013 815 53228

U'CLEO Mipaiu . 2514 62 o04r, 03 2764 216

1St iroi' I 1-S. 25859.S.16415 24305O 05 e 099724

91 , -51.23o21 . 15 1 1 29 0251 19 ,0 009 210 0929
3r Raimk t 2.2 22314 S.220 039029536 065 6 3

52Veak 0.1 8408 S.3849 Sa sdin1.4 A 327 7 60) Vo7 1. 3

210IP,tu t 1-2 24403.1205 040® 130 2,20 m

2V roci t 0-5 245 30 N 8 15 51 0 0470 a b 1 0 5 1 221 02942
042- l . o ooo051 02 0195 22 145Raslhapc t 2.1! 96 33 IN.5123 49~ 0 25 023 248_ 95

461 ,,a, 1 i970iS.37 00 33 08 223
29 tt 1-3ir3t -1 208 14 1 N. 124 05 53 000 1 062 3"3 095o4

i Rie 128101 S. 814o27 0304 17 061 075 5
3V Rig est. 0.1i22 14 3 S. 642 0 41325

aS Zba'b 2-6 137 0 45 S.1542 0301. t04 t 03 ay 21 36e 063S Vo 2 6 13. 0_

05 04 03 2 2145,0 39 4 " 7

81 __= --. -t --1! 28--5- _ .9



1146 APPENDIX G: EXTRACTS FROM AIR ALMANAC

(DAY 152) GREENWICH A. M. 1975 JUNE 1 (SUNDAY)
_ _ __ i _ _ I _ _. m

GMT I 0 SUN IAES VMNS-IA I JWIR-i 7 SATURN 0.4 (P ON t~~Io
GHA D cIGKA~ T G4A D 1CMihA 0- GRA D c GiIA Do,- ri

00 00 180 36.0 21 562 248 51'3 132 10 123 46 2.325 9N 5 30 14029 N2216 279 2l S 647
10 183 06 56.3125121.9 13440 23529 114259 28147 45 -07 g
20 1185 36.0 56.3825352.3 13709 23759 1145 29 28413 43 4
30 18806.0 56.4125622.7 13939 24030- 114800- - 28639 - 42 70 0040 -04
40 190 35.9 56.5 258 53.1 14209 E243 00 .15030 28904 40 680032 -0150 193 05.9 56.512612335 144 39 245 30 115300 :291 30 38 66 026 +01 -°

0100 195 35. 2156.626353.9 14709N23 45124801N 530 155 312216 29356S 636 60015 05
10 198 05.9 56.1261 24.4 14939 i250 31 15801 296 22 35
201200 35.9 567126854.8 15209 25301 16031 29 47 33 60 0011 06
30 1203 05.9 -56A81271252 15439 1 25532- 16302- 30113 - 31 58 0007 07
40120535. 56 . 273 55.6 15709 125802 16532 30339 29 0 0004 08
50 208 05.8 56.9 276 26.01159 39 26032 1" 03 o605 2 5 4 17 0

0200 21035.N1 56.9127856.41162 091234526303 X530 17033N2216 3030 S 626 0 4161 1

10 1213 05.8 5,.0 281 26.8 164 39 1265 33 173 03 31056 24 14 12
20 215 35.8 57.1 28357.2 167 09 .68 03 17534 31322 23 45 2414 1
30 21805.8 - 57.1 286 27.6 16939 27034 17804 131547 - 21 40 241 13
40 220 35.8 57.2 288 58.0 17209 127304 18034 31813 19 35 2421 15
50 22305.7 57.2 291 28.5 17439 27534 18305 32039 17 24101 16

0300 225 35.7 N2157.3 29358.9 17709N23 44 27805N 530118535 822 161323055 616 20 2407 18
10 228 C5. 573129629.3 17938 26035 188 05 32530 14 10 2405 19
20 23035.7 57.4 18208 28305 19036 32756 12 0 2404 21

30 23305. 57-5 301 30.1 184 38- - 285 36 - - 193 06 • 330 22 - 1040 235 35.7 573S 304005 187 08 12-8 06 19537 33248 09 20 240 2
50 238 054 57.6 306 30.9 189 38 1290 36 198 07 335 13 07 30 23 58 26

04 00 240 35A 121 57.Aj309 01.3 192 08123 44 293 07 N 530 200 37 122 15.337 39 S 605 35 2356 27

10 1243 05. 57.7 311 31.7 19438 1295 37 20308 34005 04 2 29
20 1245 35.6 57.8314022 19708 1298 07 205348 342 31 02 2 30
301248 0546 57.131632.6 199 38- - 300 38- - 20808 - 344 6 6 0 32
40125035.6 57.9.319 03.0 20208 30308 21039 34722 558 52 2350 33

- 50125305.6 57. 321 33.4 20438 .30538 21309 34948 57 54 2349 34
05 00'!255 35.SN21 580 240321207 08 23 43i30809 N 531 215391M2215 352145 535 35

10 08 05 1 5.0 3264. 219 38 131039 21810 35439 53582347 36
201260 35.5 58.1 32904.6 21208 131309 22040 35705 51 6 2
30O26305. 58.2 33135.021438- - 1315 40 - . 2310 - 35931 - 50 is
40,265353S 582 33405.4,21708 '318 10 22541 157 48
5012680S3 58.3 33635.9 21937 '320 40 22811 422 46

06 00;i270 35.5 N21 583 339 06.3 222 U7 N23 43 !323 11 N 5 311230 42 N22 15! 648S 544 o's. . . --
101273 05.4 58.4 341 36.7 224 37 .325 41 1233 12 1 9 14 43 . "

2011275 35.4 58.5 34407.1 22707 132811 23542 1 1140 41 Z ,
3011278 05.4 - 5 346373 22937 - 33042 - 23813- 14 05 -39 A V A U

40128035.4 58.6 349 07.91212 07 133312 124043 1631 38
5011283 05.' s8.6 31 38.31234 37 33542 24313 "157 36 0

-- 07 00285 35.4 U21 58.7 354 08.71237071234233813N 5312 151 2123S 10 5 82
h 2 33 3N51254 s2239 532 15 53 5928

101:8 05.3 58.7 35639.1 23937 .34043 24814 2349 32 152 6 2
20902035..,3 5. 140. 24207 34313 2[5044 12614 31 27
401293053 58.9 140.0 244 37 134544 - -25315 - 2840 - 29 21 51 2
401295 35. 58.9 410.4 24

7 07 *348 14 25545 3106 27 24 5 25
4050129858 59,0 40A 249.-7 35044 25816 3332 25 49 "24

0 0011300 35.3 M21 59.0 11.2 252 0723 42 353 5 N531 26046 N221S 5 57s 5 24 - 22
1030305.3 1141.625437 35545 26316 3823 22 31:
20"305 352 59.1 1412.0 25707 135816 26547 4049 20 3346 67 21
301308 05.2 -59.2 16 42.4 259 3? - 046- - 26817 - 4315 - 18 20
40[,310 35-: 593 19 12.8 262 06 316 270 47 4540 17 3 44" 19
50"313 052 59.3 243.21264 36 547 27318 4806 15 43- 180900 315 352NM2159.41 24 13.7267 06 U2341! 817 N 531 27S548N22 15 50325 513 4 42 72 17
101318052 59.41 26 44.1 269 36 1 1047 27841 5258 1 16

I 1_141 7
2032035 59 2 001 4.5 27236 131 249 552308,43 40804
30E323 051 59. 3144.91274 36 - 48 28319 57 49 39 14
40-32535-1 59.63415.327706 8 265496315 6 381 13-
50328 05 59.71 3645.727936 .2049 2120 82 04 4 7

10 00 1330 35.1 N21 59.71 39 !6.1 282 06 PQ3 40i 23 19 K 5 311290 50 1122 15 65 0. S 5 03 49 36 76 11 -S-

1035804 9 2549 29321 6732 501 35 1Z,. ,. 2233 3.i 5984416.14 28706 28 20 129 51 69 58 4 59- so "" -9-

0 135995.1 591 349S00

30"'.338 050 21 59.91 4647.4 28936 - 3050 - 12" 21 -- 7224 -57 33 I
40r340 35.0 22 00.0 49 17.8 292 06 33 20 ]300 2 750 56 32 ;-
. _i3 05+ t 518.22916 ;5 551 1303 22 77 1S 54 .31---27 3 822 W0. 532 305 5:2 1215 ,4 45

! 1g34 05.0 00.1 56 49.o0299 36 40 51 3082 B 20 o 291 -i.20050o 35.0 o0. 59 19. 41302 06 43 Z2 1310 53 1 433 48* "-;
30*-353 04.4 00.2- 61 49.81304 35 45 52 - 313 23 - 6s 47 S9,. SE) 15:8 9
40V3S5 34.9 0O03 642O2 3070O5 48 22 1315 54 8 4 4
50035804.9 0041 66 50 6 309 35 5053 13!- 24 91 50 43 ,on$ 5

-- 1o- 45 ,99 no 3 l~s'+,-. s 1502090002# I S02 0000 1 43s4-S1 ,9 Ag 1Zl

+ . _ + S

. ,-



APPENDIX G: EXTRACTS FROM AIlR ALMANAC 1147

(DAY 152) GREENWICH P. M. 1975 JUNE I (SUNDAY)

GMT 0) SUN ARIES VIENUS-3.$ JUPITER-1.7 SATURN 0.4 0 MOON too. D ff, -

GHA D., GilA T GHA Dec. GHA Dc.. GHA Dec GHA Dec tt

12 oo 3 34. 22 00.4 69 21.0 312 0; N2; 3; 53 23,N 32 32,; 55,N2; 15 ' ;16 S 4 41 N
10 3 04.9 00.5 71 51.5 314 35 55 53 323 25 96 42 40 7 1-

20 5 34.9 O0.5 74 21.9 317 05 58 24 325 55 99 07 38 721038 5

30 804.8 - 00.6 76 52.3 319 35 • 60 54 • 328 26 • 101 33 . 36 70 10 45 40

40 10 34.8 00,6 79 22.7 322 05 63 24 330 56 03 59 34 60 10 £1 45

50 13 048 00.7 81 53.1 324 35 65 55 333 26 106 25 33 64 100 40

300 15 34.8 N22 00.8 84 23.5 327 05N 2439 68 25 N 5 32 335 57 N22 15 108 515S 4 31 62 11 04 39

1 0 1 8 0 4 . $ 0 0 . s 8 6 5 3 .9 3 9 3 5 7 0 5 3 3 8 2 7 I l 1 6 2 9 6 1 7 3

20 20 34.8 00.9 89 243 332 05 73 26 340 57 113 42 2760107 3

30 23 04.$ - 00.9 91 54.7 334 35 * 75 56 • 343 28 116 00 - 26 50 11 10 36

40 25 34.7 01.0 94 25.2 337 05 78 26 345 58 118 34 24 56 11 12 35

50 28 04.7 01.1 96 55.6 339 35 80 57 348 28 120 59 22 54 11 141 34

1400 30 34.7 N22 01.1 9926.o 342 05 N23 38 83 27 N 5 32 350 59 N22 15 123 25S 420 1
2 

11 161 33

10 33 04.7 012 101 56.4 344 35 85 57 353 29 125 51 19 50 11 181 32

20 35 34.7 01.2 104 26.8 347 04 828 35O0 187 1745 11 22 30

30 38 04.7 - 01.3 106 57.2 349 4 -• 90 58 - - 358 30 -• 130 43 • 15 4 5 I 2

40 40 346 01.3 109 27.6 352 04 93 28 1 00 133 08 13 35 11 28 27

50 43 04.6 01.4 Ill 58.o 354 34 95 59 3 31 1135 34 11 30 11 31 26

1500 45 34.6 N22 01.5 114 28.4 357 04 N23 38 98 29 N 5 32 6 01 N22 15 13800OS 4 10 2 15 2

Z- 10 48 04.6 01.5 116 588 359 34 100 59 8 31 140 26 08 10 11 39 23

20 50 34.6 01.6 119 29.3 2 04 03 30 11 02 142 52 06 011 42 21

40 55 34.6 01.7 124 30.1 7 04 108 30 16 02 147 43 03 20 11 49 IS

50 58 04.5 01.7 127 00.5 9 34 ill 01 18 33 150 09 4 01 30 11 53 16

S1600] 60 34.5 N22 01.8 129 30.912 04 N23 37 113 31 N 5 33 21 03 N22 15 152 35 S 3 59 35 11 56 15 --

.__101 63 04.5 01 .9 132 01.3 14 34 116 1 23 34 iso o 57 40 11 58 14

:_20 6534.5 0.9 134317 17 04 11832 26 04 157 26 56 45 1201 12 ..

3D 6804.5 •020 13702.1 19 34 •121 02 • • 28 34 • •159 52 •54 50 1205 10

4 0 7 3 . 0 2 .0 1 3 9 3 2 .5 2 2 0 4 1 2 3 3 2 3 1 0 6 8 5 2 5 2 1 0 7 1 0

,; 50 7304.4 02.1 14203.0 24 34 12603 33 35 16444 50 5412 08 09

1700 75 34.4 N22 02.1 14433.4 27 04 N23 37 128 33 N 5 33 36 -J.122 15 167 09 S 3 495812 13 07
10 78 04.4 02.2 147 03.8 29 33 31 03 38 36 169 35 47 58 ANA7

:,-20 80 34.4 02.3 149 34.2 32 03 133 34 41 06 172 01 45 60 12 1506

30 83 04.4 • 02.) 152 04.6 34 33 • • 136 04 • • 43 36 • •174 27 • 43 S p

•40 534.4 02.4 15435.0 37 03 13834 46 07 176 53 41

50 8804.3 02.4 157 05.4 39 33 14105 48 37 179 18 40

- 1800 90 34.3 N22 02.5 15935.8 42 03" 36143 35 N 533 51 08N22 15 1814453 38 tmq.'p. .P-

10 93 04.3 025 162 06.2 44 33 14605 53 38 184 10 3

20 95 34.3 02.6 164 36.7 47 03 148 36 56 08 186 36 34 1 0=o _
°

30 98 04.3 • 02 6 167 07.1 49 33 • 151 0 5, 58 39 • 1 9 02 < 33 +
40 100 34.3 02.7 169 37.5 52 03 153 36 61 09 191 27 31 +
50 103 04.3 02.8 172 07.9 54 33 15607 63 39 193 53 29 0 57

19 0 O 105 34.2 22 02 8 174 38.3! 57 03 N23 36 158 37 N 5 33 66 0 N22 15 196 19 S 3 27 14 5 928

10 10804.2 02.9 17708.7 59 33 161 07 6840 19845 25 5 2 S

20 110 34.2 02.9 179 39.1 62 03 163 38 71 10 201 11 24 602

30 113 0412 . 03.0 18209.5 64 33 • 16608 • 73 41 • •203 36 • 22i 21 5 6126 2

40 153. 030184 39.9 67 03 168 38 76 11 206 02 20 24 5 6325

50 11804.2 03a1187 10.3 69 33 171 09 7841 20828 18 2 6 4 24

2000 120 34.1 N22 03.2 18940.8' 72 03 N23 35 173 39 N533 8112 N22 15 210 545S3 1728 22

10130. 32121. 74 32 176 09 83 42 213 20 15 46 2

20 125 34.1 03.3194 41.6 77 02 178 40 86 13 215
€ 

45 13 33 6 21

30 128 04.1 • 03.3197 12.0 79 32 • 181 10 • 88 43 • 218 11 • 11 344 51 20

40 13034.1 03.4 19942.4 2 02 18341 91 13 220 37 0936 19

50 133 04.1 03.4 202 12.8 84 32 186 11 93 44 223 03 08 38 3 18

210 O135 34.0 N22 03.5 20443.2 87 02 N23 35 18841 N 5 33 96 14 N22 15 225 29 S 3 06 40 7

10 138 04.0 03.6 207 13 6 89 32 191 12 98 44 227 54 04 41 7 16

20 140 340 03.6 209 44.0 92 02 193 42 101 is 230 20 02 4 40 57

30 14304.0 • 03.7 212 14.5 9432 - • 19612 • • 103 45 " " 235246 301443 14

40 145 34.0 03.7 214 44.9 97 02 19 4 0 52 5 1 9 4 46 8 7 13
50 14804.0 03.8 217 153 9932 201 13 10846 237 38 57 467 61

220 O150 34.0 N22 03.8 219 45.7 102 02 N23 34 203 43 N 5 3411l16 N22 15 240 03 S 2 5549 3 810
10 53 03.9 03.9 222 16.1 104 32 206 14 113 46 242 29 53 50 79
20 55 33.9 03.9 224 46.5 107 02 208 44 116 17 244 55 52 3

30 158 03.9 - 04.0 227 16.9 109 32 • • 211 14 • 118 47 247 21 • 50 33
40 160 33.9 04.1 229 47.3 112 02 213 45 121 18 249 47 48 53 2
50 163 03.9 04.1 232 17.7 11431 216 15 12348 252 12 46 5432

-230 O16531.9 N22 04.2 23448.2 )17 01 N23 34 218 45 N 5 34 126 18 N22 15 254 38 S 245 5531 |

10 168 03.8 04.2 237 18.6 -.19 31 221 16 12849 257 04 43 57 29

20 170 338 04.3 23949.0 122 01 22346 131 19 290 41 59 L

30 1730.8 - 04.3 242 19.4 124 31 • 226 16 • 133 49 • 261 56 • 39 Sun SD 158 -_ -

40 17533.8 04.4 244498 127 1 22847 13620 264 21 31 .

50 178 03.8 04.5 247 20.2 129 31 231 17 138 50 26647 36 Moon SD 15'

Rote 14.99 NO 003 14 5975S0005 15020 NO002 15022 O00 14 34 9NO106 Age 21d



1148 APPENDIX G: EXTRACTS FROM AIR ALMANAC

(DAY 153) GREENWICH A. M. 1975 JUNE 2 (MONDAY)

GMT 0 SUN ARIES VENUS-3.6 JUPITR-1.7 SATURN 0.4 0 MOON tat. Moon. A
GHA 0s.. GHA T GHA Doc .MA D c GHA Dec. GHA Doc r
i ~- .1 . .1 . N •p •#

00 00 180 33.8 N22 045 249 50.6 132 01 N23 33 233 47 N 5 34 141 20 N22 15 269 13S 2 34
10 183 03.7 046 252 21.0 134 31 236 18 143 51 271 39 32 0 * -
20 185 33.7 04.6 254 51.4 137 01 238 48 146 21 27405 30 72 00 36 -07
30 18803.7 - 04.7 257 21.8 139 31 241 18 14852 . 276 31 • 29 70 0033 -04
40 190 33.7 04.7 259 52.3 142 01 243 49 151 22 278 56 27 68 00 '0-1
50119303.7 04.8 262 22.7 144 31 246 19 153 52 281 22 25 646 00275 013

0100 195 33.7N22048 264531 147 01 N23 33 24849N 534 156 23 N22 15 28348S 223 62 0024 04
10 198 03.7 04.9 267 23.5 149 31 251 20 158 53 286 14 21
20 200 33.6 05.0 269 53.9 152 01 253 50 161 23 28840 20 60 0022 05
30 203 03.6 • 05.027224.3 15431. 25620. 16354. 29105 • 18 58 0021 07
40 205 33.6 05.1 274 547 157 01 25851 166 24 293 31 16 56 0019 08
50 208 03.6 05.1 277 25.1 15930 261 21 16854 295 57 14 54 0018 09

O52 0017 10
0200 210 33.4 N22 052 279 551 16200 N23 32 263 51 N 534 171 25 N22 15 298235 2 12

10 213 03.6 052 282 260 16430 26622 17355 30049 11 5o 0016 10
20 215 33.5 05.3 284 56.41167 00 26852 17626 303 14 0945 00 14 12
30 21803.5 • 05.4 287 26.8616930 • - 271 22 • - 178 56 • • 30540 . 07 40 00 13 13
40 220 33.5 05.4 289 572 172 00 273 53 181 26 308 06 5 35 00 11 15
50 223 03.5 05.5 292 27.6 174 30 276 23 183 57 310 32 " 30 00 10 16

0300 225 33.5 N22 055 294 58.0 177 00 N?332 27853N 534 18627 N22 15 31258S . J2 20 0007 18
10 228 03.5 056 297 28.4 17930 28124 18857 31523 2 00 10 00 05 19
20 230 33.4 05.6 299588 182 00 283 54 191 28 317 49 1 58 0 04 21
30 23303.4 - 05.7 302 29.2 18430 - • 28624 19358 32015 5610 0002 22
40 235 33.4 05.7 34 59.7 187 0(' 28855 196 28 322 41 55 20 0000 24
50 238 03.4 05.8 307 301 18930 291 25 19859 32507 53 30 24 50 26

0400 240 33.4 N22 05.9 310 003 192 00 N23 31 293 55 N 535 201 29 N22 15 327 33 S 1 51 35 24 50 27
10 243 03.4 05.9 312 30.9 194 30 296 26 203 59 329 58 49 40 24 52 29 1
20 245 334 06.0 315 01.3 197 00 29856 20630 332 24 47 45 24 53 30
30 24803.3 • 06.0 317 317 19938 0 301 26 • • 20900- . 33450 • 46 50 2454 32
40 250 33.3 06.1 320 02., 202 03 303 57 211 31 337 16 44 52 24 55 33
50 253 03.3 06.1 322 32.5 204 29 306 27 214 01 339 42 42 54 24 56 34

0500 255333N22 06.2 32502.9 20659N2331 30857N 535 21631N22 15 34207S 140 56 2457 35
10 258 03.3 06.2 327 33., 209 29 311 28 219 02 344 33 38 58 24 58 36
20 260 33.3 06.3 330 03.8 211 59 313 58 221 32 346 59 37 60 24 59 37
30 263 032 • 06.4 332 34.2 214 29 • 316 28 • 224 02 • 349 25 • 35 S
40 265 33.2 06.4 335 04.6 216 59 318 59 226 33 351 51 33
50 268 03.2 06.5 337 35.0 219 29 321 29 229 03 354 16 31

06 00 270 33.2 N22 06.5 340 05.4 221 59 N23 30 323 59 N 5 35 231 33 N22 15 35642 S 130 Moons P. in A.

10 273 03.2 06.6 342 35.8 224 29 32630 23404 359 08 28 S -
20 275 33.2 06.6 345 062 226 59 32900 23634 1 34 26 1 o R
30 27803.1 • 06.7 347366 229 29 • 331 30 • 23905 400 • 24
40 280 33.1 06.7 350 07.0 231 59 334 01 241 35 6 25 22 + * +
50 283 03.1 06.8 352 37.5 234 29 336 31 244 05 8 51 21 0 , 575 4 58, 29

0700 285 33.1 N22 06.9 355 07.9 23659 N23 29 33901N 535 246 36N22 15 11 175 119 9 53 28 -
10 288 03.1 06.9 357 383 239 29 '34132 24906 1343 17 14 2 27
20 29033.1 07.0 0087 241 59 34402 25136 1609 15 18 5 60
30 29303.0 • 07.0 239.1 244 29 • 34632 • 25407 1835 • 13 21 51 61 26
40 295 33.0 07.1 5 09.5 246 59 349 03 256 37 21 00 12 24 50 63 25
50 298 03o 07.1 7 39.9 249 28 35133 259 07 23 26 10 26 49 64 24

0800 300 330N2207.2 10103 25158N23 29 354 04N 535 261 38N22 15 25 525 108 24 6 5823
10 303 03.0 07.2 12 40.7 254 2S 356 34 264 08 28 18 06 31 47 22
20 305 33.0 07.3 15 113 256 58 359 04 266 38 30 44 04 46 21
30 308 02.9 - 07.4 17 41.6 259 28 • 135 • 26909 - - 33 09 • 03 4 45 (i20
40 310 32.9 07.4 20 120 261 58 405 271 39 3535 1 01 .6 4 70 19
50131302.9 07.5 22 424 264 28 635 274 10 3801 0 59 43 71 18

0900' 315 32.9 N22 07.5 25 128 266 58 N21 28 906N 535 27640N2215 40275 057 442 7217

10 318 02.9 07.6 27 43.2 269 28 i 11 36 279 10 42 53 55 41 41 16
20 320 32.9 07.6 30 13.6 271 58 14 06 281 41 45 19 54 4 40 74 15
30 373 02.9 • 07.7 32 440 274 28 • 1637 • 284 11 4744 . 52 4 39 75 14
40 325 32.8 07.7 35 14.4 276 58 1907 28641 50 10 50 38 7 13
50 328 02.6 07.8 37448 279 28 2137 289 12 52 36 48 46 2

1000 33032.8N2207.9 4015.3 28158N2328 2408N 536 29142N2215 55025 047 4 36 8 11
10 333 02.9 07.9 42 45.7 284 28 26 38 294 12 57 28 45 35 79 -AN
20 335328 08.0 45161 28658 2908 29643 5953 43 50
30 33802.8 • 08.0 47465 28928 • 3139 - 29913- 6219 • 41 5133
40 340 32.7 0.1 50 16.9 291 57 34 09 301 43 64 45 39 32
50 343 02.7 08.1 52 47.31294 27 36 39 304 14 67 11 38 54 31

11 00 345 32.7 N22 08.2 55 17.7 296 57 N23 27 39 10 N 5 36 30644 N22 15 69 37 S 0 36 5 30 s
10 348 02.7 08.2 57 48.1 299 27 41 40 309 15 72 03 34 58 29
20 350 32.7 08.3 60 18.5 301 57 44 10 311 45 74 28 32 58
30 353 02.7 • 08.3 6249.0 304 27 4641 314 15 76 54 30 Sun SO 151s
40 355 32.A 08.4 65 19.4 306 57 49 11 31646 7920 29
50 358 02.6 08.5 67498 309 27 5141 319 16 8146 27 Moon 5D 15'

Kate 14599 NO 003 14 517 SO 005 15020 NO 002 15022 0000 14349 NO 108 Ag 22d

'A



APPENDIX G: EXTRACTS FROM AIR ALMANAC 1149

(DAY 153) GREENWICH P. M. 1975 JUNE 2 (MONDAY)

GT SUN ARIES VINUS-3.8 JUP T R-I.7  SATURN 0.4 CP MOON Lot.Mon. Dff

1200 032.6N2208.5 7020.2 311 57N2;27 5412N 536 3246N22 14 8412 025 Ni
10 3 02.6 08.6 7250.6 314 27 5642 324 17 8637 23 1 11 50
20 532.6 08.6 7521.0 31657 5912 32647 8903 217211218 50
30 802.6 OP.7 7751.4 31927 6143. 32917. 9129 20 7011219 47
40 10 32.5 08.7 80 21.6 321 57 64 13 331 48 93 55 18 66 12 20 42
50 13 02.5 0P 82 52.2 32427 6643 334 18 9621 is 64 1220 40

1300 15 32.5 N22 08.8 85 22.6 326 57 N23 26 69 14 N 5 36 336 49 N22 14 9847 S 0 14 62 12 20 38
10 18 02.5 08.9 87 53.1 329 27 71 44 339 19 101 12 12 60 12 21 37
20 20 32.5 08.9 90 23.5 331 57 74 14 341 49 103 38 11 58 12 21 36
30 2302.5 090 92 53.9 334 27 7645 - 34420' 10604 09581221 36
40 25 32.4 09.1 9524.3 336 56 79 15 346 50 108 30 07 56 12 21 35
50 28 02.4 09.1 97 54.7 339 26 8145 349 20 110 56 05 54 12 21 34

52 12 21 33
1400 30 32.4 N22 09.2 100 25.1 341 56 N23 26 84 16 N 536 351 51 N22 14 113 21 S 003

10 33 02.4 09.2 102 55.5 344 26 8646 354 21 115 47 S 0 02 50 12 22 32
20 35 32.4 09.3 105 25.9 346 56 89 16 35651 118 13 000 45 12 22 30
30 3802.4 • 09.3 10756.3 34926- 9147 35922 12039N 002 401222 29
40 40 32.3 09.4 110 26.6 35156 94 17 1 52 123 05 04 35 1Z.22 27
50 43 02.3 09.4 112 57.2 354 26 9647 4 22 12530 06 30 12 23 26

1500 45 32.3 N22 09.5 115 27.6 35656N2325 9918N 537 653N22 14 12756N 007 20 1223 24
1048 02.3 09.5 117 58.0 359 26 101 48 9 23 130 22 09 10 12 23 22
20 50 32.3 09.6 12028.4 1 56 104 18 11 54 132 48 11 0 1224 21
30 5302.3 09.7 12258.6 426- 10649 1424. 13514 131011224 19
40 55 32.3 09.7 125292 656 10919 1654 13739 15 20 1224 18
50 5802.2 096 127 59.6 926 11149 1925 14005 16 30 1224 1635 ]12 24 14

1600 6032.2N22 09.5 13030.0 11 56N23 25 114 20N 537 21 55N22 14 142 31N 018 40 1225 13
10 6302.2 09.9 133 O05 1426 11650 2425 144 57 20 45 1225 12
20 65 32.2 09.9 13530.9 16 56 11 20 2656 147 23 22 5012 25 12
30 68022 , 10.o 13801.3 1926 12151 - 2926 - -14949 24501225 10
40 70321 100 14031.7 2156 12421 3156 15214 25 52 1225 09
50 73 02.1 10.1 143 02.1 2425 12651 34 27 15440 27 54 12 25 09

1700 7532.1N22 10.1 14532.5 26 55 N23 74 129 22 N 537 3657N22 14 15706N 029 56 1225 08
10 7802.1 13.2 14802.9 29 25 131 52 3927 159 32 31581226 06
20 8032.1 103 15033.3 31 55 13422 41 58 161 58 33 60 12 26 05
30 8302.1 • 10.3 15303.7 3425 13653 4428 16423 34 s
40 8532.1 10.4 15534.1 3655 13923 4659 166 49 36
50 88 02.0 10.4 158 04.6 39 25 141 53 49 29 169 15 38

1800 9032.0N22 10.5 160350 41 55N23 24 14424N 537 51 59N22 14 17141N 040 Mon'sP.A. -
10 9302.0 105 163054 4425 14654 5430 17407 42
20 9532.0 10.6 16535.8 46 55 14924 57 00 176 32 43 3
30 9802.0 10.6 168 06.2 49 25 15155 59 30 178 58 45 +
40 100 32.0 10.7 170 36.6 51 55 154 25 62 01 181 24 47
50 103 01.9 10.7 173 07.0 54 25 156 55 64 31 183 50 49 0 ' 57

1900 10531.9N22 10.8 17537.4 5655N2323 15926N 537 6702N22 14 18616N 051 14 5 29
10 108 01.9 10.9 178 07.8 59 25 161 56 69 32 188 42 52 14 -2
20 110 31.9 10.9 180 38.3 61 55 164 26 72 02 191 07 54 18 52 627

30 11301.9 • 110 18308.7 6425 16657 7433 19333 - 56 2151 6126
40 115319 11.0 185 39.1 6655 16927 7703 19559 058 24 So 63 25
50 11801.8 11.1 188 09.5 69 24 17157 79 33 198 25 100 26 24

2000 12031.8N22 11.1 19039.9 71 54N2322 17428N 537 82 04N22 14 20051N 101 2948 6521
10 123 01.6 11.2 193 10.3 74 24 176 58 84 34 203 16 03 31 2,
20 125 31.1 11.2 195 40.7 76 54 179 28 87 04 20542 05 21
30 12801.8 • 11.3 19811.1 7924 - 18159' 8935 20808 07 3 45 20
40 13031.8 11.3 200415 8154 18429 9205 21034 09 6 19
50 133 01.7 11.4 203 12o 84 24 18659 94 35 21300 10 3 1 ie18

2100 13531.7 N22 11.4 20542.4 8654 N2322 18930 N 538 9706 N22 14 21525 N 112 4042 717
10 138 01.7 11.5 208 12.8 89 24 192 00 99 36 217 51 14 41 41 16
0 14031.7 11.6 210432 9154 19431 10207 22017 16 43 4 154

30 143 017 • 11.6 213 13.6 94 24. 19701 ' 104 37 - 22243 ' 18 4439 751
40 145 31.7 11.7 21544.0 96 54 19931 107 07 22509 19 38 13
50, 148 01.6 11.7 218 14.4 99 24 20202 10938 227 34 21 46 1

22 00 150 31.6 N22 11.8 22044.8 101 54 N23 21 204 32 N 5 38 112 08 N22 14 230 O0 N 123 49 711
10 153 01.6 11.6 223 15.2 104 24 207 02 114 38 232 26 25 35 10

" 20 15531.6 11.9 22545.6 106 54 20933 117 09 234 52 27 1 34
30 158 016 • 11.9 228 16.1 109 24 ' . 21203 11939 ' ' 237 18 28 33
40 160 31.6 12.0 23046.5 111 54 21433 122 09 23943 30 : 32 .

50 163 01.5 12.0 233 16.9 114 23 217 04 124 40 242 09 32 5 31

2300 165 31.5 N22 12.1 23547.3 116 53 N23 21 219 34 N 5 38 127 10 N22 14 244 35 N 1 34 5 0
10 168015 12.11238 17.7 119 23 222 04 12940 24701 35 29
2017031.5 122240481 12153 243 13211 2 7 37 tS30] 17301I. 12.324318.124 2' 227 05 - 13441 25153 ,39 Sun SO 1518

40 175 31.5 12.3 245 48.9 126 53 22935 137 12 254 18 41
50 178 01.4 12.4248 193 129 23 j23206 13942 25644 43 Moon SO 15'

Rate 14599 NO00) 1459.7 St'n6 15020 10002 1502.2 0000 1434.9NOO.8 0 Age 22d



1150 APPENDIX G: EXTRACTS FROM AIR ALMANAO

F4 INTERPOLATION OF STAR INDEX, MAY-AUG., 1975
MOONRISE, MOONSET No. mem mg. S.H.A. De.

FOR LONGITUDE .. .
I* Alp eatz t 2.2 358 13 N. 28 57

Subrd If longitude wes 2 Ankaa 2.4 353 44 S. 4226
3* Schedar 2.5 35013 N. 56 24

Diff.* 4* Diphda t 2.2 349 24 S. 18 07
iS* AcAemnar 0.6 33548 8.5721tud..._tde 05 I 10 15 •20 25 30 $ em . 2 3N 32

In m n A m Hamal t 2.2 32833 N. 2321
0 00 00 00 00 m 00 7 Acamar 3.1 31540 8.4024

20 01 01 02 02 03 03 8* Menkar t 2.8 31445 N. 4 00

40 01 02 03 04 03 07 9* Mirfak 1.9 30921 N. 49 46

60 02 03 05 07 08 10 10* Aldebaran t 1.1 29122 N. 16 28

80 02 04 07 09 11 13 11* Rigel t 0.3 28140 S. 814
12* Capela 0.2 28117 N. 45 58

100 03 06 08 11 14 17 1; Bdlalrix t 1.7 27903 N. 6 20
120 03 07 10 13 17 20 14 Elnath t 1.8 27849 N. 28 35
140 0 08 12 16 19 23 15 Alnilam t 1.8 276 16 S. 113

160 04 0 13 18 22 27 16* Betelgeuse t 10.1-1.2 271 32 N. 7 24

180 05 1 15 20 25 30 17* Canopus -0.9 26409 S. 52 41'-Longi.: 45ff. 18" sirius t -1.6 [25859 S. 1641

tude 35 40 45 50 55 60 19 Adhara t 1.6 25535 S. 2856

" mn m m m m 20* Pryn t 37
0 00 00 00 00 00 00 21* PolluZ t 1.2 24403 N. 28 05

15 03 03 04 04 05 05 22 Avior 1.7 23430 8.5926
30 06 07 08 08 09 10 23* Suhoil 2.2 223 14 8.4320
45 09 10 11 12 14 15 24* Micplacidus 1.8 22146 5.6937

60 12 13 15 17 18 20 25" .4phard t 2.2 21824 S. 8 33

75 15 17 19 21 23 25 26* Regulus t 1.3 20814 N. 12 05

90 18 20 22 25 28 30 27* Dubhe 2.0 19427 N. 6153
105 20 23 26 29 32 35 28* Denebola t 2.2 18303 N. 14 43

120 23 27 30 33 37 40 29* GieAuzh t 2.8 17622 5.1725
30* Acrux 1-1 17341 S.6258

135 26 30 34 38 41 45 31 |Garux 1.6 172331 8.56 59
150 29 33 38 42 46 50 32* A/ijoh 1.7 16646 N. 56 06
165 32 37 41 46 50 55 33* Spic t 1.2 15901 S.1102
180 35 40 45 50so 55 60 4* Alkaid 1-9 15321 N. 49 26

Lonf. DRad* -- Hadar 0.9 14028 S.6016
tude 65 70 75 80 85 90 3 Menkent 2.3 14841 S. 3615

0 O0 m O0 n 37* Arcurus t 0.2 14622 N. 1919
0 00 00 00 00 00 00 38* Rigil Kenaurus 0.1 14030 S.6044

10 04 04 04 04 05 05 39 Zubenelgenubi t 2.9 13737 5.1557
20 07 08 08 09 09 10 40* Kochab 2.2 13718 N. 7416

30 11 12 12 13 14 15 41* Alphecca t 2.3 12635 N. 26 48
t0 14 16 17 18 19 20 42* Anfare t 1.2 11301 5.2623

50 .18 19 21 22 24 25 3 Aria 1.9 10828 S.6859

60 22 23 25 27 28 30 44 Sabk t 2.6 10245 8.1542

70 25 27 29 31 33 35 45* Shaula 1.7 9700 S.3705
80 29 31 33 36 38 40 46* Rasalhague t 2.1 9633 N. 12 35
90 32 35 38 40 42 45 47 Eltanin 2.4 9059 N. 5130

48 Kau# Ausetalis 2.0 8421 S.3424
100 36 39 42 44 47 50 49* Vega 0.1 8058 N. 38 46
110 40 43 46 49 52 55 50* Nunki t 2.1 7633 S.2620
120 43 47 50 53 57 60 62361N. 848130 47 51 54 58 61, 65 314 Allair t 0.9 623 N.848;

52* Peacock 2-1 5403 S.5649
140 51 54 58 62 66 70 &3* Deneb 13 4951 N. 45 12

150 54 58 62 87 71 75 54* Enif t 2.5 3415 N. 9 46
160 58 62 67 71 76 so 5 A2-2i2 2819 8.4705

170 61 66 71 76 80 85 56* Fomalhaut t 1.-3 1555 S.2945
180 65 70 75 80 j 85 90 57 Markab t 2.6 14 07, N. 15 04

*When negative subtraef correction if longitude *Stars used in H.O. 249 (A.P. 3270) Vol. 1.
A west, and add if cut. tStar that may be used with Vol. 2 and 3.

1 ~h#

-t w



APPENDIX G: EXTRACTS FROM AIR ALMANAC 1151

SUNRISE

~A.Dec. jjartuary February 'a
30 1 2 5 8 11 14 17 20 23 26 29 1 4 7 10

N72 - - - - - - 1204 103 -033 -00 0484 0928 N(7;
70 - = G M 1 220 5 22 11 1046 2023 2006 0949 0933 0917 0902 70

68 m n 1134 12 13 106 2041 1027 1013 0959 0946 0933 0920 0908 0855 0842 68
66 1031 1027 021 10 14 1006 0958 0949 0939 29 0929 0909 0859 0848 37 26 66
64 0951 0949 0945 0941 0935 29 22 09 25 0907 0859 0850 42 32 23 14 64

62 24 22 20 916 0912 0907 0902 0856 0849 43 35 27 19 1 0803 62

N6a 0903 0902 0900 0858 0854 0850 0846 0840 0835 0829 0822 08- 5 
08o8 o8oz 0753 N60

58 0846 0845 0844 42 39 36 32 27 22 17 11 0805 0759 0752 45 58
56 32 31 30 28 z6 23 20 x6 t2 o807 08 O2 0756 50 44 38 56
54 29 19 IS 17 15 12 09 0806 0802 0758 0753 48 43 37 32 54
51 oS08808 o-, 08060805 082 0800 0757 0754 50 46 41 36 3: 26 52

NSo 0758 0758 0758 0757 0756 0754 0752 0749 0746 0742 0739 0735 0730 0725 072: N5o

45 38 38 38 38 37 36 34 32 30 27 24 21 17 13 09 45
40 2L 22 22 22 22 21 20 18 t6 14 12 0709 0706 0703 07001 40
35 0707 0708 0708 0708 0708 0708 0707 07o6 0705 0703 070 06 59 0657 0655 0652 35
30 0655 o636 0657 0657 0657 0657 u656 0656 0655 0654 0652 51 49 47 45 30

N 20 0634 0635 0636 0637 0637 0638 0638 o638 o638 o637 0637 o636 o635 0633 o632 N 2o
N o 06z6 17 is 19 20 21 22 22 22 23 23 23 22 22 21 N toA

0 0359 o6o0 o602 o503 0604060 5 
0606 0607 o6o8 06o9 o6:o o6:o o6o o6: I 1 0

STO 41 0543 05 44 0546 0548 0549 055 05 52 0554 0555 0556 0557 0558 0359 06 co Sso
20 23 24 26 28 30 32 34 36 38 40 42 44 45 47 05 49 20 -A

S30 0501 0503 0505 0507 0510 05 12 0515 0517 0520 0523 0521 0528 053 0533 0536 S3O
35 0448 0450 04 52 0455 04 57 0500 050 3 0506 05 o9 13 16 29 22 25 28 35
40 33 33 38 41 44 0447 0450 0454 0457 0501 0504 0508 12 :6 29 40

45 4 15 04 18 04 21 24 27 31 i5 39 43 04 47 0451 0456 0500 0505 0509 45
50 0353 0356 0359 0403 0407 22 15 20 25 30 35 40 0446 045 0456 50

S 5210342 0345 0349 0352 0357 0401 046 04 22 0457 0422 0428 0433 0439 0445 04 50 S52
S 4 30 33 37 41 46 03 5 0356 040 0407 13 19 25 31 38 441 54

* 56 03 16 19 23 28 33 38 44 0350 0357 04 03 04 20 x6 23 30 37 56

58 10259 0303 0308 03 13 03 18 24 31 37 44 03 52 0359 0406 14 21 29 t !5
S60J 0239 0244 02 49 025 4 0300 0307 03 15 03 22 0330 0338 o3 46 0354 0403 0411 04 1 S 6o _

SUNSET Ea

!Dcj January 292 February
t8 4 20 23 26 29 4 7 xo

h. b . b. h h . h .b . k . b . k.
M M I M - = 2225 :324 1 1420 1442 15 oT N 7

70 m m m " 12 21 1311 1339 1401 2421 1439 1456 1522 28 70
68 = M 1236 1300 1320 1337 2354 1409 1425 1439 1454 1508 1521 35 1548 68

66 2333 1341 1349 1359 1409 1420 1432 1443 1455 1506 2528 29 41 1552 z6o3 66
64 1413 1419 1425 1432 1440 1449 1458 1507 1517 27 36 1546 1556 16o6 %6 64 -
62 1440 1445 1450 1457 1503 2320 15I8 26 35 43 1552 6oo 2609 18 27 62

N6oi 1502 1506 15 10 15 16 15 22 15 28 1535 1542 1,549 15 57 x6 o5 z6612 t6 lo 1628 1636 N6 -

S8 19 22 27 32 37 43 2549 25 55 6oz 6 o9 15 23 30 37 44 58
56 33 37 41 45 1550 '5 55 26ox 1606 22 19 25 32 38 45 51 S6
54 46 1549 1553 1557 16ox 1606 11 16 22 28 34 40 46 52 :658 54

52 1557 16oo 1603 1607 11 t6 20 25 30 36 41 47 52 x658 1703 52
N5o is o6 x6 o9 16 13 z6 16 Is 20 Is 24 16 29 z6 33 x6 38 06 43 Is 48 t6 53 t6 58 17 03 17 o9 Nso[

45 27 29 32 35 39 42 1646 1650 x654 1658 2703 1707 1712 x6 20 45
40 44 2646 1648 165z 1654 1657 1701 2704 1708 2711 15 I8 22 25 29 40
35 1657 1700 27z 2704 2707 17 2O 23 16 19 22 25 28 31 34 37 3S
30 17 0 12 24 I6 19 21 24 26 29 32 34 37 39 42 44 30N o 1731 1732 1734 1736 1738 1740 1742 1744 ,746 1748 1750 1752 1753 1755 1737 N 20

N 10 17 49 1750 1752- 1754 1.755 1757 1758 180 1801 18o2 !S804 IS o5 IS8o6 IS 0 7 1807 NO -t-o

o z8o6 1807 1809 1810 182 282I2 2824 24 25 x6 27 27 27 18 28 0
S xo 24 25 26 27 28 29 29 29 30 30 30 30 29 29 28 S 20

201842 1843 1844 18 45 1845 1846 1846 1846 2418 45 1844 43 42 41 39 20
$3 I Io4 19o5 19 o5 ,9o6 xg o6 i19o5 1905 1904 1903 1902 19oo IS859 IS857 1855 1852 S$30

35 17 17 28 I8 I8 27 1( 15 24 22 10 1908 1905 90 3 2900 35
401 32 32 32 32 31 30 29 28 26 24 21 18 1. 12 09 40

45 1949 1950 1949 1949 1948 1946 1945 1942 40 37 34 31 27 23 19 45
50 2012 2012 2011 200 20o08 2006 2004 2002 1958 2954 50 46 41 36 32 50

S S5' 2022 2022 2021 2020 20 IS 20 16 20 13 2009 2006 2002 1957 1953 1948 1942 1937 S. |S2---

54 34 34 33 31 29 26 23 19 15 1200620022955 49 43 54

56 2048 20482046 44 41 38 35 30 26 2 25 0920032957 -0 56
58 2105 2104 2102 2059 2056 2052 2048 43 38 32 26 19 13 2006 m.58 58

S 6 21x 23 21 21 21 IS 21 14 210 1 Of 2058 2052 2045 2038 2031 2023 201 5 20



1152 APPENDIX G: EXTRACTS FROM AIR ALMANAC

MORNING CIVIL TWILIGHT

LatU. Feb6~a7 _.

30 2 5 8 11 24 17 2 3 6 9 4 7 50

1 0 49 1041 -032- 202-1- 400 0958 0946 09 33 091 oo 055 0841 0828 0IT o-o- Na
70 0952 0949 o944 0938 0930 0922 0924 0904 o54 0844 33 22 oSz o8oo 0748 70
68 019 o9 16 0913 0908 0903 0857 0850 0842 34 26 17 0807 0758 0748 37 8
660854 0853 0850 0847 0842 37 3Z 25 18 O811 0803 0755 46 38 28 66
64 35 34 32 29 26 21 27 0811 0805 0759 0752 45 37 29 21 64
6x 19 I8 17 15 Z2 o808 o804 0759 0754 48 42 36 29 22 14 62

N6O o8o6 0805 0804 o82 0800 o0757 0753 0749 0744 0739 0734 0728 0722 0715 0708 (6o
58 0754 07.54 0753 0751 0749 47 44 40 36 31 26 21 15 09 0703 58
56 44 44 44 42 41 38 35 32 29 24 20 15 o o4 o658 S6
54 36 35 35 34 32 30 28 25 22 18 14 09 05 0700 54 54
S2 1 27 28 27 26 25 23 21 z8 15 12 08 04 0700 0655 50 SIR

X50 10720 0720 0720 07-9 0728 0717 0715 0713 0710 0707 0703 0700 o65
6 

o65z 0647 M5o
45 0704 0705 0705 0704 0704 0703 070 o700 o658 o655 o652 o649 46 43 39 45
40 0651 0652 0652 o652 o652 0651 0650 o649 47 45 43 41 38 35 32 40
351 39 40 40 41 41 40 40 39 38 36 35 33 31 28 26 is
301 29 30 30 31 31 31 31 30 29 28 27 26 24 22 20 30

1N( o6 to o6i o61 2 o6 3 0624 o614 o614 0614 0614 o614 o613 o613 o612 o6x 0610 M90
10 0553 0554 0555 0556 0557 o558 0559 o6oo o6oo o6ox o6x o6o o6oo o6oo o6oo 110
aj 36 38 39 40 42 43 44 0545 0546 0547 0548 0548 0549 0549 0549 0

S zoos I8 20 22 23 25 27 28 30 31 33 34 35 36 38 38 S 1o
s0 0458 050 0502 0504 o056 o058 0510 05 z2 0514 05 16 05 t8 20 22 24 26 20

S3o 0433 0435 0438 0440 0443 0445 0448 0451 0454 0456 0459 0302 0503 05080510 S0o
35 IS 20 23 26 28 31 35 38 41 44 48 0451 0454 0458 0501 3
40 0400 0403 0405 0408 04 12 0415 0419 22 26 30 34 38 42 46 0450 40
45 0338 0341 0344 0347 0351 0355 0359 0404 0408 04230o418S 22 27 32 37145
50 0309 0312 S5 19 24 29 34 0339 0345 0351 0356 0402 0408 :4 20 50

S5 0254 0257 0301 0303 0310 0316 032z 0327 0334 0340 0346 0353 0359 0406 04 12 552
S4 36 40 0244 0249 0255 0301 0307 0314 20 27 34 42 490o356 0403 54
S6 0214 0219 0224 29 36 0243 02500 257 0305 03 13 22 29 37 45 0353 56
58 0145 01500 057 020 4 0212 0220 28 37 0246 0256 035 0324 23 32 41 Se

S6o10058 o07 oz16 0127 o138 0149 0200 0212 0223 0234 0245 0256 03o6 0317 0327 $5

EVENING CIVIL TWILIGHT

1ecLat. 2,9t yFeb-
_ 30 2 2 S 8 11 14 :7 2 23 26 29 z 4 7 0

7; 03 1' -32 31 '

7011 12 39 1352 1406 14 20 1435 249 1504 151 15 33 1547 160-1 1 62 5 M629
70 14!2 1419 1427 1436 1445 1456 1507 1518 30 1542 1554 1606 z9 30 42 70
68 1446 1451 1457 X505 1513 1521 30 40 1550 600 1620 21 32 42 1653 68 ;_R
66 1510 15 r5 1520 27 33 41 1549 1557 1606 15 24 33 42 16 52 1701 66
64 30 34 58 44 2550 1557 164 x6it 19 27 35 43 1652 1700 09 64
621 45 1549 1554 1558 1604 2610 16 23 30 37 45 2652 1700 08 16 62

N6o 1559 1602 t6o6 16z 2616 1621 1627 1633 1640 2646 z653 1700 2707 1724 172 M6o:
58 16 1o 13 17 21 26 31 36 42 48 z654 1700 07 13 20 26 58
56 20 23 27 31 35 40 45 50 1656 2701 07 13 29 25 2 56
54 29 32 36 39 43 48 52 z6 57 17 02 08 23 18 24 30 35 54
52 38 40 43 47 51 16 55 165$9 17 04 09 13 :I8 23 29 .34 3]9 5 3

350 x645 z647 j650 z654 1657 1701 1705 1710 1714 1719 1723 1728
45x7X 7 Xo 2O X1 1 9 3 26 30 34 3]8 42 46 50 45

40 14 26 29 2 24 27 30 324 37 4 43 47 51 1754 757 43s 26 28 30 32 35 3]8 40 43 46 49 52 17 55 X7 58 1800 IS 03 35 -
30 36 38 40 1742 1745 1747 3749 1752 1-754 1757 1759 x8o02 IS84 07 09 30_-

NO 20 755 1756 2758 1600 1802 180 4 t8 o6 IS8o8 i8o 9 IS It 1813 1815 ISl 1 1 IS , zS 1 ISigMa
NI 10 IS 12 z8 13 IS 1.5 z6 18 19 21 22 23 25 26 27 28 29 29 N 1O0 =

a 29 30 32 33 34 33 36 37 37 38 38 39 39 39 39 O0 :
S 10 1847 1848 3849 1850 1850 z8 5s x852 18 52 1852 1852 1652 1852 1851 1851 1850 S zo _

20o 1907 :9o x08 i 9 o x o9 9 ogio i9 to ;9x o 9 9O i*8 1907 190
6 

1905 1904 19 02 20o

S3o 1031 1932 193" 1933 1933 1932 1931 1931 19 29 1928 1926 1924 1922 1920 1918 S3O -
3.S 1946 19 47 19 47 19 47 19 47 19 46 19 45 43 42 40 3]8 35 33 30 27 3S --
40 2003 200 5 2005 200o4 20 03 200.2 2001 19 ,5 9 1957 1 954 1951 1948 1945 42 38 40 --

-4S 27 27 26 25 24 22 20 20o37 201 4 2011 2008 2004 2000 195 1951 4S _

50 2056 2056 2054 2053 2051 2048 45 41 37 33 28 24 IS 2013 2007 50
S52 12t1 21 1. 210 9 2107 21xo4 2101 2057 2053] 2049 2044 2039 2033] 2027 2021 20 x5 35a-- --

54 28 27 25 23 19 16 21 It 21 07 21 02 2056 20 50 44 38 31 24 S4_ -
S6 2z 50 21 48 21 46 21 42 2138 34 28 23 17 21 10 2103 2o56 20o49 42 34 S6 .- +

5822 19 22 t6 22 12 2207 2202 21 56 21 49 21 42 35 27 19 21 It 210 3 2054 46 SS 60 204 22 58 2251 22 4422 35 22 26 22 37220 22 58 21 48 21 38 2129 21 X 210 205 S 60=
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APENDIX G: EXTRATs FROM AIR ALMANAC 1153

SUNRISE

Lt. Apr. j May I June
29 1 2 5 8 1: 24 7 2o 023 6 29 1 4 7 10
h. k • k . k h h h k . k k k. h 1.nm k h kpL

N7;2 o24 o1so 012 00 41 2 -m _ - 3172
70 0247 0229 0211 0151 .O12.01 0012 C= C= 70
68 o31o 0256 0242 oz8 0212 01 57 0140 01 2 0100 0029 c _ 68
66 28 03 17 0305 0253 .2 4 0229 02 17 0205 01 53 o 41 01 28 01 5 01 2 0048 0033 66
64 43 ' 33 23 0312 0302 0253 0243 34 0225 021 6 0207 0200 01 52 0146 01 40 64
62 0355 46 37 28 20 0311 0303 0255 0248 0241 34 28 0223 02:9 0215 62

N 60 0403 0357 03 49 0341 0334 03 26 03 9 0313 o36 03 ox 0255 0250 0246 0243 02 401 60
58 15 0407 0400 0353 46 39 33 27 22 17 0312 0308 0304 0301 0259 Se
56 22 6 09 0402 0356 03 50 45 40 35 30 26 23 20 17 03 15 56
54 29 23 27 i 0406 04000 355 0350 46 42 39 35 33 31 29 54
S2 36 30 24 19 14 09 0404 0400 0356 0352 49 46 44 42 41. S

NSo 0441 0436 0431 0426 04 2 0417 0412 0409 0405 0402 0359 o356 0354 0353 035K150
45 0454 0449 45 41 37 33 30 27 24 21 0419 0417 04 15 0414 04131 45
40 0504 0500 0456 0453 0449 46 44 41 39 37 35 33 32 31 31 40
35 12 09 o x6 0303 05000458 o456 0453 04520450 0449 47 47 46 4

6  
35

30 20 17 14 12 10 o5o8 0506 0504 0503 0501 0500 0459 0459 0458 04581 30E

Ho20 0532 0531 0529 0527 o526 0525 0523 0522 0522 052 05 21 0520 0 5 20 0520 0520 N2o
N to 44 43 42 41 40 39 39 38 38 38 38 38 38 38 38 N to

0 0554 0534 05 53 0553 0553 0553 0553 0553 0553 0553 0554 0554 0555 0555 0556 0
S 10 0604 0604 o6o5 o6o5 o6o6 o6o6 o6o 0607 o6oS o6o9 o6so o6zo o61i 0612 613 S to

20 1 5 z6 17 i8 19 20 21 23 24 25 26 27 29 30 31 20

S 3 0627 0629 0631 0633 06 3 o637 o638 0640 o642 0644 o646 0647 0649 o6 50 o65 5 30
35 34 37 39 41 44 46 48 0650 0653 0655 0657 0659 0700 0702 0703 35
40 42 45 48 0651 0654 0657 0659 0702 0705 0707 0709 0712 14 16 17 40
45 o651 0655 o659 0702 07o6 0709 0712 z6 19 22 25 27 30 32 34 45
50 0702 0707 0711 i6 20 24 28 32 36 40 43 46 49 0752 0754 50

S SX 0708 0712 07 170722 0727 0731 0736 0740 0744 0748 0752 0753 0758 0801 0804 S 52 -
S4 13 19 24 29 34 39 44 49 0753 0758 0802 0805 o8 o 1 2 X4 5

S 20 25 31 37 42 48 0753 07580o8030808 12 17 20 24 27! 56
58 26 33 39 46 0752 0758 0804 0810 15 20 25 30 34 38 4t se

S 60.0734 0741 0749 0756 o803 o8o9 86 0822 0829 08340 340 0845 o85o 0854 0858 S60

SUNSET
2 5 8 1 14 17 20 23 26 29 1 4 7 10! t.

N172 i 2147 2.I21 .241 2335 7 ;70 2 1 2 21 29 2147 2207 2231 2301 = 7067 2048 2101 21 15 2130 2145 2201 2228 2237 2301 2343 68

66 29 2040 2052 2103 21 15 21 z7 21 39 21 51 2204 22 17 2230 2244 2258 23 14 23321 66
64 14 24 33 2043 '.053 2102 22 12 21 22 2131 2140 2149 2158 2206 2213 2220 64

N6o 1951 1959 20o6 2013 202t 2028 2035 2042 2048 2055 2101 21o6 2i 2116 2120 N60
58 42 48 1955 2002 2008 15 21 27 33 38 2043 2048 2053 2057 2100 58
56 34 40 46 1952 1958 2003 2009 14 20 24 29 33 37 41 2044 56
541 27 32 38 43 48 1953 1958 2003 2008 13 17 21 24 27 30 54
52 20 25 30 35 40 45 49 1954 1958 2002 20o6 o9 23 15 18 52

N50 19Ii 1919 1924 928 1933 1937 1941 1945 1949 1953 1956 2000 2002 2005 2007 N50o4"5 i x oz i9 o6 i 9 o9 13 17 20 24 27 30 33 36 19 39 19 41 1943 19 45 45
40 1852 2855 I858 29o 1904 1907 1909 12 15 IS 20 22 24 26 28 40
35 43 46 48 185o 1853 1855 1858 1900 1902 1904 x9o6 x9o8 1910 1912 13 35
30 36 37 39 41 43 45 47 1849 285t 1853 1854 1856 1 8 1859 19001 30

3ao 1823 1824 1825 1826 1827 1828 1829 1831 1832 1833 I8 34 1835 I8 37 1838 1839 mo20
N 1O 52 52 13 13 14 14 55 x6 z6 17 18 19 19 20 N t

o 0 So x8oo ISoo ISoo 58 oo I8 oo 8 oo 8 oo 8 oo 80 8oz S8ox ISo 1802 8o2 1803 0

Sto 1 751 1750 1749 1748 1747 1746 1746 1745 1745 1745 1745 1745 1745 1746 1746 S t0
20 40 38 36 35 33 32 31 30 29 28 28 28 28 28 28 ao

S o 1727 1725 1722 17201 718 1716 1714 1712 1711 1710 1709 1708 1707 1707 17071S30
35 20 27 14 It 1709 2706 t704 1702 1700 1659 1657 x656 1656 155 1

6
55 35

- 40 12 1709 5705 1702 1659 1656 1653 2651 1648 46 45 43 42 42 411 40
45 1703 16 58 1654 2650 47 43 40 37 34 32 30 28 27 25 25 45
S0 1652 47 42 37 32 28 24 20 17 14 is 09 5607 x6o 6o 50

S;52 16 47 16 41 1635 16 30 5625 t621 162x6 16 12 5~g 6095002 1600o 1558 1556 155.% S 52
54 41 35 29 23 18 13 x68 x6o4 6oo 1356 1553 1550 47 45 441 54S6 35 28 22 15 1o 5604 1559 1554 1549 45 42 38 36 33 32 S6 7i
58 28 20 23 r607 26oo 1554 48 43 38 33 29 25 22 19 z71 S8+ i- 60 169 ig 6x It6 04 1556 1549 1543 1336 150 524 15 19 15S14 1510 1506 1503 15ooS 60

:2;

,'h .,.

I,+.x +

+ + , I



1154 APPENDIX G: EXTRACTS FROM AIR ALMANAC U
MORNING CIVIL TWILIGHT

2. 9 . 2 5 8 is 4 17 20 23 26 9 1 4 7 1u

N72o, ill/ oiooo Im ulo =. =, =. N7;== -

64 101 33 01 04 00t02 IM) 11/1 Il/i Jll /Mi 1iii li 6866 2 Y2 01 54 O 34 020 037 III ii IIIi1 III III /I // I 111 fi l 66

564 38 0204 070 o,548 Of62 0059 027 Jill 11 , il 1 fl f
62 10218 1246 35 1 19 1 23 244 27 15 111 i 1 I / 62

40 24 27 9 23 2 O253 0245 37 29 3222 0215 2 8 202 41 56 o 5z 471 58062 3 3 31 23 46 450 9 5255 60264 4 36 31 602 102 18 161 50 6
54 sI 49 42 35 28 25 13 034 0 00 2 0750 02 9 02 245 41 38 36 54
5O1 358 5 45 39 33 27 22 17 3 12 0308 0304 0300 02657 255 0233 54

N 50 10405 0359 0354 0348 0343 03 38 0333 0328 0324 0320 03 17 03 14 03 11 0309 03071 N50
45 11 "22 04 17 04 12 04 07 04 03 03 59 03 55 0352 0349 03 46 03 43 0341 03 ?°'9 37 °38436 45

40 1 35 3z 27 23 19 04 36 04 13 04 SO 040o7 04 05 04 03 0401 040 039 59 4

5' 16 45 42 39 36 33 30 27 25 23 21 20 8 04 16 04 6 3S

30 10455 04652 O 49 0704 04 0440 38 36 35 33 32 32 31 3 30

N°o205 10 05 0502 0 0504 030 052 04359 0458 0457 0456 0752 0455 0455 o455 
N
2ON 10! 22 21 20 19 18 11 1601605 15 05 5 01305 15 515 05 15 o5 I, N lo

0= 33 32 32 31 31 31 31 31 31 31 31 32 32 33 33 0
.0 4 3 1 3 4 4 4 505 46 05 46 040585804905 50 S 1020 '0 O3s2 5o0553 0554 05550o556 0357 05580559 o6 oo o60oz o603 o604 o605 o6 o6 o6 o 20 i -

S3 46 3 o6 43 43o 44o &6 So o6410 3o 5 o io6Io0 76 21o20o2 5 . S4 3

3 9 0 80 12 1 1 1 7 2 23 26 29 31 34
4o 1214 17 20 22 25 27 3 33 35 37 40 42 44 45 47 i 4
4S 2 24 28 31 34 37 40 43 46 o6 49 o6 5z o65 06 56 o6 58 0700o 1 45

So 28 3 3 7 4 45 49 52 0656 2 63 5 0703 0706 070 0711 07-4 16ft so
52 jo632. 0637 o641 o645 o650 o654 o658 0702 0706 0709 0712 071x6 c7 18 0721. 07 23!$s52I4 36 41 46 50 0655 06 59 0704 08 12 220 23 26 29 31 54
56 40 45 51 o656 73 376 15 19 2 2 2 24 24 37 4o 56

:58 44 50 06 1072 07 03 1o 23 28  32 36 46 44 47 07350 58 21
S$6o o6 49 06502712 7078 0704 0720 0726 731 027 0744 0746 0751 0755 0758 08o S 6o

S5 o EVENING CIVIL TWILIGHT 3
i I~t.. Apr. May June Lt

2 2 2 6 6 5 : 4 3 33 30 14 17 III 27 14 72 0 II I64 x2 4z 8 22 32 02 9 2301 35 !1 I III III 7ti IIII= iiii 64.

62 21 00 2z 11 22 21 33 21 45 2:39 225 2 123 8 HU 121 /6W0 M6/ 6
i N6o 120 43 20 53 21 02 21 .it 21 21 21 30 21 40 21 50 22200 22 1o 22 20 22 30 22 39 22 48 2z 56; N6O 0

58 1 $ 30 38 20 45 20 54 2Z 02 21 10 IS 26 21 34 21 41 21 48 21 55 2202Z 22 08 22 U3 1 53

56 IS 25 32 39 20 46 20 53 23 CO 2Z 07 21 13  20 26 31 31 36 21 4z 21 451 S 6---

o54 2008 1 4 6 30 6 38 9 2045 2 05 205 6 2t 02 2107 21 1' 16 20 231S 54S 2 19 59 2o004 3o 16 21 27 32 37 42 2o047 20 52 20o 56 2100o 21 03 21 06, S2.

N~o 1951 19 56 2001 20o6 20O11 20o16 2021 20 26 2030 2034 2038 2042 2046 2049 2051 1 Nso
45 34 38 19 42 19 46 "9 50 19 54 19 58 200o2 20 05 20 09 201I2 20 15 20 t8 20 20 23 i4S

_S2 19415 . 40

35 1 10 13 15 18 2S 23 6 28 31 33 35 37 39 41 1943 1 3S30 1901 1903 1905 1907 19o09 19 :1 1913 19 15 199t7 1919 1921 d3  25 26 281 30
°

N"01z846 1847 1848 1849 1850 1852 1853 z$854 1856 1857 1858 1900 1901 1902 3903- N20

NIo] 33 33 3
A  

34 35 36 36 37 38 39 40 1841 1841 1842 1843- No 10
0 1 22 22 22 22 22 22 22 22 22 2

3  
23 24 -4 23 25 0--

Ssto 1 2 11 I 10 1o809 180 18o8 1808 IS 08 1807 IS 0 7 1807 1808 1808 1808 IS88Szo 10
20 1o 1802 1801 1759 1758 -756 1755 1754 1753 1733 1757 1752 15 7 751520 o ---: -

S $30 1752 1749 1747 37 45 1743 17 41 1739 1738 1737 17 36 1735 1734 2733 1733 17331 S$30 .
35 46 43 41 38 35 33 31 29 28 26 25 24 24 23 23; 35 --i 40j 40 37 34 30 --7 15 2 o t 6 ' 3 12 17 12 17 11 40

=--4S 33 219 25 22 -8 -5 12 1709 170 7 170 4 17o03 1701 1oo t659 1658 i 4 :-
50 I  26 zi1 6 12 07 1703 1700 1657 Ic-54 t6 51 t6 48 z6 46 1645 43 431 50 -

S4 11722 17 17 171 '- 7o07 17o02 z65 64 6117144642 16 40 1 38 s636 16355 S--
IS4 1 13 07 170 os 657 52 48 44 41 37 34 31 30 28 27. S 4

L 6 z 8 17 : 16 6 5 46 42 37 33 30 27 24 2 O 18[ $58 t10 17 03 16 57 51 45 39 34 29 25 21 is 15 12 s6 So 16 08: A8 . -

60 1705 z6 57 t6 5o z644 16 38 16 32 a6 26 16 21 z61S 6 612 It708 16 04 s6 Of 15 59 15 57-'$60



APPENDIX G: EXTRACTS FROM AIR ALMANAC 1155

RISING, SETTING AND DEPRESSION GRAPHS

TABLE 1-MERIDIAN PASSAGE AND TABLES 2 and 3-DEPRESSION OF
DECLINATION OF THE SUN AT 12h G.M.T. THE SUN AT VARIOUS HEIGHTS

May June July August j TABLE 2 1 TABLE 3

Mer. Mer. Mer. Mer. Height AT SUNRISE! AT CIVIL
Dec. Dec. Dec. Dec. AT SUNSET C

Pass. Pass. Pass. Pass. AND SUNSET TWILIGHT

h sm hm M h m * uf' I Diff.1157 N.15.0 1158 N.22.0 1204 N.23.1 1206 N.18.1 Feet De- f I from
1157 15-3 11 58 22.1 1204 23.1 1206 17.9 lrebsioI 00.8 p 0.8

3 1157 15.6 1158 22.3 1204 23.0 1206 17.6
4 1157 15.9 1158 22.4 1204 22.9 1206 17.3 0 ;8 - 60 ;25 1157 16.2 1158 22.5 1204 22.8 1206 17.1 S0 1-3 0-5 6.0 5.2
6 1157 N.16.4 i1159 N.22.6 1205 N.22-7 1206 N.16.8 1000 1.5 6.0 5.2

7 1157 16.711159 22.7 1205 22.6 1206 16 .. 25 0 1.7 i 09 61 5.3
1156 17-0 1159 22.8 1205 22.5120 16.2 30001 1.9 1.1 6.1 j5.3

9 115G 17.3 1159 22.9 1205 22.4l120G 16.0 4000 2.1 1.3 6,1 5.3
10 1156 17.5 1159 23.0 1205 22.3 1205 15.7 - ,

5 000 2-2 1-4 6.2 5.4
11 11 56 N.17.8 11 59 N.23.1 1203 N.22.2 1205 N.15.4 6 000 2.4 1.6 6.2 5.4
IS11528310 23.2 1206a 21. 2 03 4812 1156 18.0 1200 23.1 1206 22.011205 15.1 7 000 2.5 1.7 6.2 5.4
14 1156 18.311200 23.2 1206 21-91205 14.8 8000 2.6 1.8 6.3 5.5~~14 1156 18-51[1200 23-211206 21.71120-5 14. 90O-27 1- . .

15 1156 18.8 1200 23.3 1206 21.61,12 05 14.2 10000 2-8 2.0 6.3 5.5

161156 N.19.0 1201 N.23.3 1206 N.21.4 112 34 N.13.815000 3.2 .
17 1156 19.3 1201 23.4 1206 21.311204 13.5 20000 3.6 2.8 6.6 5.8
18 1156 19.5 1201 23.411206 21.1 11204 132 25000 3.9 3.1 68

1S 116 1.110 0 0 3- 3. 698 6100 1 1156 19.7 1201 23.4 1206 209 1204 12.9 30000 4-2 3.4 6.9 6.11201 23.4 1206 20.7'1203 12.6 35000 4-4 3.6 7.1 6.3

20 11.57 219 202 2500 G. 4- 4.6 5 7I21 11 57 .20-112 02 N.23.4 12 06 N.20.5 112 03 N.12.2
22 1157 20.311202 23.4 1206 20311203 1194000 479 7

.3  64
23 1157 20-511202 23.4,1206 20.111203 11.6 000 4 - 4.1 7.3 6.5

241157 20.711202 23.4 1206 19911202 11. so000 5- 45 7.6 6.8

25 1157 20.911202 23.4 1206 19.711202 10.96000 5.5 4.7 7.7 6,9

26 11 57 N.21-1 '1203 N.23-4 1206 S.19-5 112 02 N. 10-555 47 7 627 1157 21211203 233 1206 19-3i1202 10.2
28 1157 21.41 1203 23.3 12 06 19.1 1201 9.8
29 1157 21-6. 12 03 23.2 1206 18.8' 1201 9.5
30 1157 21-711203 N.23-211206 18.6: 12 01 9-1
31 11-58 .21-9 ! 1206 .N.18 4 1200 X. 8.8

An alternative method to those given on pages A12-A14 is to use the graphs to give the correc-
tions to the tabulated times of sunrise and sunset at ground level; in this case it is adequate to
use the graphs for the nearest tabular latitude and declination. The difference in hour angle is
found between the hour angle for zero depression and the hour angle at the tabular depression
minus 00-8. The difference in hour angle so found is then applied to the time of sunrise or sunset..
The result will be less than 5- in error if the declination curve cuts all the depression lines.

Example. To find the times of sunrise and sunset on 1975 August 23 in I tude N. 650 17',
longitude W. 350 15', at a height of 37 000 feet. From Table I, Dec.= 1' 110.6; Table 2,
Depression diff. from 0-8=30.7. A

Sunrise Sunset

h m h M
Page A68, N. 65* 17' (August 24) 04 10 19 53
Page A71, Lat. 660, Dec 11 (same); diff in

H.A. from depression 00 to 30.7 45 415---

L.M.T. 03 25 20 38
Longitude W. 35* 15' 2 21 2 21

G.M.T. 0.5 46 22 59

,+ !I



11561 APPENDJX G: EXTRACTS FROM AIR ALMANAC

SEMIDURATIONOFSNIH

1'7115, 12l00 1206 1206 1206 12

N85 NO8

N80 - 148

$U 4 ABOVE
HORIZON

N75 N475

N70N7

MAY JUEJULY AUGUST1

DURATION OF TWILIGHTI

1485 1N8S

1480 N90

CONTINUOU;S TWILIGHT
OR SUNLIGHT

N475 N475

N470 N 170

I N6 1 16 1 16 1 16 1
MAY JUNE JULY AUGUST



APPENDIX 0: EXTRACTS FROM Alit ALMANAC 1157

SEMIDURATION OF MOONLIGHT

N85 : N85

N0MOON ABOVE MOON BELOWN8
HORIZON HOR(IZON

N75 -N75

N70 14 N70

MAY 5 to 30

N80 N80
MON BOEMOON IEO

HORIZONIZON

N75 -OR N75

/2N

N7C0 N70

N85 / A \'NS

N80 MO)ON AIIOVV -- r~~ NO
HI O I Z O) N 

I O I O
N75 N75

N8 CN N8

MOON ABOVE MOON IW.LW \MOON AIJOYF,
HoRIZON HORIZON HNORIZON

N75 N75

N70 N N 70

AUGUST 5 to 15 20 25 30 1115



1158 AI'PINDIX 0: 4XTRA(T8 ROM Alit A 4 AVIANaU

CONVERSION OF ARC TO TIME
* ,- h U. ° b. • h- . i m • 3.

S 0o00 6o o oo 4, 0a 1 : o 310: 240 a6oo 300 2000 0 0 00
1 00 4 61 4 04 Ing 804 11 Is 04 341 0 04 301 2004 1 004
a 0 o8 62 4 o8 gas 8 ON I 1 Is 241 j68 302 SO a X '08 ON
3 0 s 63 4 Is 13 8 12 183 2 12 243 16 is 303 20 Is 3 0 Ia
4 o 0 64 46 24 8 s6 s4IIo,2 I6 44 16 6 3o4 so 16 4 0 16

5 0 a0 65 420 gs 8 20 t8 is so a45 6 o 3 o 20 f o so
6 0 24 66 4 S4 16 8 24 z is 24 z46 024 3o6 3o 6 0 24

0; as; 60Y 4 28 IN 826 17 323 AN 47 t6 as 307 20 28 71 0 28
8 3 61 4 3 1 3s i 3: 632 308 20 31 8 0 32

9 o 36 69 4 36 la9 8 36 119 3s 36 49 6 36 3o9 It36 9 0 36

0 0 40 70 4 40 130 8 40 190 I 40 o 16 40 310 20 40 10 0 40
II 0 44 71 4 44 131 8 44 191 32 44 25 j6 44 311 20 44 1 0 44
22 0 48 72 4 48 32 448 X92 12 48 252 6 48 312 2048 12 0 48
13 0 52 73 4 52 133 •8 2 193 I5s 2 53 t6a 313 2052 13 0 52
14 o 56 74 4 s6 z34 8 56 194 12 56 254 t6 6 314 o 6 24 o 56

s1 00 75 500 135 900 195 300 255 £7 00 3152100 5 1 300
16 3 04 76 5 04 136 9 04 196 13 04 256 17 04 316 2104 z6 1 04
27 08 77 5 08 137 9 08 197 13 08 257 17 08 317 2£ 08 17 08

1 I32 7 532 13S 9 12 193 13 12 258 17 32 31 £ ,1$ 1 12 78 5 Is f~ z tl 3s 7 12 318 21 13

19 : :6 79 6 139 9 0 K99 i33 6 259 17 6 3192 16 19 1 16

so 3 20 8a 3 20 140 920 200 13 30 2o 720 320 21 20 o 20
111 24 S 5 34 141 9 24 2o0 33 24 a6z 37 24 321 2 24 at 24
22 1 28 92 $ 28 141 9 28 202 13 28 26a 37 28 323 23 28 as 1 z8
23 1 32 83 5 32 143 9 32 203 13 32 a63 17 32 323 23 32 23 1 31
.24 3 36 84 5 36 144 9 36 zo4 j3 36 264 37 36 324 2136 z4 1 36

a5 1 40 85 5 40 145 9 40 205 £3 40 x65 17 40 326 23 40 25 10 4
s6 344 86 5 44 146 9 44 206 13 44 266 17 44 3,16244 26 3 44
27 3 48 87 5 48 147 9 48 207 F3 48 267 37 48 327 2S 48 27 3 4H
28 1 52 U 552 148 9 9 2 28 13 52 28 17 2 38 252 38 1 :
ag 1 56 89 ss 6  149 95 6 29 13 56 69 £7 s6 319 2t 56 29 1 36

30 2 00 90 6 oo 150 000 210 14o00 270 38 00 330 22 MO 3' o 200
31 2 04 91 6 04 1 30 04 211 3404 271 I 84 331 22 04 31 7.04
32 2 o 2 6 N 1P to 08 a212 14 o8 272 18 08 332 , 1 148 32 2 08
33 2 32 93 6 32 153 10 12 233 14 12 273 18 32 33J 2- 12 3 2 32
34 2 16 94 6 6 14 to ,6 214 14 6 274 8 6 334 1 1( 4

35 220 95 6aO 155 30 o 20 2S 14 2 75 18 zo 335 2120 35 220
36 224 96 6 24 z§6 0 24 216 1424 a76 38 2. 336 2224 31) 224
37 2 28 97 628 157 30 28 217 14 a 7 18 28 337 23 2 7 228
38 2 32 98 6 32 gs 3o 32 218 34 32 78 8 32 3352232 8 a 32
39 2 36 99 6 36 159 ,o 36 219 4 36 79 18 36 339 22 36 9 36

40 2 40 1oo 640 60 10 40 210 4 40 280 1840 340 240 40 240
41 2 44 lo 6 44 6 30 44 221 14 44 28 18 44 343 'A44 41 244
42 2 48 102 6 48 162 10 48 22 34 48 282 8 48 342 A248 42 248
43 2 53 103 6 52 z6 o 52 223 4 52 83 18 52 343 1132 43 252
44 2 36 104 6 56 164 to 56 224 14 S6 284 8s 6 344 2256 44 256
45 300 1o 7 00 96j 11 00 225 3500 ,15 o9 00 345 2300 45 3 00
46 3 04 1o6 7 04 36 11 04 226 1 04 28 19 04 346 2304 46 3 04
47 3 08 107 7 08 167 11 08 227 15 08 27 39 08 347 2301 47 3 08
48 3 Is log 7 I2 368 3 3 2 228 15 32 28 8 3 2 348 3 12 48 3 12
49 3 16 lo9 7 36 z69 , ,:6 229 s 16 x3 39 16 34923:6 3 16

5o 3 so 3SO 7 20 170 13 20 230 15 20 290 39 20 350 23 20 50 3 zo
of 3 44 fix 7 24 371 11 24 233 15 24 291 19 24 351 23 24 3 4
$5 3 28 112 7 18 171 1t 38 232 3528 22 19 28 352 "3 28 52 3 28
53 1 32 13 7 32 173 £3 32 233 15 31 293 39 32 353 23 32 53 3 11
54 3 3f 114 7 36 t74 I3 36 234 13 36 29 19 36 354 ';36 g4 3 36

55 340 it5 740 175 1340 235 3540 295 9o40 355 2340 55 340
56 j 44 iS6 7 44 z76 1s1 44 236 1. 44 296 19 44 356 23 44 s6 3 44

3 48 7 748 1 4 48 1 , 48 9 3948 357 2348 5 7 4852 118g 7 32 ,, 2t'5 J Ig t52a 3 a Nj5s4 : :x 75371 H 2 2 Is :5 29895 358 23 5 I 35s
09 3 96 ry 7 s6  79 s s6  239 35 q6 a" 39 6 359 23 5  1 19 3 56

The above table is for convertiung expressions In arc to their equivalent in time, its main use in this Almanac in
for the conversion of longitude for application to .M.T. (added If tost, Subtracted if east) t: give 0,M,'I', or vice versa,
paricularly in the come of sunriae, sunset, etc.
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INTERPOLATION OF G.H.A. SUN

om Im am 3m 4m Sm 6m  7 m 8m  9m

U o) I U I • I 0 • ~ 0 . S o 0 ,' 0 I

00 00.0, o 3.0 0 30.0 0 430 100.0 11.0 30.0 43.0 2 000 a13.0 00
.0 0 '003 0 133 0 30.3 0 453 003 115.3 130.3 345.3 2 003 2 153 0

03 000.5  0 155 30.5 0 433 100.3 1'35 3o305 14,3 2 00.5 a 155 0
03 o 00.8 0 5.8 0 30.8 0 45.8 1o0.8 :5.8 130.8 43.8 2 00.8 2. ,8 03
o4 o ot,o o 16.o 0 31.0 0 46.o 1 03.0 1 36.o 3 31.0 1 46.0 2 03.0 2 :6.o 04

05 0 01.3 a 16-3 0 31.3 0 46.3 1 01.3 1 36.3 1 33.3 1 46.3 2 01.3 2 36-3 05
o6 o o,3 o t 6 .3 0 31.5 0 46.5 03.3 16.3 1 31.5 1 46.5 203.5 2 s6,5 06
o7 0 o,8 o z6.8 0 31.8 0 46.8 1 o.8 1 16.8 1 31,8 1 46.8 2 o,8 a 6.8 07
08 0 020 0 7o0 0 32.0 0 47.0 1 02.0 1 37.0 1 32.0 1 47.0 2 02.0 2 17.0 o8
09 0 02.3 0 37.3 0 32.3 0 47.3 3 02.3 1 37.3 1 32.3 1 47.3 2 02.3 2 37.3 09

10 0 0,5 0 17.5 0 32.5 0 475 1 02.5 1 17,5 1 32.5 1 47. 2 0.5 2 17.S 1o
I31 0 03h 0 17,9 0 31H 0 47,8 1 0 1 17-9 i 31.8 1 47,8 a oa,8 a 17.8 11
I1 0 03.0 0 180 0 33.0 0 48.0 1 03.0 1 18o 1 33.0 1 48,0 1 03.0 A 1So is
33 0 03,3 0 18,3 0 33'3 0 48.3 1 033 8.3 33,3 1 48.3 2 03.3 2 18.3 13
14 0 03.5 0 18,5 0 33'5 0 485 1 03.5 18.5 1 33.5 1 48,5 2 03.5 2 18.5 14

25 0 03.8 0 18.8 0 33.8 0 48.8 1 03.8 18.8 33.8 1 48.8 1 o.8 .1 18,8 is
16 0 040 0 39.0 0 34.0 0 49.0 1 040 3 39.0 1 34,0 1 49.0 2 04.0 a 39.0 26
17 0 04.3 0 19,3 0 34.3 0 49.3 1 04.3 3 39.3 1 34.3 1 49,3 2 04.3 39.3 17
18 0 04.5 0 19.3 0 34.5 0 49.5 1 04,5 3 19.3 34.5 t 495 2 04.3 2 19,5 i8
14 0 04.8 0 19.8 0 34.8 0 49.8 1 04.8 3 19.8 1 34.8 1 49.8 2 04.8 2 19.8 19

20 0 05.0 0 20.0 0 35.0 0 50.0 1 03.0 1 20.0 1 35.0 1 50.0 2 05.0 2 20.0 2o
as 0 05.3 0 20.3 0 353 0 50.3 1 05.3 1 20.3 1 35.3 3 50.3 2 05.3 2 20.3 21
22 00 5.5 0 20.5 0 35.5 0 50.5 1 05.3 1 20.5 1 3535 1 50.5 2 05.5 2 20.5 2
23 0 o5.8 0 20.8 0 35.8 0 .o.8 1 o5.8 20,8 35,8 1 5o.8 2 05.8 2 2o.8 23
24 o o6.0 o zo 0 36.0 o 5o 3o6.o 32.o 136o 51.0 20 6.0 2 21.0 24

25 o 6.3 0 2.13 0 36.3 0 51.3 1 06.3 1 213 1 36.3 3 51.3 2 06.3 2 21.3 25
26 o O6.5 0 23.5 0 36.5 0 515 106.5 321.5 336.5 31.5 2 o6.5 2 31.5 26
27 o 68 0 2.8 0 36.8 0 51.8 1 o6.8 1 21.8 1 36.8 1 51.8 2 06.8 2 3.8 27
28 0 07.0 0 22.0 0 37.0 0 52.0 1 07.0 1 22.0 37.0 1 52.0 2 07,0 2 93-0 as
29 0 07.3 0 22.3 0 373 0 52.3 307.3 322.3 337.3 352.3 2 073 2 22.3 29

30 0 07.5 0 22.5 0 37'5 0 32.5 1 07.3 1 22.5 1 37.5 3 52.5 2 07.5 2 22.5 30
31 0 07.8 0 22.8 0 37.8 0 53.8 1 07.8 t 22.8 1 37.8 52.8 2 07.8 2 22.8 31
32 00 8.0 0 230 0 380 0 53.0 108.o 323.0 38.0 133.0 2 o8.o 2 23.q 32
33 0 08.3 0 2.1'3 0 38,3 0 533 08.3 3 23.3 3 38.3 33'3 2 08.3 2 23.3 33
34 0 085 ) 23.3 0 38.5 0 53.5 o8.5 3 23.5 1 38.5 1 53.5 2 08.5 2 23.3 34

35 o o8.8 0 23.8 0 38.8 0 53.8 308.8 323.8 38.8 53.8 2 08.8 2 23.8 35
36 0 09.0 0 24.0 0 39.0 0 54.0 3090 324.0 339.0 354.0 2 9.0 214.0 36
37 0 09.3 0 24.3 0 39'3 0 54.3 3 09.3 1 24.3 1 39.3 1 54.3 2 09.3 2 24.3 37
38 0 095 0 245 0 39.5 0 545 09.3 324.5 3393 545 2 09.3 2 4.5 38
39 o og.8 o 24.8 0 39.8 0 54.8 09.8 324.8 339.8 54.8 2 09.8 22 4.8 39

40 0 10.0 0 23.0 0 40.0 0 5.0 30.0 325.0 3400 353.0 210.0 2 25.0 40
41 0 30.3 0 2.3 0 40.3 0 55.3 1 30.3 1 2.3 3 40.3 3 5.3 2 10.3 2 25.3 41
4.2 0 10.5 0 2.5 0 40.5 03.5 30.5 3255 340.5 353.5 2 30.5 2.3 S 43
43 0 10.8 0 23.8 0 40.8 o 55.8 t 30.8 1 z5.8 1 40.8 3 55.8 2 1o.8 2 25.8 43
44 o ii. o 26.0 041.0 o 56.o 1 11.0 3 26.0 43.0 1 56.0 2 3.0 2 6.o 44

45 0 13.3 0 26.3 0 41.3 o 56.3 3 11.3 3 26.3 1 41.3 3 56.3 2 11.3 2 26.3 43
46 o 13.5 o 26.5 0 41.5 o 56.5 11.5 26.5 41.5 56.5 a 11.3 22 6.5 46
47 o s1.8 o z6.8 0 43.8 o 56.8 3 11.8 1 26.8 1 43.8 1 56.8 2 11.8 2 26.8 47
48 0 32.0 0 27.0 0 42.0 0 37.0 3.0 3 27.0 t 42.0 1 57.0 2 32.0 2 27.0 48
49 0 32.3 0 27.3 0 42.3 0 57.3 1 12.3 1 27.3 1 42.3 3 57.3 2 12.3 2 27.3 49

50 0 32.5 0 27.5 0 42.5 0 57.3 3 32.33 127'5 1 42.3 3 57,5 a 32.5 2 27.5 so
S 0 3.8 0 27.8 0 42.8 0 57.8 1 1.8 1 27.8 3 42.8 1 57.8 2 3.8 2 27.8 51
52 0 33.0 0 28.0 0 43.0 0 58.0 1 13.0 1 28.0 3 43.0 38.0 2 13.0 2 28.0 p2
53 0 13.3 0 28.3 0 43"3 0 58.3 1 33 1 28.3 1 43'3 1 58.3 2 13.3 2 28.3 33
54 0 135 0 28.5 0 43.5 0 13.5 . 28 .5 1 43"5 3 58.5 2 13.5 2 28.5 5

55 0 13.8 0 28.8 0 43.8 0 58.8 3 13.8 1 28.8 1 43.8 58.8 2 13.8 2 28.8 35
86 0 14.0 0 29.0 0 44.0 0 59.0 3 34.0 3 29.0 3 44.0 3 59.0 2 14.0 29.0 q6
57 0 34.3 0 29.3 0 44.3 0 59.3 1 14.3 1 29"3 1 44'3 3 59'3 2 14.3 2 29.3 67

0 743 0 29.3 0 44.5 0 39.5 1 14.5 1 295 1 44.5 3595 2 14.5 2 29.3 -3

59 0 14,8 0 29,8 0 44.8 0 59.8 1 34.8 3 29.8 t 44.8 3 59.8 2 14.8 2 29.8 S9

6o 0 35.0 0 30.0 0 45.0 300.0 3 13.0 330.0 145.0 200.0 2 13.0 2 30.0 60
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INTERPOLATION OF G.H.A. ARIES

2
m m  am 3m 4m 5m  6

m  
7m am 9

m

S 0 .' 0 # a 0 0 0 a 0 a 0 0 0 0 0 p 9

00 0 00.0 0 15.0 0 30.1 0 45.3 100.2 11 ,2 30.2 1 45.3 a 00.3 as15.4 00
o 0 00.3 0 15.3 0 30.3 0 45.4 1 00.4 1 15.5 1 30.5 I 45.5 a oo.6 z iS.6 ox
02 0 00.5 0 35.5 0 30.6 0 45.6 100.7 I5.7 307 1 45.8 2 00.8 2 15.9 02
03 0 00.8 0 I.8 0 30.8 0 45.9 1 00.9 r 16.o 1 32.0 1 46.0 2 0Z.2 2 16.t 03
o4 0 oi o 16.o 0 31.1 0 46.1 1 01.2 3 16.a 1 31.2 1 46.3 2 01.3 2 16.4 04

05 0 01.3 o 16.3 0 32.3 0 46.4 1 01.4 2 16.5 1 31.5 1 46.5 2 oi.6 2 t6.6 of
o6 o oS.5 o 16.5 0 3.6 0 46.6 1 01.7 1 16.7 1 31.8 1 46.8 2 o,8 2 t6.9 06
07 0 01.8 o 16.8 0 31.8 0 46.9 1 01.9 1 27.0 32.0 1 47.0 2 2,1 2 17.2 07
08 0 02.0 0 37.0 0 32.1 0 47.1 1 022 1 17.2 1 32.3 1 47.3 2 02.3 2 17.4 08
09 0 02.3 0 37.3 0 32.3 0 47.4 1 02.4 1 17.5 I 32.5 I 47.5 2 o2.6 2 17.6 09

o 0 02.5 0 37.5 0 32.6 0 47.6 1 02.7 1 7.7 1 32.8 1 47.8 2 028 2 17.9 10
I1 0 o.8 0 17.8 0 32.8 0 47.9 02.9 8,o 1 33.0 1 48.0 2 03.2 2 18.2 11
22 0 03.0 0 18.o 0 33.2 0 48. 1 03.2 1 18.2 1 33.3 1 48.3 2 03.3 2 18.4 la
13 0 03.3 0 28.3 0 33.3 0 48.4 1 03.4 2 18.5 1 33.5 1 48.5 2 03.6 2 18.6 23
14 0 03.5 o 18.6 0 33.6 0 48.6 1 03.7 2 18.7 1 33.8 1 48.8 2 03.8 2 18.9 14

IS 00 3.8 o 18.8 0 33.8 0 48.9 1 03.9 1 39.0 1 34.0 49.o 2 04. 2 39. 15
x6 0 040 0 19.2 0 34.1 0 49.1 04.2 1 19.2 1 34'3 1 49'3 2 043 2 19.4 16
17 0 04.3 0 19.3 0 34"3 0 49.4 1 04.4 1 39.5 1 34.5 1 49'5 2 o4.6 2 ).6 27
18 0 04.5 o 19.6 0 34.6 0 49.6 1 04.7 1 19.7 2 34.8 1 49.8 2 04.8 2 19.9 28
19 0 04.8 o 29.8 0 34.8 0 499 1 04.9 1 20.0 1 35.0 2 50.1 2 o.3 2 20.1 9

20 0 050 0 20. 0 35.1 0 50. 1 05.2 1 20.2 35.3 1 50.3 2 05.3 2 20.4
21 0 05.3 0 20.3 0 35.3 0 50.4 1 05.4 1 20.5 1 35"5 2 50.6 2 oS.6 2 2o.6 21
22 0 o5.5 o zo.6 0 35.6 o 50.6 1 05.7 1 20.7 1 35.8 1 50.8 2 o.8 2 20.9 22
23 0 o5.8 0 2o.8 0 35.8 0 50.9 2 05.9 3 21.0 1 36.0 I 52.3 2 o6.1 2 213 23
24 o 06.0 02.3 0 36.1 0 51.1 o6.2 121.2 236.3 2 51.3 2 o6.3 2 21.4 24

25 o o6.3 0 21.3 o 36.3 0 51.4 1 o6.4 1 21.5 1 36.5 1 Si.6 2 o6.6 2 2t.6 2S
z6 o o6. 5  o 21.6 0 36.6 o st.6 o6.7 321.7 336.8 1 51.8 2 o6.8 2 21.9 26
27 o o6.8 o 2.8 0 36.9 0 51.9 1 o6.9 1 22.0 1 37.0 1 52.1 2073 2 221 27
28 0 07.0 0 22.3 0 372 0 52. 07.2 1 22.2 37'3 1 52.3 2 07.3 222.4 28
29 0 07.3 0 22.3 0 37.4 0 52.4 307.4 22.5 37S 1 52.6 2 o7.6 2 22.6 29

30 0 07.5 0 22.4 0 37.6 0 52.6 1 07.7 2 22.7 1 37.8 1 52.8 2 07.8 2 22.9 30
32 0 07.8 0 22.8 0 37.9 0 52.9 1 07.9 1 23.0 1 38.0 1 53.1 2 08.1 2 23.1 31
32 0 08.0 0 23.3 0 38- 0 53.1 o8.2 1 23.2 1 38.3 1 533 2 08.4 2 23.4 32
33 o 08.3 0 23.3 0 38.4 0 53.4 1 08.4 1 23.5 2 38.5 I 53.6 2 *8.6 2 23.6 33
34 0 08.5 0 23.6 o 33.6 0 53.6 1 08.7 2 23.7 2 38.8 1 53.8 2 08.9 2 23.9 34

35 o o8.8 0 23.8 0 38.9 0 53.9 2 08.9 1 24.0 39.0 1 54.1 2 09.1 2 24.1 35
36 0 09.0 0 24.1 0 39.1 0 54.1 09.2 24.2 39"3 543 2 09.4 2 24.4 36
37 0 09.3 0 24.3 0 39.4 0 54.4 2 09.4 1 24.5 2 39.5 I 54.6 2 09.6 2 24.6 37
38 0 09.5 0 24.6 0 39.6 0 54.6 09.7 224.7 339.8 54.8 2 09.9 2 24.9 38
39 o 09.8 0 24.8 0 39.9 0 549 09.9 125.0 40.0 1 55.1 2 20.1 2 25. 39
40 0 20.0 0 25.1 0 40.1 0 55.2 3 10.2 25.2 40.3 1 553 2 20.4 2 25.4 40
41 0 10.3 0 25.3 0 40.4 0 55.4 1 10.4 I 25.5 1 40.S I . 26 2 io.6 2 25.6 41
42 0 10.5 0 25.6 o 40.6 0 55.7 I 0.7 25.7 140.8 ' I 5..8 2 30.9 2 25.9 42
43 0 1o.8 o 25.8 0 40.9 0 55.9 3 20.9 2 26.0 2 41.0 1 56.1 2 11.1 226.1 43
44 o 3.o o 26.1 0 41.1 o 56.2 1 21.2 2 26.2 41.3 1 56.3 2 11.4 226.4 44
45 0 1.3 o 26.3 0 41.4 0 56.4 1 32.4 1 26.5 41.5 1 56.6 2 11.6 2 26.7 45
46 o 32.5 0 26.6 0 41.6 o 56.7 1 11.7 1 26.7 41.8 2 56.8 2 11.9 2 26.9 46
47 0 1s8 0 26.8 0 41.9 o 56.9 1 1.9 2 27.0 3 42.0 2 57.1 2 12.2 2 27.2 47
48 0 12.0 0 27.1 0 42.1 0 57.2 1 32.2 1 27.2 2 42'3 2 57'3 2 12.4 2 27,4 48
49 0 123 0 27.3 0 42.4 0 57.4 1 32.4 1 27.5 3 42.5 1 57.6 2 12.6 2 27.7 49

o 0 32-5 0 27.6 0 42.6 0 57.7 1 12.7 1 27"7 1 42.8 3 57.8 2 12.9 2 27.9 50
51 0 12.8 0 27.8 0 42.9 0 57.9 1 2.9 280 1 43.0 3 58.1 2 13.1 2 28.2 51
52 0 13.0 0 28.1 0 43.1 0 58.2 132 1 28.2 1 43.3 I 58.3 2 13.4 2 28.4 52
53 0 13.3 0 28.3 0 434 0 58.4 1 13.5 2 28.5 1 43"5 1 58.6 2 13.6 2 28.7 53
54 0 135 o 28.6 0 43.6 0 58.7 I 13.7 1 28.7 1 43.8 58. 8  

2 13.9 2 28.9 54
5 0 23.8 o 28.8 0 43.9 o 58.9 1 24.0 1 29.0 1 44.0 2 59.1 2 14.2 2 29.2 55
6 0 14.0 0 29.1 0 44.1 0 59.2 1 142 1 29.2 1 44.3 1 59.3 2 14.4 2 29.4 S6

57 0 14.3 0 29.3 0 44"4 0 594 1 14.5 1 29.5 1 44.5 59.6 2 14.6 2 29.7 57
38 0 14.5 0 29.6 0 44.6 0 59'7 1 14.7 1 29.7 2 44.8 I 59.8 2 14.9 2 29.9 58

59 0 14.8 0 29.8 0 44.9 0 59.9 15.0 30.0 45.0 2 00-1 2 15.1 2 30.2 59

6o 015.0 o 302 0 452 1 00.2 15.2 30.2 345.3 2 003 2 5.4 2 304 6

Si
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POLARIS (POLE STAR) TABLE, 1975
FOR DETERMINING THE LATITUDE FROM A SEXTANT ALTITUDE

L.H.A.' L.H.A.r L.H.A.m L.H.A.'r L.H.A.' L.H.A.T L.H.A.T L.H.A.m
S, 0 ., Q . , Q . , Q . , , Q

359 0 3 80 32 11311 - 143 05 183 04 +45 264107 3 326 18
1 19 -14 82700 -32 114 20 - 144 18 185 31 265 3 +30 297 26 + 4 327 32 -21
a 29 8327 -32 115 28 - 145 32 +20 188 12 +46 26657 +29 29834 + 3 32847 -22
5 54 -46 84 52 -30 116 36 14 +22 191 12+47 26820 299 43+ 2 330 0383--4-3 13 ~ 1662 +48 264 +22 -23

-08615 29 11744 148 +23 19441 +49 230050 3119 - 2 5
i3 - 8 8738 -28 11851 _- 2 149 18 +24 19902 +50 27221 +27 30158 133237 -2
14 56 -48 8858 27 1959 1 150 3 +25 205 +51 0 30306 13355

19 138 5 9018s-2 121 07 0151533 2 218 22 +0273 38 +4304 14 -2338 15-2
2856 1 91836 -25 12215 0 153 12 +26 225 11 +50 27455 +24 305 22 - 336 35 -29

1223 1 32 -3344 -2

19 1 -so 92 5 - 1223 2 154 32 +27 229 32 +48 27612 +23 306 29 3 33 58 -298 17 _ 925 _24 1240 + 2 15553 +28 23301 +48 27727 +21 30737 33921 -3094 10 --23 128 + 3 29-47-5 -31

4917 - 8 9526 -22 125139,+ 4157 16 +30236 01 +46 1 0845 _ 634046 -32
52 3 -47 96 41 -21 126 47 + 5 158 40 +31 238 42+45 279 55 +29 309 53 -7342 13-3

55 41 -46 97 5 -20 127 5 + 0 160 0 +32 241 09+44 281 08 +18 311 02 - 8 343 41+2 5 6 163 235--4-8 -34

5819 i5 99 08 -19 12903 716134 +33 24325+43 28221 +1 31210 _ 9 3451260 44 1 100 21 130- 1 _ + }3 }4 - L-35
-44 - 13011 + 8 163 03 +33 245 33 +43 283 33 +17 313 19 346 4562 59 101 33-17 131 20+ 9 164 35 +35 247 34 +41 284 44 +18 314 27 -10 348 20 -37

6505 3 10245 -16 13229 0 16609 +36 24929 +40 28555 +1 31537 -12 34959
-4 1 1 029. +360 +402 +14512-38

67 05 -4 103 56 -- 133 38 167 45 251 20 28706 316 46 351 403
+1- -1 {3 364 3 -39

68 59 -40 105 07 -14 134 47 169 24 +37 25306 +39 288'16 +13 31756 35325
7048 106 17 -14 135 57 + 17107 25449 319 06 355 14

72 33 107 27 13707+13 17253 +39 25628+37 290 35 +11 3201715 357 0841
-38 10836 -12 13818 +14 174 44 +40 04 +36 291 44 +10 321 28 -16 -08 -4237 -11 +15 +41 +35 + 9 -17 -43713 46-013929 17444+4 +34 295+ 320114

7553 36 109 46 -10+16 17639+42 259 +34 32240 _ 18 -44
7728 35 11054 +14040 .17 840 261+ 323 52 3 29
79 01 34 11203 _ 14152 18048 26239+33 295 10 + 6 32505 554
8032 11311 8 14305+18 18304 +4426407 2 8 32618 I 832

Q, which does not include refraction, Is to be applied to the corrected sextant altitude of Polaris.
Polaris: Mag. 2.1, S.H.A. 3270 53', Dec. N. 890 09'.2

STANDARD DOME L.H.A. ' AZIMUTH OF POLARIS L.H.A. T
REFRACTION 300- Latitude 120*-

To be subtracted from sextant altitude 1200 0* 300 50* 550 600 650 700 3000
when using sextant suspension in a o.. 0. . . 0

perspex dome 300 0.8 1.0 1.3 1.5 1.7 2.0 2.5 300
Alt. Refn. Alt. Refn. 310 0.8 1.0 1.3 1.4 1.7 2.0 2.4 290

. . . . 320 0.8 0.9 1.2 1.4 1.6 1.9 2.3 280
10 8 50 4 330 0.7 0.8 1.1 1.2 1-4 1.7 2.1 270
20 7 60 4 340 0.6 0.7 1.0 1.1 1.3 1.5 1.8 260
30 6 70 3
40 5 80 3 350 0.5 0.6 0.8 0.9 1.0 1.2 1.5 250

This table must not be used if a cali- 0 0.4 0.5 0.6 0-7 0.8 0.9 1.2 240
bration table is fitted to the dome, or if 10 0.3 0.3 0.4 0.5 0.5 0.6 0.8 230
a flat glass plate is provided, 'or for 20 0.1 0.1 0.2 0.2 0.2 0.3 0.3 220
non-standard domes. 30 0.0 0.0 0.0 0.1 0.1 0.1 0.1 210

BUBBLE SEXTANT ERROR 40 359.9 359.9 359.8 359.8 359.8 359.7 359.7 200

Sextant Number Alt. Corr. 50 359.7 359.7 359.6 359.5 359.5 359.4 359.2 190
60 359.6 359.5 359.4 359.3 359.2 359.1 358.8 180
70 359.5 359-4 359.2 359-1 359.0 358.8 358.5 170
80 359.4 359.3 359.0 358.9 358.7 358.5 358.2 160

90 359.3 359.2 358.9 358.8 358.0 358.3 357.9 150
100 359.2 359.1 358.8 358.6 358.4 358.1 357.7 140
110 359.2 359.0 358.7 358.6 358.3 358.0 357.6 130
120 359.2 359.0 358.7 358.5 358.3 358.0 357.5 120

When Cassiopeia is left (right), Polaris is west (east).
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1162 APPENDIX G: EXTRACTS FROM AIR ALMANAC

CORRECTIONS TO BE APPLIED TO SEXTANT ALTITUDE
REFRACTION

To be subtracted from sextant altitude (referred to as observed altitude in A.P. 3270). -

Height above sea level in units of 1,0oo ft.
V + 0 5 10 IS 20 2 1 . 3S 4o 45 50 55- R.

Sextant Altitude 0'9 1 .1 . _-3 -

go= 90 90 90o go 90 90 90 90 90 9o0 -90 0 +-
6~ 3 59 55 51 46 41 36 31 26 20 17 13 0 0z 0 - =

2. 33 19 2 2 9 Z 4  X 9 7 6 4 a2 -2 -2

-3o -3 3 3--4 ,-
3 16 14 12 10 8 7 6 5 30 220 130 040 -3 3 3 3-

12 11 9 8 7 3 400 30 2 0 13o 039+005 76 4
53o 9 7 550 45 350 310 220 130 049 +03 -09 -

6 8o 650 550 450 400 300 220 30 0024-03 -038 11 6 -7

-- • " 7 650 550 500 4
0 

310 230 150 120 038 +004-0o8-054 6 ,7 8 8 --18 8
600 510 410 320 240 200 330 100 019 -01 3 -042-108 -7 8 9 Io 2

30- 520 430 340 250 20 140 330 033 +003 -027 -053-318 9-03 - o 81:- 10 !o9 10 11 i2
32 430 340 250 220 140 330 037 +011 -oz6 -043 -308 -13 33 13 __

330 250 210 140 330 034 +009 -04 -037 -100-123-144 3
= 2 SO 210 340 330 037 +010 -033 -034 -053 -114-135-156 t6 14-16 18 19

"A20 140 120 043 +015 -008 -031 -0.52 -zo8 -127 -346-205 8 16 2 23 8 1 62 0=
120 50 320 049 +023 -002 -026 -046 -3 o6 -122 -39 -157 -214 08 20.224
112 044 +019 -006 -028 -048 -109 -127 -142 -358 -214 -230 - 8

*25 25 22 25-28 30
30 34 +010-013 -036 -055 -114 -132 -251 -206 -3221 7 30 3336

+oo6 -016 -037 -059 -117 -133 -151 -207 -223 -237 -253 -304 3538 +
-3 18 -037 -058 -336 -134 -149 -206 -222 -235 -249 -3 03 -336 40 36 40 4 4S40 40I 36 40 44 48 a -

-053-114 -13 -347 -203 -238 -233 -247 -259 -333 -325

-110 -328 -144 -359 -2235 -228 -243 -256 -308 4-322 -33354045
-

50 ~- 50 45S5560-140 -153 -209 -224 -238 -252 -304 -317 -329 -34 05_

55 -203 -218 -2331-246 -301 -332 -325 -337 -348 + +
1-2 53 -307 -339 -331 -342 -353 54-+:-+72 _

0 0 5 0 5 so 25 30 3S 40 45 50 55 -930341
Temperature in IC h -

When R. is
+47 +36 +27 +18 +10 + 3 - 5 -13 lesthan _

0-9 +36 + 6 -' 4 -3 -22 -33 -40 For these heights no 09 or the height
+26 68 temperature correction r.o is greater
+5 - 5 -35 -25 -36 -46 -57 -68 isnecessary: takef=x.o than 35.0 - -

-16 -25 -36 -46 -58 -71 -83 -95 and useR- R. 1 ftake- use _-_

1.2 1.2 an use
-37 -45 -56 -67 -83 -95 R-R. F R-_*

Choose the column appropriate to height, in units of 3.ooo ft.. and find the range of altitude in which the sextant
altitude lies; the corresponding value of Ro is the refraction, to be subtracted from sextant altitude, unless V_--_

conditions are extreme. In that case find f from the lower table, with critical argument temperature Use the - --
table on the right to form the refraction, R=R.xf.

CORIOLIS (Z) CORRECTION
To be applied by moving the position line a distance Z to starboard (right) of the track in northern ltitudes

and to port (left) in southern latitudes. The argument is given as T.A.S. (True Air Speed) in A.P. 327
o  

-

KGS Latitde 0G 70Latitude I
KNOTS aj*d 20' 30- 4 5o° 

6o
° o 90040 607o090#80

° 
9o- KNOTSi "z° o o o 

o  
0 o

I50 03 3;2 3 j 450 0I x 2
200 03 3 3 23 5 5ii 500 02 4 7 8 10 33 1213 13
250 0 3 2 3 451 6 6 7 550 0 3 5 7 9 31 12 143 4 14

300 0 1 34 5 6 7 7 88 6oo 0 3 58 0 2 2 4 35 6 6
350 0 35 67 8 9 9 650 03 69 3 563737 91

400 0 2 4 5 78 9 0 0 30 700 0 3 6 9 12 14 36 7 18 I8

-- W-

" 2--
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CORRECTIONS TO BE APPLIED TO MARINE SEXTANT ALTITUDES

MARINE SEXTANT CORRECTIONS CORCINFRDI FTEHRZON
ERROR To bc subtracted from sextant altitude f

Sextant Number In addition to sextant -Ht. Dip Ht. Dip Ht. Dip HtL Dip i t. Dip
error and dip, corrections
are to be applied for:. I- Ft. Ft. FL Ft. Ft

Index Error Refractionf' 0 114-. 437 968 I 1707
Semi-diameter (for the 2 137 482 1 3 31 4179

2 2 22 32 4
Sun and Moon) 6 z6223io

Parallax (for the Moon) 12 1 89 13 2. z68 z j
Dome refraction (if 21 I S 4 62 i 3 4~~

applicable) 3 50 1 is 2 3S 4S
6 16 26 36 465

43 283 1 7312 1386 2235
S8 7 17 27 37 4.7

8 318 is 787 28 14338 348
75 356 84S 1543 249 89 19 29 39 2 49 4

1 0 20 30 40 2 551 0114 437 968 X707 4 65S.

LIST OF CONTENTS
Z

Pages Contents

Inside front cover Star list (i7 stars) and G.H.A. interpolation tables
Daily pages Ephemerides of Sun, Moon, Aries and planets; moonrise and

moonset
Fi-F2 (flap) Star chart
F3 (flap) Star list (5 stars) and G.H.A. interpolation tables
F4 (flap) Interpolation of moonrise and moonset for longitude, and star index
Ax-A3 Title page, preface, etc.

A4-A17 Explanation anabrvtis

Azo-A23 Standard times

A2 4-A73  Sky diagrams

A7 4-A7 5  Planet location diagram
A76-A79 Star recognition diagrams for periscopic sextants

A88-A 3 Rising, setting and depression graphs
A94 -A95  Semi-duration graphs of sunlight, twilight and moonlight, in high

latitudes ~-~
A9 6 Index of star names
A9 7-A9 9  Star list, 173 stars (accuracy o'-r)
Aioo-Aiot Interpolation of G.I.A. Sun and GJ-I.A. Aries (accuracy o'-i)

A1o3 Polaris tables addome refraction

A104 Corrections for (total) refraction and Coriolis I Z) table
- Inside back cover Corrections to marine sextant observations

A



APPENDIX H

LONG-TERM ALMANAC

This appendix is intended for use when a more complete almanac is not available.
It is based principally upon the fact that approximately correct values for the Greenwich
hour-angle and declination of the sun, and the Greenwich hour angle of Aries, can be
obtained from an almanac that is exactly four years out of date; The differences in
these values at intervals of exactly four years can be largely removed by applying an
average -correction to the values obtained from the tables of this appendix. The maxi-_
mum error in an altitude computed by means of this appendix should not exceed -

2!0 for the sun or 1:3 for stars.
This four-year, or quadrennial, correction varies throughout the year for the GHA -

of the sun (between about plus and minus one-half of a minute) and for the declination -
of the sun (between about plus and minus three-fourths of a minute). For the GHA'
of Aries the quadrennial correction is a constant, (+)V 84. The appropriate quadrennial
correction is applied once for each full four years which has passed since the base year
of the tabulation (1972 in this appendix).

. The tabulated values for GHA-1750 and declination of the sun and GHA of
* Aries are given in four columns, labeled 0, 1, 2, and 3. The "0" column contains the

data for the leap year in each four-year cycle and the 1, 2, and 3 columns contain data
for, respectively, the first, second, and third years following each leap year.

The GHA- 1750 and declination of the sun are given at intervals of three days
throughout the four-year cycle, except for the final days of each month, when the
interval varies between one and four days. Linear interpolation is made between entries I

to obtain data for a given day. Additional corrections to the GHA of the sun of 150 --

per hour, 15' per minute, and 15" per second are macke to obtain the GHA at a given
time. Declination of the sun is obtained to sufficient accuracy by linear interpolation
alone.

The GHA of Aries is given for each month of the four-year cycle. Additional
corrections of 0059'14 per day, 15'02!5 per hour, 15' per minute, and 15' per second
are made to obtain the GHA at a given time.

The SHA and declination of 38 navigational stars are given for the base year,
1972.0. Annual (not quadrennial) corrections are made to these data to obtain the
values for a given year and tenth of a year.

A multiplication table is included as an aid in applying corrections to tabulated _

values.
Sun tables. 1. Subtract 1972 from the year and divide the difference by four,

obtaining (a) a whole number, and (b) a remainder. Enter column indicated by re-
imainder (b) and take out values on either side of given time and date.

2. Multiply quadrennial correction for each value by whole number (a) obtainqd in
step 1 and apply to tabiated values plus 175'.

3. Divide differencc between correcd values by number of days (usually three)
between them to determine daily change. A

1164

A---,..-. T



APPEND)IX H.' LNG-UBM AXUM*NAC 1165-

4. NMultiply daily-change'by number of days and tenths since 0 GM-of- earlier
tabulated date, and mark correction plus +)or minus ()as appropriate.

5. (CHA only.) Enter- multiplication table with -hours, minutes, and seconds of
GMT, and take out corrections A, B, and C, respectively. Tege are all positive.

6. Apply corrections of steps 4 and 5 to corrected ewlzr-values of stop 2.
Ezampl.-Find (*HA and declination of sun at GMT 171113 4 9 2 on July 18, 2002.

Soiution-Stes 1 ai~d 2:(2-97 -447.remainder 2.- Use column-2, n
multiply quadrennial corrections by 7. Corrected values: GHIA, July 18, 178*3111+
(7XO!05)=178*31'5; July 19, 1780 7!2+(7X0O6)=178 0 2768. De., July 18,
210*27!9N- (7X0 41)=21*25'.0N; July 19, 20 057V5N- (7X0 !44)=20*54f4N.

0114 Dcdinalion
July 18 178031.5 July 18 21025.10N1
July 19 178-27!6 July 19 20-54!4 N

M-ay change (-)3!9 Se 3-day change (-)30!6 stp

daily change (-)1!31.I daily change (-)10.12
days and tenths 2.7 SUP ,4 days andtenths 2.7 SUeP4

cor. (- 5icor. (-)27!5 i
A 255 00O 1Ob July 18 21o25!0 N Sk p6

B 3150 StOP 5 Dec. 20*57!5 N
a 1211

0Julyl16 178 .15 Step 6
GHA 76*55!2L

Arkes table. 1. Subtract 1972 from the year and divide the difference by four, 1
obtaining (a) a whole number, and (b) a remainder. Enter column mndcated by re- ~ --I mainder (b) and take out value for given month.

2I Enter multiplication table with whole number (a) of step 1, day of month, A
hours of GMT, minutes of GMT, and seconds of GMT, and take out corrections
D, E, F, G, and C, respectively.

3. Add values of steps 1 and 2.

Exampl.--nd GHAP at GMT 11 0 '3 3 8 on November 28, 1995.
= &Sltstion.-Sep 1: (1995-1972)-+4=5, remainder 3. Use column 3.

GHAT
Nov. 38-140.8 } Step 1

D 9!2
E 2703519 &

G 1*30!2 2
o 8!2

GHAT 233 .12 Step 3

Stars table. 1. Enter table with star name, and take out tabulated values.
2. Subtract 1072.0 from given year and tenth, and multiply annual correction by

difference. Apply as correction (+or-, as appropriate) to value of step 1.
Ezamplk.-Find SHA and declination of Spiea on September 11, 2011.
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Solutioan.-From decimal--table, September 41, 2011 =2011 7 .,20 11.7 1972.0

- BRA Dedincai n
1972.0 -159004'3 Step 1 1972.0 -11001!0-S 0 t

39.7X(-)0179 (-)31*4j 39.7X0.31 (±)12 3
SHA 158002!9 ' Dec. -1101313 SJ'P

To determine-GHA-of sta, add GHA T and-SEHA* for given time and date.

pt a
7 I -

1; _:7 5A

If
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qG.HN DateIQud. I 12 . 0,a. ! 3-

(lIlA Con. i ilA Corr. A
Dec. 75. _175' Ie.

JANUARIYj

4144 - _1055 -0-11 409.0 2302.08 1 410.6 23031S -0.32 4129 2304.2S
3533 U250.2 -0.33 348.0 42456S 349.8 2247.08 -035 351.9 22484S
3330 2 3u.7 S -0_12 3 27.8 22 25 S 7 329.8 22 26.8 - 0.39 331.7 22 28.6S-3138 22 07.28S -0.09 3088 220068 10 3 10.8 1 2202.78 04 31. 220U4.8 -

238.9 21 08.7S +003 2 34.8 21 00 2S 16 2 36. 2128 =0€ 37.9 2105.6S _

223.7 20339S .0.09 220.1 202458 19 2 20 27.5, -0 222.9 1 2030.5 S
210.1 19 56S .03 207.0 194548 2 208.4 394878 -049 209.5 19319S

5h2 19 13,98 015 155.7 19029S 25 156.8 19064S -052 "17.9 39 KoS
48.25 1 46. 117.38 28 347.0 182S1S 054 1 48.0 18249S

FFBRIA RY 7

137.7 1- 24.78 -013 136.1 17119S I1 136,3 17 160S -057 1 37.8 1720.2S
1 320 1633.28 +014 130.7 16 196S 4 131.3 16240s -0.59 1'32.1 1628.4S
1 280 15290S I0-15 127.1 3152488 7 127.8 1529.5s -0.60 1283 1534.05
1259 144258 .019 :25.4 14278 10 1260 143238 -0.61 1263 1437.2S
12154 134368 .024 125.4 1329,48 13 1259 1333.4S -0.60 1260 1539.28
126 12428S -029 127.2 1227IS 16 327.5 123.38 - 0.60 127.4 1237.28
1296 11 40.3 S .034 130.6 1124.0 S 19 130.7 11 29.3 s -0.59 1 30.4 1134.4S
1340 1035.88 -0_36 135.6 |101938 2wl 135.4 1024.78 -0.59 135.1 1030.0S.
3400 9300S -036 141.9 91328 I25 141.5 91868 -060 141.2 924.1S
147.4 S 923,0S -034 1495 8058 s 2 149.0 811.38 -061 3 48.7 17.0S

MARCH

1 "- * 1529 737.6 S .0.32 152,3 743.18 s 1 51.7 7 48.7S -062 151.4 7 54.3S
20'13 628.8s *0 33 203.4 63448S 4 200.6 64008 -062 200.4 645.4 S
212-6 519.28 *031 211.6 524.1S 7 211.0 3058 -062 1 210.5 5363S

'~3 4898 .3 22-443 1-221 4 '048S -0.43 2 21.4 4 26.3 S
3' 3-7 2582S .036 234.5 30318 I 13 2339 319.78 -0.59 233.1 315.52482 1 47.18 .040 247.1 1 5288 I 16 246.4 3 5878 -0.56 245.4 70458

301.1 035.98 04- 3001 041.78 I 19 259.4 04768 -0.54 } 258.3 053.38-3 314.15 0 035.2. X 0_44 3 13.6 I029.4, N 22 312." 0 236Y N 0.53 3 3110 0i7.8 x
;31 1461N 043 427.2 3 4038 q 25 3262 I 1 346 N 052 3252 128.8-
3429 2 566 N 0.40 a409 2509 N 298 3398 2452 N -0.52 3389 239.4 N

APRIL1

5348 N 4 3m.4 4112 5278N 0.51 4105 5 .1'

- 264 6 47.3 N .032 429.2 643.7 N 7 424.3 6362N 0.49 4 233 630.68
4388 7543 N +033 447.7 749.0 10 4369 74358 -0.17 30 738.0 %
4506 9 00.3N *035 449.6 85518.1 13 448.9 849-7.7 044 4480 84438
507 1005.0. N .037 5009 959 N 36 500.2 954.58 .0.41 4592 94938
12 3 I1093N .039 5113 11030N 19 530 30 57.9N -1.: 5.9,7 3 052.8

521.4 12096 N .. 37 5209 320368 12 5201 1159,7N -0. t7 5 19.3 15 4.78
5 29 8 1330928 .'133 529.1 13044N 25 528.5 1259.7N -0.36 5280 1254.88

372 14 69 N 546.8 14 22 3 5 360 1 3577 -034 5356 1353.,0, X_
~MAY

543415 026 024 543.0 14 5,38 1 3 5423 14 353.78 -0.33 5423 34 49.28 N5484 1556.0N 020 5480 1553.7N 4 5475 15 475.' -031 547.3 3543.13N55.1 I1647.08 N 019 351.7 16430N 7 .51.4 1 63898 .028 551.3 I634.78 __-

.5345 1735.58 4019 5542 1731.7N 10 551. 17278 I025 553,9 17239N - -
5h56 18214N 021 555 137.78i 13 53.5 I13814.1N .022 5553 i 1:04N555.4 I9 1905Y N 0.23 55 1901I.0. 16 -5 5i5 18 57 6N +0.19 1555.4 |18854.2. N:=----7
5539 1 447 N .0.3 554.:3 19114N 19 5513 1938.38 .0.16 54.3 I 1931
5513 2021,8 .0.' 5518 203188N 2 551.7 20159N -013 I 551.9 201308
5475 2053.8 N 0136 548.1 205318 25 . 480 2050,58 -011 5 48.4 2047.7N
5426 i23266 N +111 5432 213242N V 543.2 2121,9 -008 5439 211938N-7 -.- ____ ': :

JUNE

5 -4 20248% I 04 531. 220 IN 1 535,2 215838 .0.01 5360 21562 N
5274 253N I 0o2I 527.9 22235N 1 5 22 2223.7 . 0.01 289 22 19.98 1.519.4 7244.68 .. 2 I 5199 22431 7 20.4 22116 % -02 !521.1 22 40.18 N- - -

S30 7 2311038N .0014 53133 22 59.38N 1In 5339 22.-7 9 N 005 5 12.5 256.78 1
5015 72312.18 I 1,17 502.3 231158V 13 5029 2310.6 \ 008 503.4 2300.78
1519 I320.8 I 0911i 452.8 232028 1 6 54 23196 I -0.12 4539 2 139.0N
4421 M25,5 % .1111S 1412 232538 19 4436 23249 -0.15 444.2 23 24.6N
4324 I 2658N .1 11 433,4 23266N 22 433.7 232683N I018 .434. 232 .58

2-9F -13238 N 4238232318 N 5 421.0 232 44 N -022 4 24.8I 23 24 6 N
4 31 2a37.31 -00 4 143 2339118 21 3314.5 2331958N 0 25 43U54 2331938

-,4I-28 +~ 2, 231 I
23 !0 .

8. __ _ _ _ __ _ _ _
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SUN

HA Datee

GIIA Corr. GHA GH Co, GHA
-175* Dec. DDec. -I -I* D175 Dec.

JULY

404.5 23 07.3 N -0.06 405.2 23 08.2 N 1 405.4 / 09.0 N -0.28 4063 23 09.9 N
3561 22 53 5 N -0.07 356.6 22 54.7 N 4 3 57.0 22 55 8 N -0.31 3 57.7 22 57.0 N
348.4 22 362 N -005 348.8 22 37.6 N 7 3492 2239.1 N -0_34 349-8 22 40.5 N
341.5 22 153 N -0.01 341.9 22 17.1 N 10 342.3 22 18 8 -0.37 342.7 22 205 N
3355 21 51.0 N -003 3360 2153 0 N 13 3 362 21 55.0 N -0.39 336.4 21 57,0 N
330.6 21 233 N +005 331.1 21 25.7 N 16 331.1 21 27.9 N -0.41 331.3 21 30.1 N
3269 20 52.4 N +0.06 327-4 20 55.0 N 19 3 27.2 20 57.5 N -0.44 327.4 21 00.0 N
324.5 20 183 N +004 324.9 2021.2 N 22 324.5 20 23.8 N -0.47 324.? 20 266?N
3234 19411 N +001 323-6 19442N 25 323.0 1947.1 N -0.50 323.3 19 50.2 N- -
3236 190107 -002 3236 19043 N 28 323.0 19 07-5 N -0.54 323.1 19 108N

AUGUST

3260 18 032 N -0.03 325.6 1806.8 N 1 325.1 18 103 N -057 325.1 is !39 N
3293 17 16.7N -002 325.8 17205N 4 328.2 172427N -0_59 328.0 1728.0N-

- 333.9 16 27.72N +002 3334 16316N 7 332.8 I 1635674 -0_60 3323 16 39.6 N
339.9 15 363 N +0.06 3393 15 404 N 10 338.6 1544 6 -0_60 338-0 1548.7N
341.1 3442.6 N +0.09 3465 14 47.0 N 13 345.7 14 51-3 N -061 3449 14556 N-355.7 13 468 N .0.11 3550 13 51.4 16 354.0 13 55-8 N -062 3532 14 W03 N -

4054 1249.1 N +0.11 404.7 1253.9 19 403.4 12584 N -064 402.7 13 03.1 N4 16.2 11 49 6 N +009 4 154 11 54.5 N 22 4 14.0 1159.1 N -0.66 4 13.3 12 04.0 N
428.1 104847N -006 427.2 10 53.3 N 25 425.7 10581 N -068 424.9 103-2 N
440.9 945.67 +003 4395 950.6N 28 4383 9_55-6N -0.70 437.5 1O00.8N -

SEPTEMBER
459.2L SI98 s 0 02 4579 824.9% 1 4565 8300N -0.71 455.6 835.4N

5 13.7 7 !59 N * 004 5 123 7 19.2 N 4 5 109 7 24 4 N - 0.70 5 09.9 7 29.8 N "- -:

5287 6 07.0 N .008 5273 6 12.1 N 7 5260 6 17.8 N -069 524.7 6 23.2 N
544.1 4 592N .0.31 542.8 5 04.7N 10 541.4 5 10,1 N -068 540.1 5 15.64

35. 350.77 N 0.13 558.6 3 56.2 N 13 557.1 401.774 - 067 5558 4 07.2 N
6158 241.51 +0.13 614.7 247.1 16 613.0 25261N -0.67 611.7 258.2 -
631.9 1 31.9 N .0.11 6307 13757N 19 6290 1 430N -0.68 627.8 148.7 N
647.9 0219N +0.08 6466 027.6N 22 8449 0331N -068 6438 0388N -
7036 0453S .004 7023 042.5S 25 7006 0370S .069 6596 031.2S
7190 1 58 +001 7 17 6 1 52.7S 28 7 16.1 1 47.1 S +068 7151 1 41.3S

OCTOBERi§I7338 3082 0oo _ 307 1 731.0 257.1S 0.67 730.0 251.45 _

7480 4 17.9S 002 746&6 4 124S 4 7 45.4 4068S 0.65 744.3 401.2 -S801.3 527.2S o005 8001 5 21.7 7 759.0 516.1s -*062 757.9 510.5s = =

8 137 6 35.S o07 8 127I 630.3S 10 8 11.6 624,8S +0.60 8 10 619.3S
825.1 7436S -0.08 $243 73$.11 13 8232 7328S +057 822.2 727.35

035.4 85051 *007 834.7 845.0S 16 8336 839.8S +056 832.8 834.4S
.844.4 9562S 004 84.48 950.98 19 8428 9457S +054 842.2 940.3S __

8520 11oo6S -001 8515 10554S 22 850.5 1050.3s 053 850.1 104508 __8581 -0.05 8576 11 585S 25 5569 315358 .0.52 8566 1148.38
9026 1304.7S -008 902.1 12599S 28 9016 125508 +050 9015 12500S

NOVEMBER

9058 14235S -009 9055 14 1895 1 905.4 14 142S -0.46 905.3 14 09.AS M4
9061 152038 -007 9060 1518S 4 906. 15 11.2S +0.42 906.0 1506.6S
904.6 161478 -004 904.7 16104S 7 905.0 1606.08 +038 904.9 1601.6 S
901.1 1706.78 -003 901.6 1 3702.5S 10 901.9 1658.48 -0.35 902.0 1654.25 r-
855.8 1756.1 S -003 8565 1752.1S 13 856.9 1748.28 *031 857.2 1744.21
8486 1842.68 -0.05 849.5 I1838.8 16 849,9 18352 028 8505 1831.4S
8396 1926.18 -0.09 8406 19 27 S 19 841,1 191928 +025 841.9 19 15.7S
82.7 200658 -0,14 8298 2003.3S 22 8305 200038 .0.,22 831.5 1956.98
8161 20436S -018 817.2 2040.7S 25 8181 203788 +019 818.3 2034.8
So.7 21 17.2S -02o 8028 21 146S 28 804.1 21 11.9S +0.16 805.3 21 09.Ss

DECEMBER__
-I -- I. - _

7456 21 47.3S -0.18 746.9 214498 1 ,748.4 214258 +012 749.6 2140.18
7281 223358 -0.15 729.6 221158 4 7313 22094S +008 722.-5 22 073 SS
7093 22359S -0.11 7110 223428 7 7128 22324S +004 7139 2230.68
6493 22543S -009 6513 225298 10 6530 2251.48 0.00 6543 2250.08 S
6285 23056S -008 630.6 23 076 S 13 6323 230648 -004 6337 2305.3S
6069 2318 -0.09 609.1 2338.18 16 6108 231I738 -0.06 61Z.4 2016.5S
5449 232488 -012 547.1 23 244S 19 5488 232408 -0.12 550.5 23236.-
5226 232668 -0.15 5247 232668 22 526,5 232658 -016 528.3 23264S
5002 2324.1S -017 5022 23244S 25, 504.1 2324.7S -0.19 6059 232 0
4380 23 1758 -0.17 4399 23318 25 441,9 2318.7S -023 4436 2319.3S
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STARS MULTIPLICATION TABLE

SH Annual- Dec. Annual N. AI
(19720) Corr. Star (1972.0) Corr. NO.. B C D E F U

31542.0 -0.57 Acamar 4025.OS 0.24 1 -15 015 0.2 1.8 059.1 150 015.0 
335499 -0.56 Achernar 5722.7 S 0.30 2 30 030 0.5 3.7 1 8.3 3004.9 030.1
17344.6 -0.84 Acrux 62 56.6 S 0.3 - 16 045 0.8 7.5 2 5.4 45 07.4 045.1
291 25.3 -0.86 Aldebaran 16 27.2 N .- 0.12 4 75 1-00 1.0 7.4 350.6 0 09.9 1 00.2
15323.4 -0 59' Alkaid 49 27 2 N -0.30 5 7 115.2 9.2 45.7 7512.3 1 15.2
21826.8 -0.74 Alphard 83225 026 6 90 130 1.5 11.0 6 5.81 ) 14.8 1 30.2
126 37.5 -0.64 Alphecca 26 4.5 N 0.2S 7 105 I 145 1.8 12.9 854.0 105 17;2 - 45.3126 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l 37102 85 -0 8102001 I0n M19. 7 2O
358 160 -0.78 Alpheratz 28 56.2 N 0.33 8 1901 200 2.0 14.7 758.1 1351 2 200.3
6238.7 -0.73 Altair 8 47.6 N +0.16 10 150 250 2 0.6 8.3 150 246 230.4-

113 04.7 -092 Antares 26 22.3 S 0.13 1 . . .

14624.2 -0.68 Arcturus 19 196N -0.31 11 165 245 2.8 2 0.2 10 50.5 165 27.1 245.5
10834.7 -1.59 Atria 68587S +0.11 12 10 300 0 22.1 11-49.7 18020.6 300.527135.2 -0.81 Retelgeuse 7242 N 40.01 13 195 315 32 23.9 12 48.8 195 32.0 3 15.3

0.1 etlgue 2214-i 210 3 3D0 &.512&8 13 48.0 210 U. 330.264 10.0 -0.33 Canopus 52 408 S 3 0503 15 8 27.6 14 48. 1 34.0 3 46~~~~2 8 1 2 0 .7 - 1 .1 1 C a p e l la 4 5 5 8 3 .14 0 .0 6 1 5-S3 4 7 6 1 7 1 3 . 5 . - ?

4952.9 -0.51 Deneb 4510.8N +022 16 240 400 4.0 29.4 1546.2 2403q. 4 40.7

183 05.5 -0.76 Denebola 14 437 N -034 17 255 4 15 4.2 31.3 16 45.4 25541.9 4 15.7
34927.2 -0.75 Diphda 18 08.4S 0.33 18 270 4.30 4.5 33.1 17 44.5 270 44. 4 4 '. 7
194 29.8 -092 Dubbe 61 54, N 032 19285 45 & 4.8 . 1843 2805 4 45.834 17.8 -0.74 Enif 94486 +0.28 30 300 50 0 3 .8 10942.8 300 49.3 50.8

1558.4 -0.83 Fomalhaut 2946.13S -032 21 315 S 15 52 38.6 20 41.9 315 51.7 515.9
32836,2 -0.85 Hama) 23 19.8 N -0.28 22 330 530 &.5 40.5 2141.1 330 54.2 530.9
137 18.4 +0.04 Kochab 74 16.2 N -0.25 23 345 S 45 & 43 2240.2 345 56.7 5 45.9
148 44.6 -0.58 Menkent 3614.OS 0.29 24 30 6 00 6.0 44.2 23 39.4 360 59.1 6 01.0-
30925.3 -1.07 Mirfak 49 458 N -021 23 815 02 46.0 2436.5 - 610

76 37.1 -0.93 Nunki 2620.OS -0.08 2 - 630 5 47. 8 25 37 - 6 31.15408.4 -1.18 Peacock 5649.68 S 0.19 27 -65 0 8 49.7 283.1 64.1244 05.9 -0.92 Pollux 28 05.7 N L0.15 29 - 7.00 515 27 35.9 - 7 01.1 7
24532.4 -0.78 Procyon 5 17.9 N -0.16 3D - 715 7.5W4 2835.1 71.2
9635.5 -0.70 Rasalhague 1234.8 N -004 - 730 7 2 234.2 - 731.2

- 208 16 8 -0.80 Regulus 12 06.3 N -02 31 7 745 7.8 57. 3033.3I 7 7403 -

25142.1 -0.72 Rigel 81408 -0.07 32 - 80 0 58.9 - 801.3140 41,5 - 1.02 R~gil Kent. 60 43.2 S + 0.2 33 -- 8 15 8.20, 7 3-] - 816.4
250 164 -0.86 Schedar 56 23 0 N -0.33 34 - 8 30 5 62.6 - 8 31.4,
25901.3 -0.66 Sirius 1640.6S .. 0 0S 35 - 8 45 8 64.4 - 8 46. 4
159 04.3 -0.79 Spie 0 I19sS +.31 36 - 90 9.0 8G&2- 9 01.5
223 15.5 -0.55 SuhaUl 4319.1S 0.24 37 - 915 910.5

39 -- 30 -- 1 5 --. , 16
8100.2 -0.51 Vega 3845.4 N +0:06- 30 6-31.9 459.8 71-8 9 94&6

-40 - 110.0 IMO 76 - 1001.641 - 105 10.2 -7417

98~~4 102 9 10 Jn 91 7 9 24 .0 - 23 16 3.712919.5~~4 100 30. 1115 r290. 3g'' 1031.7! [ -

4 3 - ' 10 4 5 1 0.18479.1- -04 6 .8ARIES (T) 42 -- 13 1 517. - 3 1 1.7
44. -110 13 0 84.0 - 1101.8 71.0

-- 4S - J - - 111 11.2 [82.8 - 11 6.8
0 0 Aon. 2 3 46 1130 11.5 84 13

339.47 -11.45 11.8 813.5 114.9
48 - 1200D 12.0188.3 12 202.049 - 1215 12.2 90.2 -1217.0

98462 9931.0 Jan. 99167 99 02.4 50 1230 1.5 9 0 1132.12

339 16.1 23909.8 Se. 3 4.5 3833 .6 - 14 15 1ts14 147.3

308425 7.7 a g . 33.4 214. 0 - 1500 1&2 9. 13 17

- ~~ ~_ DEIA AToPDYADYA
0.2 081o. 0.45 .5 0.8 0.7 0.8 1

- |of t to to to to to to to0 to to

33 61 21328 5 03318083 1 3 1800 .73

5Day 0112 0 0600 0524 1048 1312 136 1 0 2 4 2400

392 . ,I to-51to 3 oto t .15 0
Feb7.7 A 4.De.12
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APPENDIX I |

IDENTIFICATION OF NAVIGATIONAL STARS
Introduction.--The following summary is not intended as a substitute for a star I

finder such as No. 2102-D, or of a knowledge of the heavens, but is given as a supple-
'-entary reference to assist in locating the 57 stars included in the main listing in the 1
Niautical Almanac, plus Polaris. The observer is assumed to be at about the average
latitude of the United States, unless another latitude is indicated. If a celestial body
is said to be east of another, it is lower in the sky if both are rising and higher if both are
setting. A body north of another is nearer the north celestial pole. Directions rdfer I -
to great circles on the celestial sphere. Figures referred to are the star charts of chapter
XXII, which should be of assistance in- interpreting the descriptions given. It is as-
sumed the reader is familiar with such well-knowvn configurations as the Big Dipper
and Orion. Constellation names are given in italics.

Acaniar crosses the celestial meridian near the southern horizon during evening
twilight in February, and during morning twilight in August. It is part of the con-
stellation Eridatins, the river, which is not a striking configuration. It is the faintest
star listed among the 57 in the almanac, but is the brightest in its immediate vicinity.
The nearest bright star is Achernar, about 20* away in a generally southwesterly
direction. Dec. 40'S, SIA 316', mag. 3.1. Fig. 2205.

Achernar, at the southern end of the inconspicuous constellation Eridanus, the
river, is one of the brigtest stars of the Southern Hemisphere. It is not visible north -
of latitude 33°N. It crosses the celestial meridian during evening twilight in January,
and during morning twilight in early August. Nearly a straight line is formed by
Fomalhaut, about 400 WNW; Achernar; and Canopus, about the same distance in -the
opposite direction. However, since these stars are widely separated, the relationship _ __

= is" not striking. Achernar forms large triangles with Acamar and Ankaa, Ankaa and,
Al Na'ir, and with Al Na'ir and Peacock. Dec. 57S, SEA 3360, mag. 0.6. Fig. 2205.

Acrux is tne brightest and most southerly star in the famed Southern Cross. It is
not visible north of latitude 27*N. It crosses the celestial meridian during evening
twilight in early June and during morning twilight in January. It is about 150 WSW
of first magnitude Hadar and Rigil Kentaurus. Dec. 63'S, SHA 1740, mag. 1.1. Fig.
2207.

Adhara. About 100 S and a little to the east of Sirius is a small, approximately
equilateral triangle of three second magnitude stars. Adhara is the westernmost and
brightest of the three. It crosses the celestial meridian to the south during evening
twilight in March, and during morning twilight in October. Dec. 290 S, SHA 2500 ,

mag. 1.6. Fig. 2206.
Aldebaran. If the line formed by the belt of Orion, the hunter, is extended about

20' to the northwestward. and curved somewhat toward the north, it leads to first
magnitude Aldebaran in Taurus, the bull. This is a group of stars forming a V. A long, -

j -.... curving line starting at Sirius extends through Procyon, Pollux, Capella, and Aldebaran. I-
Dec. 16'N, SHA 2910, mag. 1.1. Fig. 2206.

Alioth is the third star from the outer end of the handle of the Big Dipper, and the
brightest star of the group. Dec. 56*N, SHA 1670, mag. 1.7. Fig. 2207.

1170 -
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Alkaid is the star at the outer end of the handle of the Big Dipper, farthest-from the
bowl. It is the second brightest-star of the group. Dec. 49*N, SHIA 153P, mag;-L9. A

Fig. 2207.
Al Na'ir is the westernmost of tv, secondmagnitude stars of nearly equal bright- _

ness about -midway between first mignitude Fomalhaut, approximately 20° to, the
northeast, and- second mangitude Peacock, about -the -same distaric- in the opposite
direction. A curved line extending eastward from the:Souithern Cross passes through
Hadar and Rigil Kentaurus and, if extended with less curvature, leads first toPeacock
and then- to Al Na'ir. This star forms triangles with Fomalhaut andAnkaa; Ankaa and
Achernar, and with Achernar and- Peacock. 'It-is not visible north of latitude 430N-
It crosses the celestial meridan during evening twilight early in December, and during
morning twilight in June. Dec. 47°S, SHA 28*i mag. 2.2. Figs. 2205, 2208. 1

-M. . Alnilam is the middle star of the belt of Orion, the hunter. Dec. 1S, SHA 2760,
mag. 1.8. Fig. 2206. =

Alphard, a second-magnitude star, is the brightest in thb inconspicuous constella- I _-

-i 'tion. Hydra, the water monster. The nearest bright star is fir.-t magnitude Regulus, -- - -
about 20' NNE. It is about midway between the horizon and zenith when it crosses I
the celestial meridian to the southward during evening twilight in. late April, and during -_

morning twilight in November. Dec: 90 S, SHA 218 ° , mag. 2.2 Figt 2207. - -

Alphecca is the brightest star of Corona Borealis, the Northern Crown, about
200 ENE of first magnitude Arcturus. It forms a triangle with Arcturus andAlkaid. -

It crosses the celestial meridian near the zenith during evening twilight .iii July, and j -

during morning twilight in February. Dec. 27°N, SHA 127'. mag. 2.3. Figs. 2207,
2208.

Alpheratz, a second magnitude star, is at the northeast corner of the gfeat-square of
Pegasus, the winged horse, and is the brightest of the four stars forming the square.
It crosses the celestial meridian near the zenith during evening twilight early in January,
and during morning twilight in July. Dec. 29*N, SHA 3580, mag. 2.2. Fig. 2205.

Altair is at the southern vertex of a large, nearly right triangle which is a con-
spicuous feature of the evening sky in late summer and in autumn. The right angle is 2
at Vega and the northern vertex is at Deneb. All three are first magnitude stars. Two
fainter stars close to Altair, one on each side in a line through Vega, form -t charar-
teristic pattern making Altair one of the easiest stars to identify. It crosses the celestial-
meridian during evening tvilight in October. and during morning twilight in May.

- : Dec. 9°N, SHA 630, mag. 0.9. Fig. 2208.
Ankaa, a second magnitude star, is the brightest star in inconspicuous PhoeniX. -

It is surrounded by and forms a series of triengles with Diphda, Fomalhiut, Al Na'ir,
Achernar, and Acamar. It crosses the celestial meridian low in the southern sky in

January, and during morning twilight in July. Dec. 420S, SHA 354', mag. 2.4. Fig.
2205.

Antares is the brightest star in the conspicuous constellation &eorpio, the scorpion,
which is low in the southern sky during evening twilight in late July, and morning -

twilight in late February. No other first magnitude star is within 400 of Antares and --
none toward the north is within W . it has a noticeable reddish hue -and in appear-
ance somewhat resembles Mars, which is occasionally near it in the'sky. Dec. 260S,

Arcturus. The curved line along the stars forming the handle of the Big Dipper, if
continued in a direction away from the bowl, passes through brilliant, first magnitude
Arcturus. The distance from Alkaid, at the end of the Big Dipper, to Arcturus is a
little more than the length of the dipper. Arcturus forms a large triangle with Alkaid
and Alphecca. Dec. 10*N, SHA 1460, mag. 0.2. Figs. 2207, 2208.



1172 APPENDIX 1: IDENTIFICATION OF NAVIGATIONAL -STARS

Atria is the brightest of three stars forming a small triangle called Triangulum -

Australe, the southern triangle, not far from the south celestialpole. It is not seenI;
north of latitude 21*N. A line through the east-west arm of the Southern Cross, if
continued toward the east andccurved somewhat toward-the south, leads firsto Hadar,
then to Rigil Kentauns, then, by curving more sharply, to the northernmost star of r -

the triangle, and finally to Atria, only about 210 from the south celestiai pole. Dec. 7 -

690 S, SHA 1080, mag. 1.9. Fig. 2207.
Avior is the westernmost star of Vda, the sails, or false southern cross, about 300

WNW of the true Southern Cross, about 150 ESE of the brilliant Canopus, and nearly -is
enclosed within a large triangle fcrmed by Canopus, Suhail, and Miaplaridus. It is
not visible north of latitude 31*N. Below this, it crosses the celestial meridian low in
the southern sky during evening twilight in, Aprii, and morning twilight in early
November. Dec. 590S, SHk 2340, inag. 1.7. Figs. 2206, 2207.

Bellatrix is a second magnitude star north and a little west of the belt of Orion, -
the hunter. It is about equidistant from the belt and first magnitude, red Betelgeuse.

* Bellatrix is at the northwest comer of a box surrounding the belt of Orion. Dec. 6N,
SHA 279 ° , mag. 1.7. Fig. 2206.

Betelgeuse is a conspicuous, reddish star of variable brightness about 10' north
and a little east of the belt of Orion, the hunter. A line through tie cent-x of the belt
and perpendicular to it passes close to red Betelgeuse to Cie north and blue Rigel about
the same distance south of the belt. Betelgeuse and Rigel are at opposite corners of
a box surrounding the belt of Orion. Dec. 70N, SHA 2720, mag. 0.1-1.2 (vaiiable).
Fig. 2206.

Canopus, second brightest star in the sky. is about 350 south of Sirius. A line
extending eastward through the belt of Orion and curving toward the south passes M
first through Sirius, then through the small triangle of which Adhara is the brightest
star, and finally to Canopus, which forms a large, almost equilateral triangle with
Suhail and Miapiacidus. This triangle nearly encloses Vda, the sails or false southern
cross, about 20' ESE of Canopus. Canopus is not visible north of latitude 370N. It is I 7
on the edge of the Milky Way and while many relatively bright stars are neaby,
none in the immediate vicinity of Canopus approaches it in brightness. Dec. 530 S, -
SHA 2640, mag. (-)0.9. Fig. 2206.

Capella is a brilliant star about 450 north of the belt of Orion, the hunter. A
curved line starting at Sirius anO extending through Procyon, Pollux, Capella, Alde-
baran, the belt of Orion, and back to Sirius forms an inverted tear-drop figure with
Capella at the top and the various parts being about equally spaced along the curve
Capella crosses the celestial meridian near the zenith during evening twilight in early L .
March, and during morning twilight in late September. Dec. 460N, SHA 2810
rnag. 0.2. Fig. 2206.

Deneb is a bright star at the northeastern vertex of a large, nearly right triangle -
formed by Altair, Vega, and Deneb, the right angle being at Vega. These three stars 5
are the biightest in the eastern sky during summer evenings. Deneb is not as bright
as the other two, but is the brightest star in the constellation Cygnus, the swan. It
crosses the celestial meridian near the zenith during evening twilight in November,
and during morning twilight in late May. Dec. 45 0N, SHA 5*0, mag. 1.3. Fig. 2208.

Denebola, in Leo, the lion, is a second magnitude star at th- opposite .end of the
constellation from Regulus. A straight line from Regulus, on the west, to Areturs,
on the east, passes close to Denebola, which is somewhat nearer Regulus. Denebola "
crosses the celestial meridian to the south during evening twilight in May, and during L_
morning twilight in December. Dec. 150N, SHA 1830, mag. 2.2. Fig 2207.

+ ,I
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Diphda. A line extending, southward through the eastern side of the great square
of Pegasus, the winged horse, and curving slightly toward the east, leads to second
magnitude Diphda. The distance from the southern star of Pegasus to Diphda is about
twice the length of one side of the-square. Diphda is part of the inconspicuous con-
stellation Oeus, the whale. The only nearby first magnitude star is Fomalhauti'about
250 in a generally southwest direction. Diphda, Fomalhaut, -and Ankaa. form a nearlyequilateral triangle. Dec. 180S, SHA 3490 , mag. 2.2. Fig. 2205. i

Dubhe forms the outer rim of the bowl of the Big Dipper. It and Mi -ak (not one

of the 57 navigational stars) are the two "pointers" used to locate Polarisi Dubhe
being the one nearer the Pole Star. Dec. 62'N, SHA 1940, mag. 2.0. 1.1g. 2207.

Elnath is a second magnitude star between Capella, about 150 to the north, and
Betelgeuse, about 200 to the south. It is a little north of a line connecting Aldebaran
and Pollux. It is at the end of the northern fork -of V-shaped Taurus, the bull. Aldebaran
is the principal star at the closed end of the V. This constellation is approximately

- - 2r- NNW of Oion, the hunter. Dec. 29°N, SHA 2790, mag. 1.8. Fig. 2206.
Eltanin is the southernmost and brightest star in the inconspicuous constellation

Draco, the dragon, south and somewhat east of the Little Dipper. A straight line extend-
ing northwestward through Altair and its two fainter companions passes first through
brilliant Vega, and, about 15* beyond, to second magnitude Eltanin. Eltanin crosses
the celestial meridian high in the sky toward the north during evening twilight in early
September, and during morning twilight in late March. Dec. 151N, SHA 910, mag. 2.4.
Fig. 2208.

S- Enif is a third magnitude star approximately midway between Altair, about 25*
west, and Markab, about 200 ENE. From Markab, at the southwestern comer of
the great square of Pgasus, the winged horse, a line extending in a generally west-

- southwesterly direction passes through two almost equally spaced fourth magnitade
stars. From the second of these, a line about 5' long extending in a northwesterly
direction leads to Enif. Enif crosses the celestial meridian to the south during evening
twilight in November, and during morning twilight in June. Dec. 10'N, SHA 340,
meg 2.5. Figs. 2205, 2208.

Fomalhaut is a first magnitude star well separated from stars of comparable
brightness and from conspicuous configurations. A line through the western side of
the great square of Pegasus, the winged horse, and extended about 450 toward the
south passes close to Fomalhaut, which forms two large, nearly equilateral triangles

3 .with Diphda and Ankaa and with Ankaa and Al Na'ir. Dec. 30S, SHA 160, mag. 1.3.
- Fig. 2205.

3 Gacrux is the northernmost star of the Southern Cross. It is bright for a second
iF magnitude star, but its brilliance is overshadowed by the brighter # Crisis (not listed

-- among the 57 navigational stars) and Acrux, the two brightest stars of the Southern
Cross, and by Hadar and Rigil Kentaurus, about 15 E SE. Gacrux crosses the celestial
meridian durivr evening twilight in early June, and during morning twilight in late
December, bu, is not visible north of latitude 33'N. Dec. 57S, SHA 1730, mag. 1.6.

Fig. 2-207.-
Gienah is a third magnitude star, the brightest in the constellation Cormus, the

= - crow. A long, sweeping arc starting with the handle of the Big Dipper and extending
successively through Arcturus and Spica leads to this relatively small, four-sided figure

pmade up of third magnitude stars. Gienah is at the northwest comer. It crosses the
celestial meridian during evening twilight in late May, and during morning twilight
in December. Dec. 170S, SHA 1760, mag. 2.8. Fig. 2207.

/ . _.-

.. -_
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Hadar is a first magnitudestar about- 100 east-of the Southern Croms,-and about
50 vest of Rigil Kentaurus,- the brightest of several bright stars in this part of the sk.

Dec. 60'S, SHA 1490, mtg. 0.9. Fig. 2207.
Hamal is the brightest star of the inconspicuous constellation Aries, the ram. A

line through the center of the great square of Pegasus, the winged horse, extended
about 250 east, and curved slightly toward the north, leads to Hamal. It is over the
meridian to the south during evening- twilight in January, and during momingtwilight
in August. Dec. 23'N, SHA 3290, mag. 2.2. Fig. 2205.

Kaus Australia is near the southern end of a group of second and third magnitude
stars forming the constellation agittarius, the archer, about 250 ESE of Antares, in

Scorpio, the scorpion. It is about 100 SW of Nunki, also in Sagittarius, and about the
same distance ENE of Shaula, in Scorpio. With -Antares, Sabi, and Nunki, it-forms
a large, poorly defined box. It is over the meridian to the south during evening twilight
in September and during morning twilight in April. Dec. 340S, SHA 840, mag. 2.0.
Fig. 2208.

Kodiab forms the outer rim of the bowl of the Little Dipper, at the opposite end
from Polaris, about 150 north. It is directly above the pole during evening twilight
in early July and during, morning twilight in January; and directly below the pole, =

low in the northern sky, during evening twilight of early February and morning twilight
of late August. Dec. 740N, SHA 1370, mag. 2.2. Fig. 2208.

Markab is. the star at the southwest corner of the great square of Peasus, theii- o . - winged horse, at the opposite corner from Alpheratz. It is over the celestial meridian - _-

to the south during evening twilight in December, and during morning twilight late --

in June. Dec. 15N, SHA 140, mag. 2.6. Fig. 2205.
Menkar is a third magnitude star at the eastern end of the inconspicuous constel- - __

lation Cetr, the whale. No bright stars are nearby. A straight line from Aldebaran _

extending about 250 in the direction indicated by the point of the V of Taurus, the bull,
leads to Menkar. A long, straight line from F omalhaut east-northeastward through __

Diphda, and extended about 400, leads to Menkar. It crosses the celestial meridian
during evening twilight in February, and during morng twilight in August. Dec. 4 0N,
SHA 3150, mag. 2.8. Figs. 2205. 2206. -_-

: :: M~Aerikent is a second magnitude star about 250 north of Hadar and shout 300 :: ..

northeast of the Southern Cross. A line from Gienah across the oisposite crner of the
small, four-sided Corus, the crow. and then curving a little toward the east, leads to~~~~Menkent. A number of third magnitd stars are nearby, but they do not form a - -- =:

ke.Aubrftrm nifconspicuous configuration. With Antares and Rigil Kentaurus, .Mnkent forms a large
- triangle. It crosses the celestial neridian low in the southern sky during evening twi- -..

light in late June and during morning twilight in early January. Dec. 36S, SHA 14t0 , W _3k

mag. 2.3. Figs. 2207, 2208.
Miapladdus is a second magnitude star about 100 south of the false southera cross. --

It is the nearest of the 57 navigational stars to the south celestial pole, about 20* awaY, L -__
and is not visible north of latitude 20*N- With Suhal and brilliant Canopus it forms
a large, nearly equilateral triangle almost enclosing the false -Cjthe;a cross. South of
latitude 20S, it does iot sot, but circles the south clestial pole in a clockmise direction,F reaching its maximum altitude above the pole during evening twilight in early May

and during morning twilight in November. Dec. 70S. SHA 2"2o, meg. 1.8. Figs.J. 2206,2207. --

Mirfak is a second magnitude star at the northeasterr. end of a gently curving line
extending in a northeasterly direction from Alphartz at the northeastern corner of the *
great squaro of Pegasus, the wiinged horse, through two other -econd magnitude stars,
Mirach and Almach, not included among the 57 navigational stars. Mirfak is about
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250 east and a little south of Casiopeia, and about 20' WNW of Capella -A line from
Kochab through Polaris, and curved slightly toward- the east, leads to, Mirfak. Dec.
50N, SHA 3090, mag. 1.9. Figs. 2205, 220C.

Nunki is the more northerly of the two brightest stars of a group of second and
third magnitude stars forming the constellation SagitUarius, the archer, about 300 E of
Antares. It is about 100 NE of Kaus Australis, also in Sagitarius With Sabik, Antares,
and Kaus Australis, it forms a large, poorly~defined box. It is over the meridian to the
south, during evening twilight in early October and during morning twilight in-April.
Dec. 26'S, SHA 770, mag. 2.1. Fig. 2208.

Peacock, the brightest star in the southern constellation of the same name, is not a
part of a conspicuous configuration of stars. A curved line extending eastward from
the Southern Cross passes through Hadar and Rigil Kentaurus and, if extended with less
curvature, leads to Peacock, about 300 southeast of Scorpio, the scorpion, and about 200
southwest of Al Na'ir. With Al Na'ir and Achernar it forms a large, poorly defined
triangle. It crosses the celestial meridian during evening twilight in early November,
and during morning twilight in late May, but is not visible north of latitude 33°N.
Dec. 570S, SHA 540, mag. 2.1. Figs. 2205, 2208.

Polaris is not listed among the 57 navigational stars, but is.treated separately be-
cause it is less than 10 from the north celestial pole. It is about midway between the
Big Dipper and Cassiopeia. A line through Dubhe and Merak (not one of the 57 navi-
gational stars), the pointers forming the outer side of the bowl of the Big Dipper, if
extended northward for about 300, leads almost directly to Polaris. A line extending
north from Alpheratz at the northwest corner of the great square of Pegasus, the winged
horse, passes through Caph (not one of the 57 navigational stars) in Cassiopeia and
then Polaris at about equal intervals. Dec. 89°N, SHA 3280, mag. 2.1. Figs. 2205-2208.

Pollux is the brighter of the "twins of qemini," two relatively bright stars about
450 NE of Orion, the hunter, and about 450 ENE of Aldebaran. A curved line starting
.t Sirius extends through Procyon, Pollux, and Capella, all first magnitude stars. Dec. - - -

28'N, SHA 2440, nag. 1.2. Fig. 2206.
Procyon is a bright star about 30' east of Orion, the hunter. A curved line starting -

at Sirius extends through Procyon, Pollux, and Capella, all first magnitude stars. Dec. .
5°N, SHA 2450, mag. 0.5. Fig. 2206.

Rasalhague forms a large, nearly equilateral trian 'e with Altair and Vega, Rasal- I-
hague being at the western vertex. Both of the other stars are considerably brighter
than Rasalhague. It crosses the celestial meridian to the south during evening twilight
in early September, and during morning twilight in late March. Dec. 13oN, SHA 97',
mag. 2. 1. Fig. 0,,3

Regulus is at the opposite end of Leo, the lion, from Denebola, and is the brightest
star of the constellation. A line through Dubhe and Merak (not one of the 57 naviga-
tional stars), the pointers by which Polaris is usually identified, extended about 450
southward, and curved slightly toward the west, leads to Regulus, which foims the 7'4
southern end of the handle of the Sickle, part of Leo. Dec. 12°N, SHA 2080, mag. 1.3.
Fig. 2207. h . e g c t b-itp

Rigel is a brilliant bluish star about 10"S and a Y' tle to the west of the belt of~Orion, the hunter. A line through the cenater oi the bel am"d perpendicular to it passes

close to blue R*gl to the south and red Betelgeue rbout the iaine distance north of the
belt. Rigel and Betelgeuse are at opposite corners of a box surrounding the belt of
Orion. Dec. 8S, SHA 2820, mag. 0.3. Fig. 2206.

Rigil Kentaurus is the brighter and more easterly of two first magnitude stars about
15' east of the Southern Cross. It is over the meridian during evening twilight in early
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July, and during morning twilight in late January, but is not visible north-of latitude
29*N. Dec. 6105, SHA 141*, mag. 0.1. Figs 2207, 2208.

Sabik is part of the inconspicuous constellation Ophiuchus the serpent holder, I
about 200 north of Scorpio, the scorpion. With Antares, Kaus Australis, and Nunki,
it forms a large, poorly defined box in the southern sky on summer evenings. Sabik
crosses the celestial meridian during evening twilight in August., and during morning
twilight in March. Dec. 160S, SHA 1030, mag. 2.6. Fig. 2208.

Sch 'ar is the southernmost star of the W (or M) of Cassiopeia, on the opposite
side of Polaris from the Big Dipper. It is the second star from the leading edge of this
configuration as it circles the north celestiai pole. Dec. 56°N, SHA 350 - , mag. 2.5.

- Figs. 2205, 2206, 2208.
Shaula is a second magnitude star marking the end of the tail of Scorpio; the

scorpion, at the opposite end from Antares. This constellation is low in the southern
sky on summer evenings. Shaula is about 15° southeast of Antares and about 10' WSW
of Kaus Australis. It crosses the celestial meridian during evening twilight in early
September, and during morning twilight in March. Dec. 370S, SHA 970, mag. 1.7.
Fig. 2208.

Sirius, the brightest star in the heavens, is in the constellation Canis Major, the _
"large dog" of Orion, the hunter. The line formed by the belt of Orion, if extended
albout 200 to the eastward and curved toward the south, leads to Sirius. Dec. 17'S,
SHA 2590, mag. (-)1.6. Fig. 2206.

Spica is the brightest star of Virgo, the virgin, an inconspicuous constellation on the 0

celestial equator to the south during evening twilight in early summer. The curved
line along the stars forming the handle of the Big Dipper, if continued in a direction -

away from the pointers, passes through Arcturus and then Spica. The distance between
Alkaid, at the end of the Big Dipper, and Arcturus is about, the same as that between
Arcturus and Spica, and is a little more than the length of the Big Dipper. Spica
crosses the celestial meridian during evening twilight in June, and during morning -
twilight late in December. Dec. 1105, SHA 1590, mag. 1.2. Fig 2207.

Suhail is one of a number of second magnitude stars extending along the Milky -
Way between Sirius and the Southern Cross. It is about 100 north of the false southern |
cross, which is nearly enclosed by a large, nearly equilateral triangle formed by Suhail, -
Canopus, and Miaplacidus. Canopus and Suhail are on opposite edges of the Milky
Way, with a number of second magnitude stars between them. A straight line extend- I _

ing eastward through the east-west arm of the Southern Cross leads to Suhail, about
35' away. In the southern United States, Suhail crosses the celestial meridian near the = -
southern horizon during evening twilight in April, and during morning twilight in
November. Dec. 430S, SHA 223 ° , mag. 2.2. Figs. 2206, 2207.

Vega is the brightest star north of the celestial equator, and the third brightest in --

the entire sk-. It is at the western vertex and the nearly right angle of a large triangle
which is a conspicuous feature of the evening sky in late summer and in autumn.
The other two stars of the triangle are Altair and Deneb, both of the first magnitude. -_
Vega passes through the zenith approximately at latitude 38°45'N during evening
twilight in September and during morning twilight in April. Dec. 39°N, SHA 810,
mag. 0.1. Fig. 2208.

Zubenelgenubi, a hird magnitude star, is the southern (or western) basket of
Libra, the balance. The boxlike Libra is about 250 WNW of Antares, in Scorpio, the
scorpion. A long line extendir.g eastward from Alphard, between Gienah and Spica, leads _
to Zubenelgenubi. Dec. 16*8, SIA 1380, mag. 2.9. Figs. 2207, 2208.I;
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NAVIGATIONAL STARS AND THE PLANETS

OI I nDName Pronunciation I Bayer name of 0r9 Meaning of name Ds

Acamar A'kd.mlr 0 Eridani Arabic another form of Achernar 1120
Achuerna £'kir-nSr ja Eridani Armhlc end of the river (Eridanus) i 72
Acrux A'krdks a Crucis Modern coined from Bayer name I22D
Adhara A di'd -sCaits Maloris Arabic the virginis) I350
Aldebaran Atd~bd-rdn aTauri Arabic follower (ftePleiades) 6
Alkaid IL-kid' ,~Ursa Majoris Arabic leader of the daughters of the bier 190
Al Na'ir Allnir' a ruL', Arabic bright one (of the fish's tail) 90
Alnilam Ai'llIM Orionis Arabi' atring of pearls 410
Aiphard si'f~rd aHydme Arabic solitary star of the serpent 200
Aiphecs Al fflCd Ia Corona Borealis Arabie feeble one (in the trown) 76
A Ipheratz AIl-Writs ia Andromeda Arabic the horse's navel 120
Altasir Al tltr' a AqullutC Am' :c flying eagle or vulture 18
Ankaa rn'k I Phoeniia Arabic colpod name 93
Antares 41t r~z a Scorpl Greek rival of Mars (in color) 250
Arcturus rkta'rs a BooUS Greek the hear's guard 37
Atria Atr.6 a Trianguli Australis Modern coined from Bayer name 130
Avior i'vI.6r Carirae Modern coined name 3.50
Beliatrix bg-]$'trlks. -y Orionis Latin female way-.or 250
Betelgeuse b'il1S±0 a Orionis Arabic th, tim pi. lof Orion) 300
Cane p us d ks n'* Carinae Greek ct- , anien. Egypt 220
Capia. kd pt& a Aurigae Latin I"' ot48
Ieneb dinOb a Cygni Arabie i .' .,n 00
Denebe'.a di-ngb&.l4 0 Leonis Arabir ,. ur.-on 42
Diphda dltdd 0 Ceti IAra),u t' .vs frog (Fomalhaut was once 57

I Iie first)
flubbe dtlb'i a Ursa Majoris Arn.-Ac W~ bear's fsck too
Elnath 61'nath ft~ Tauri Arale one buttbag with horns 130
Eltanin 8i1tA'nn -e Draconis .%rabic hnad of the dragon 150
Enif Wi'f *Pegesi rai nose of the horse 250
Fomalhaut f6'm81.6t -aPiscis Austrni Arabic mouth of the southern fiab 23
Gacrux Allergies IY Crucis Modern coincd from Bayer name I 7
Gienab -fmiI Corvi Arabic rgtwng of the raven I138
Hiadar t6VA'dl 0 Centauri Modern leg of te ceaur '200

'8Iamal blm'dl a Arietis Arabic flrwn iabI 76
IXaus Australis kfls 6s-tri'is Sagittaril Ar., L. sutle part of ther b163lO
IXochab kO'kib 0 Ursa Minoris Arabic shoene fr fnrth star" (named too

when it was that. c. 1500 DO-AD 300)
Markab mn 'kab a Perasi Arablc saddle (of Pegas;us) I100
Menkar mnk~ Il Ceti Arabic nose (of the whale) 1.100
Menkent mn'lrnt P Centauri Modern shoulder of the centaur as5
Mis Wds m'pil'ldl; 0Crn Ar.. L. Tlt rstill weaters 88
?Junki niln];:6 a Saglittril Bab. constellation of the holy City (Eridu) 1SO

Peacock p6'k~k a Pavonis Modern coined from English name of con- 250
Plrs pa iA'ris la Ursa Minorls Latin the pole (star) 450

Pollux p~l'lks p Geminorumn Latin IZeus' other twin son (Castor, a Gemi- i 3
norum., is first twin)

Procyon prf'sl-On j Canis Minoris Greek before the dog (rising before the dog it
Rasahagu ri'ai~A'gw attar. Sirius)

Ralau iallag6 a Ophiuchi Arabic head of the serpent charmer 67
Regulus rig'64i~s Ia Leonia Latin the pince 67
Rtigel rl'iil j P Orionis Arabic foot (lef fot of Orion) t00
Rigil Kentaurus rl'JIi k~n.t6'tsa a C'entauri Arabic foot of the centaur 4.3
Sahik sA bik ~ sOphiuchl Arabic second winner or conqueror 69
Schedar shtd'dr a Cussiopeise Arabic the breast (of Cassiopeia) 360Shaula M'S i ) Scorpi Arabi coe-upart of the scorpion's taill 2

Sirius ir'i~sI a Ca it Mjors Greek teaocng one (popularly, the dog &.8Siriu sirl-17 a C., astar) M
Spica spl'kd ia Virrinis Latin the ear of corn 15
Suhail sds hid' A. Velorum Arabic shortened form of Al Suhail, Dne 2W

Amabic name for Canopus
Veg vg'gd aLrne Arabic the failing eagle or vulture 27
zubenelgenubi VZO bin'0lj6-nQ'b6 Ia ibae jArabic southern claw (of the scorpion) 68

PLANETSt

Name Pronunciation Origin of name Meaning of name

Mercury mflr'ku~rI Latin god of commerce and gain
Venus v6'nis Latin goddess of love
Earth Orth Mid. Eng. -
Mars Marl Latin gd of war
Jupiter I&9pf40r Latin god of the heavens, Identified with the Greek Zeus, chief of the

Olympian god$
Saturn sAt'On Latin gd of seed-sowing
Uranus 0'rd ntb Greek the personification of heaven
Neptune ui~ptfin Latin, god of the sea
Pluto pi00'ta ~ Greek god of the lower woild (Hades)

GJuide to pronnation.
fae, Add, flial, lkst. Abound. Krm; ho. Iind. cmdl, readir; fee, bit. anfrlal. aver. piletic, hat, lard, maan; tflbe. Anite, taib
circls. dien

'Distances in light-years. One light-year equals approximately 83,300 AU, or 5,88090,000W.000 miles. Authorities differ on dis,
tances or the stars, tile values given are representative
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CONSTELLATIONS
I Nasigo~tioslsurs or J

Name P'ronunciation (lenlitive lPronunciation Meaning apwoaicilte position

Andromneda* n-dr6nl'.4.ll Ancirorniedue on drc~n &de Anldromneda (the Aipheratz
chainled woaint

Antild Ant'lidAltm Ant lli (a~tir) luinptt d 35'S. A 2100
ApUS , A'pasos APd (11 diird of paradise d 750S. otlA 12W
AquariUs(..)' dlknlir'-gs Aquairil d-kw~r'ii water carrier d S'S. SHA-iS'
A4quili' iAk'uA 1-14 Arflli5 Ak'wilO1 cagle AltaIr-

Ara. AWr Ame A'rk altar d W5S, BHA 100'
Acical ('*) A'rl ft Arietis it ri'Otls rMu llama]
Auriga* 6-rI'gd Aurtigae j F6rJ charioteer Capella
Dailies' A.'f Boonis WiAts herdsman Arcturus
Csnicoirdai 9c11i6 plrddi) Caloprai W~it graving too) d 400S, SEA 2W0

Caelpndals kbr~l prfd~!q omloarals kit flt0ipard1s; giraffe d 700N, SEBA 27'
Cancer s) Kan'ser jCallen kAnR'icri c. ab d O0N, 021A 230-
Canes Venatici Wri'nO v4-ngt'l-sl Canuln Venati- kA'nfim v&.nAtil. hunting dogs d WI'N, SHA 155'

n s. r, nlsm mAr Cai aor kA'nls mAji larger dog Adara, irius
Cans ino* A'ns t'nr ani Mnors 1,113ml-alis smaller dog Procyon

Carina- d~ri'ndCarlman kit ni'nO ke vl anps

Cassiopeia* kfcs'i.A'p~ Cassiopelae AsiAp'I Cassiopeia (the lady Schedler
Ithe chairit

Centaurus' i sln-tAras iCentausri sln-t6'l centaur Hadar. Afenkent,- 11.

I ~gil Kentauris

Cetus* 1 ig'ts Cein ai Mhl liphda, Menkar
Chamaeleon 1kd-nWWl&On Chamaeleonitis kh-mFO'lOn'tis chameleon d W0S. BRA 20'

Circinus; s~lns Circii sfr'sl-nI pair of comiasse it OS'S, BHA 140
Columbsa 'ku.lmIhd Columbae k64An'hO dlove d WoS, BHA 275'
Coma Ilereinces Iko'nid btr&.n's~z Comae Berenices kO'm6 bf'e& ni'skt lerenice's hair dt W3N, BHA ITO
Corona 1,k6.r6'nJ 6s.trl'Ils iCoronae Australis 1 k6-rS'nOl 6s~tri'Ilb southern crown 4'SBA80

Australis*
Corona k6 rWanl bArk.A Coronae Biorealis lc&rS'O isS'r&.f' northern crown Aipheoca

Borealis, Its Rit
Corvus' k~r'vus Corvi lc~r'vi Cro lna
Crater* krl'tfr I Crateria kiltO'rls cupi i dt IS SHA 190'-
Crux krflks 1Crucis jkrSS'ais cross IAcrux. (JacrU
Cygnius* slg'nfio ICygn! slg'ni swan Denebl
Deiphinus' MA.fl. Delihinl i d71fI'n dolphin dt iSN, SHA V0
D~orado do-WAdli i aau do ra'd as dorado (a lIshilt d ro*S. BRA 2W5
Draco* drAUk 1 Draconlis Idrd Wills dragon Eitanin
EquifleIs' i!kwffo'is 1 Equief 4 &kwoa'it I *colt d Io'N. BHA 400

4Eridanus' etqld'd-rnfs Eridani I rlddj E ridanmss (a rivent Acama.,. Achernar
Fotnax f6r'nais 1 Fornacis f6rnlilss furnace dt 30'S. BRA 300' -

Gemini (11)' jIm'l-ni I (leraInoruns inm'I~'llrtm ,wins Pollux
(inns gras ailols grbz'is crane (a birdit Al Na'ir1 4
Ifereules' lifr'kil-If I Ilenculls h~r'killls; Hercules (raiytilo. d 30'.N. BHA 100'

ilogical herolt F
Horologilinl lir'S6Io'jim 1 Ilonologil haer'&I'ji-I clock d dWS, BHA 310'

Zodiacai constellations are given In hold type, with their symbols.
':One of the orir-inal constellatlonls or Ptolemy.
"Part of the singgle constellation Argo Nodvs of Ptolemy.
trts witihinl brackets ate amplifitions of the 'meanings of consteilation names.

ttilarts %% ithin lsarentlle~es arc! tile ininings of words deleted froma former, more complete consteliation namleS

fite. care, lilt, final. abound, sofa, arm: ba, criate, 6nd. readfr; fee, bit: aver. piletle. lIt, edrinect, lard, moan: tobe. Arniec,
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CONSTELLATIONS

Name Pronunciation Nlntve jPonunciation Meaning ii Naiat ostior

Hydra Iti'drd Hydrue hi'drE %%,ter monster Alphard
yens mt'rs Mensc ini'r ter smna d 705, SHA 275'

Mnuss flyasIil n Ida d 7503, SH A 170
Laorta Laquarec (andiruieizar d 45PN. SHA W~

ocMnor 1616 mdir Lona nrs 16.tt'ti lis octaleint d 850, SEA 250
Oephius Wpl a's Oephic N'dls;k hrpen hode PSal, Abik5
Lira l.l'n Olroni I 'l'ls Oaionc (he ntr I Ainilmleuiarx

Lygnxu PtSlnk Pegcis pn'ils Peganx wng d 50NI A24a 0

Phenix mft'sd Phenia tm
t
in's tal phoeni the n- dAnk A 2

Pictrs m6nsW6 Mnors j6nsf-li uniorta b ddi oBA25
Muca mak .uca (eaalost fl 750-, SHA 275-

NiocsmaX n~m Picim pial~m sqae (n ul) d S, BHA 3120

Pyxa plk'tsls OPtanis plk'altis mcaneracops d WS0. SHA 240
Ophticus* 6 rWtkdlim Ophtici r.tlkl senet dode 6008li, Sab55

Puppis PavsISopis pa-i'i pteac okbp~ 30. SA 4
PeSgiasrus (t psst'rtl Sagiai sSJ'I Pegasus twrc ger if M~5Aurkall

Perseus*~~ Perseu SEAhoog 3550

otal d
icutuin slkutun icutois akis hiaeld 4m 1f) d W, SEA 02755

SextOn W* aten j Settanti pshkt~'ti fsesan 1*4, SA )55

Tic;sriangl ns * ti's.ri'msl~ Pircistrig trl.sazg's.rl sousthern triangl Fomalhu
Pupras- 65lp'l iali stter unc ~ k'n in (ar birdit d 305, SEA 25-
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APPENDIX L

EXTRACTS FROM TIDE TABLESWNE YORK (THE BATTERY., N.Y., 1975

TIMES AND HEIGHTS OF HIGH AND LOW WATFRS

I JANUARY FEBRUARY MARCH

TIME [IT. TIME HT. TIME HT. TIME HT. TIME HT. TIME HT.
DAY DAY DAY DAY DAY DAY

MH. FT. N.H. FT. NH.M FT. N.H. FT. H.N. FT. NH. FT.

1 0422 -0.8 16 0431 0.0 1 0554 -0.6 16 0503 0.2 A 0442 -1.0 16 0416 -0.1
W 1043 5.1 TH 1045 4.1 SA 1213 4.5 SO 1111 3.8 $A 1058 4.8 SU 1013 4.0

1659 -1.1 1656 -0.2 1818 -0.7 1704 0.1 1658 -0.9 1613 0.0
2321 4.6 2319 3.0 2338 4.0 2325 5.1 2223- 4.4

2 0516 -q.6 17 0501 0.2 2 0047 4.8 17 0515 0.3 2 0533 -0.6 17 0443 0.0
TH 1138 4.9 F 1120 3.9 S0 0659 -0.2 II 1149 3.6 SO 1152 4.4 4 1043 3.8

1749 -0.9 1722 0.0 1309 4.1 1713 0.2 1749 -O.S 1637 0.2

237 3.7 1919 -0.3 2258 4.4

3 0017 4.6 18 0533 0.4 3 0142 4.6 18 002n 4.0 3 00321 4.9 18 0517 0.2
F 0615 -0.4 SA 1154 3.7 MI 0808 0.0 T 0671 n.s N 0631 -0.2 TO 1124 3.7

1234 4.6 1745 0.2 1405 3.8 1211 3.5 1247 4.1 1708 0.3
1847 -0 6 2024 -0.1 1818 0.4 1847 0.0 2346 4.3

4 0111 4.6 19 0029 3.7 4 0240 4.4 19 0108 4.1 4 0115 4.6 19 0602 0.4
SA 0724 .0.1 SO 0613 0.6 TO 0915 0.1 V' 0759 0.6 TU 0739 0.1 V 1218 3.6

1329 4.3 1228 3.5 1608 3.6 1329 3.4 1344 3.8 1752 0.5
1951 -0.4 1818 0.3 2129 0.0 1932 0.5 1956 0.3

5 0207 4.6 20 0108 3.8 5 0341 4.3 2P 0211 4.1 5 0212 4.3 20 0042 4.3
S0 0835 0.0 H 0727 0.7 V 1016 0.0 TH 0426 0.5 V 0848 0.3 TH 0724 0.5

1420 4.0 1311 3.4 1612 3.5 1439 3.3 1443 3.6 1318 3.6
2053 -0.3 1917 0.4 2225 C.0 2125 0.4 2103 0.4 1906 0.6

6 6 0307 4.5 21 0156 3.9 6 0444 4.3 21 0327 4.2 6 0312 4.1 21 0146 4.3
N 0939 -01 TO 0856 0.7 TN 1110 -0.1 F 1026 0.2 TN 0949 0.3 F 0853 0.4

1530 3.7 1404 3.3 1715 3.5 1607 3.5 1545 3.5 1429 3.6
2153 -n.3 2050 0.4 2320 0.0 2213 0.1 2204 0.4 2106 0.5

7 n407 4.5 22 0255 4.0 7 0542 4.4 22 0444 4.5 7 0415 4.j 22 0300 4.3

TI: 1038 -0.2 W 1001 0.4 F 1200 -0.2 5 1123 -0.2 F 1041 0.2 SA 0959 0.2
1635 3.6 1515 3.2 1811 3.7 1718 3.9 1649 3.6 1548 3.9
2247 -0.3 2157 0.2 2334 -0.3 2258 0.3 2257 0.2

8 0508 4.6 73 0404 4.2 8 0009 -0.1 V 0545 4.8 0 0513 4.2 23 0417 4.5
W 1131 -0.3 TH 1057 0.1 SA 0629 4.5 5U 1214 -0.6 SA 1131 0.0 5 1056 0.2

1735 3.7 1637 3.4 1246 -0.3 1816 4.4 1744 3.0 1658 4.3
2339 -0.3 2256 0.0 1858 3.9 2347 0.1 2315 -0.2

9 0,03 4.7 24 0510 4.5 9 0057 -0.2 24 0,3n -0.7 9 0603 4.3 24 0524 4.8
TH 1222 -0.4 F 1150 -0.2 50 (713 4.6 " 0640 5.2 SU 1216 -0.1 H 1147 -O.S , -

1828 3.8 1742 3.7 1329 -0.5 1306 -1.0 1830 4.1 1755 4.8
2352 -0.3 1937 4.0 1909 4.8 --

10 0028 -0.4 25 0609 4.9 10 0141 .0.3 25 0123 -1.0 10 0033 0.0 25 0011 .0.6
F 0649 4.0 5A 1242 .0.G 11 0752 4.6 TO 0731 5.4 H 0645 4.4 TO 0620 5.0

1310 -0.5 1838 4.0 1410 -0.5 1354 .1.2 1259 -0.3 1238 .0.8
1915 3.9 2015 4.1 1959 5.2 1009 4.3 1848 5.2

11 0117 -0.4 26 0048 -0.6 11 0222 -0.4 26 0215 -1.3 1! 0117 -0.2 26 0107 .1.0
SA 0733 4.8 S 0701 5.2 TO 0829 4.6 W 0820 5.4 TO 0726 4.5 W 0712 5.2

1354 -0.6 1330 -1.0 1449 .0.6 1441 -1.4 1341 -0.4 1328 -1.1

1959 3.9 1929 4.4 2353 4.2 2048 5.4 1946 4.4 1938 5.6

12 0202 -0.4 27 0140 -0.9 12 0300 -0.4 27 0305 -1.4 12 0158 -0.3 27 0157 -1.2 --
SU 0814 4.8 14 0749 5.4 H 0906 4.5 TH 0912 5.3 V 0803 4.5 TM 0802 5.3

1436 -0.6 1419 -1.3 1323 -0.5 1526 -1.4 1418 -0.4 1416 -1.2
2040 3.9 2019 4.7 2129 4.2 2139 5.4 2022 4.5 2025 S.7

13 0242 -n.4 28 0231 -1.1 13 0335 -0.3 28 0352 -1.3 13 0237 -0.4 28 0247 -1.3
M 0854 4.7 TO 0840 5.5 TH 0941 4 3 F 1003 S.1 TH 0837 4.5 F 0852 5.2 __

1516 .0.6 1505 -1.4 1SSS .0.4 1612 -1.2 1453 -0.4 1502 -1.1
2122 3.9 2110 4.9 2203 4.1 2232 5.3 205 4.5 2114 5.7-__

14 0321 -0.3 29 0321 -1.7 14 0407 -0.2 14 0313 .0.4 29 0334 -1.2
To 0931 4.5 W 0931 -. 4 F 1011 4.1 F 0912 4.3 SA 0542 4.9

1552 -0.5 ISSO .1.5 1622 ;0.2 152F .0.3 1547 .0.9
220? 3.9 2203 5.n 2235 4.1 2126 4.5 2206 5.5

15 0358 .0.1 30 0410 -1.7 15 0435 0.0 15 0146 -0.3 30 0422 .0.9
W- 1011 4.3 TH 1024 5.7 SA 1043 3.9 5A 0941 4.2 SU 1037 4.7

1625 -0.4 1635 -1.3 1643 -0.1 1551 -0.1 1632 -0.6 -_- -
2242 3.8 2258 50 2307 4.0 2152 4.5 2259 5.3

31 0459 -0.9 31 0512 .0.6
F 1120 4.0 H 1122 4.3

1725 -1.P 1721 -0.2
2354 4.9 2352 4.6

TIME MERIOIAN 75* W. 0000 iS MIDOIGHT. 1200 IS M0N.

HEIGHTS ARE RECKONED FROM THE DATUM OF SOUNDINGS O9 CHARTS OF THE LOCALITY WHICH 15 HEAN LOW WATER. f
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App. anDx L.: EXTRAcT FROM TDE -TABLW 1181

TAM 2.-0AL OfW04IMES AM OTHM CONST ANS

TTid

waw Wd *I a

NEW YORK and NEW JERSrY- Continued I
Hudson Riverl N . W. on NEW YORK, p.56

fine nerdtan, 750M..
1513 Jersey City, Ph. P.R. Ferry, N. J- 43 74 02 40 07 40 07 -0.1 0.0 4.4 5.3 2.2
1515 New York, Desbrosses Street 43 74 01 40 10 40 10 -0.1 0.0 4.4 5.3 2.2
1517 New York, Chelsea Docks - - 45 74 01 4017 4016 -0.2 0.0 4.3 5.2 2.1
1519 Hoboken, Castle Point, N. J- 40 45 74 01 4017 40 16 -0.2 0.0 4.3 5.2 2.1 -A

1521 Weehawken, Days Point, N. J- 40 46 74 01 40 24 40 23 -0.3 0.0 4.2 5.0 .1 A

1523 New York, Union Stock Yards- 40 47 74 00 40 27 40 26 -0.3 0.0 4.2 5.0 2.1
1525 New York, 130th Street - 40 49 73 58 40 37 40 35 -0.5 0.0 4.0 4.8 2.0
1527 George Washington Bridge - 40 51 73 57 40 46 40 43 -0.6 0.0 3.9 4.6 1.9

1529 Spuyt"en Ouwl, West of RR. bridge- 40 53 73 56 40 58 40 53 -0.7 0.0 3.8 4.5 1.9
1531 Yonkers 40 56 73 54 +1 09 +1 10 -0.8 0.0 3.7 4.4 1.8

1533 Dobbs Ferry -41 01 73 53 1 29 +1 40 -1.1 0.0 3.4 4.0 1.7
1535 T rryton 4105 7352 +1 45 1 154 -1.3 0.0 3.2 3.7 1.6
1537 Ossining- - 41 10 73 52 +1 53 +214 -1.4 0.0 3.1 3.6 1.5

1539 Nverstraw 4-- 12 73 58 +1 59 42 25 -1.6 0.0 2.9 3.4 1.4
1541 Peeks ki- 41 17 73 56 42 24 +3 00 -1.3 40.3 2.9 3.4 1.7
1543 West P-oin 41 24 73 5 3 16 43 37 1.5 40.3 2.7 3.1 1.6
1545 Newburgh - 3 430 74 00 43 42 44 00 -1.5 40.2 2.8 3.2 1.6
1547 NewHamburg 4135 73574400 4425 -1.5 40.1 2.9 .5 1.5

1.549 Pug hkeepsle 41 42 73 57 +4 30 +4 43 -1.3 40.1 3.1 3.5 1.6
1551 Hyde Park - 41 47 73 57 +4 56 +5 09 -1.3 0.0 3.2 3.6 1.6
1553 Kingston Pon t - 41.56 7358 4516 4631 -0.9 -0.2 3.7 4.2 1.7 -

1555 Ti v o i i - 42 04 73 56 +5 46 +6301 -0.8 -0.2 3.9 4.4 1.7
1557 Cat s k l l I-1 42 1.3 73 51 46337 46355 -0.7 -0.3 4.1 4.6 1.7
1559 Hudson d 4215 7348 654 +7 09 -0.9. -0.4 4.0 4.4 1.6 -

on ALBANY, p.60
1561 Coxsackie -..----------- ---- 42 21 73 48 -1 01,-1 3.9-0.5, 40.2 4.3 2.1
1563 New Baltimore - -- ---- 2 73 -034 -056- -. ,1 40.4 4.1 4.5 2.4
1565 Castleton-on-Hudsn --- ..-- --- - 42 32 73 46 -0 17 -0 29 -0.21 40.1 4.3 4.7 2.2
1567 ALBANY ------..------ ------ 42 39 73 45 Daily predictions 4.6 5.0 2.5
1569 Troy- 42 44 73 42 0 080 101 +0.11 0.0 4.7 5.1 2.3

The Kills and Newark Bay on NEW YORK, p. T

LWz Yon fuzz
1571 Constable Hook 40 39 74 05 -0 34 -0 21 0.0 0.0 4.5 5.4 2.2
1573 New Brighton . 40 39 74 05 -0 12 -0 18 0.0 0.0 4.5 5.4 2.2
1575 Sort Richmond-------- 40 38 74 08 -.0 03 40 05 0.0 0.0 4.5 5.4 2.2
1577 Bergen Point 4039 7408 4003 4003 40.1 0.0 4.6 5.5 2.3

1579 Shooters island.-.. . 39 74 0 06 40 18 40.1 0.0 4.6 5.5 2.3 .
1581 Port Newark Terminal....... . 40 41 74 08 -0 01 4018 .40.6 0.0 5.1 6.11 2.5
1583 Newark, Passaic River-. 40 4 74 10 40 22 40 52 40.6 0.0 5.1 6.1 2.51585 Passaic, Gregory Ave. bridge - 40 51 7407 40 49 +1 57 40.6 0.0 5.1 6.1 2.5

Haockensack River
1586 Kearny Point-------- 40 74 06 40 09 40 33 40.5 0.0 5.0 6.0 2.5
1587 Secaucus0-- 48 74 04 +1 13 41 09 40.6 0.0 5.1 6.1 2.6
1588 Little Ferry - - 4 51 74 02 +1 22 +1 14 40.8 0.0 5.3 6.4 2.7 L
1589 Hackensack- 40 53 74 02 41 33 +1 58 40.8 0.0 5.3 6.4 2.6_ ~~~~~~on SANDY HOOK, p.64 - _:--

1591 ElIzabethport ----------------- 40 39 74  0 25 40 9 403 00 4
1593 Chel4sea ...................... 0 36 74 24024 +03540.4 0.0 5.0 6.0 2.5
1595 Crteret-------.-------------40 35 74 13 40 23 40 31 +0.5 0.0 5.1 6.2 2.6

1599 To1tenv4lle .................. 40 31 7415 4003 4013 40.7 0.0 5.3 6.4 2.6
1601 Perth Amboy 1..................40 30 7416 4013 4019 40.6 0.0 5.2 6.3 2.6

ZValues for the Hudson River above the George Washington Bridge are based upon averages for the,
six months My to October, when the fresh-water discharge Is a minimum.
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1182 APPENDWIX L: EXTACTS FROM TIDE -TABLES

TABLE 3.-HEIGHT OF TIDE AT -ANY- TIME

Time from the nearest high wrater or low wnter

k.... . . n. f. . h.M A.mi. A... tnm. A.. n. A... n . A.m. A,
A " 009 016 02n 032 04034 05 8 O 104 1128 127 1 35 13 144 1 33 2020

300 01124 035 040 042 lot 109 112 120 135144r 15 01 52200
440 009 019 029 0 37 047 058 105 1 15 124. 133 143 152 201 211 2 20
&-s 010 0201030 040 0 0 100 1 10 1230 1 30 140 1 50 200 210 2 20 230
S IN0 011 021 032 043 053 104 1 15 1 25 1 30 1147 1 57 206 2 19 223 240-
A 54 011 023 034 045 057 106 1 19 131 142 1 53 205 218 227 2'39 250

0 012 024 038 048 100 112-1i24 1 38 1 48 200 212 224 238 2-48 300f
IS013 025 031 051 103 1618 129 1 41 '1.4 2 07 219 232 245 257 310

940 013 027 040 053 107, 120 133 1 47 200 2 13 227 240 253 3 07 3-20
70 014 028 042 058 110 1211 38 1 522 Or,220 234 248 302 3168330
7 720 015 029 044 050 113 128 1 43 1 57 2 12 227 241 23 3 11 325 340

*740 015 031 048 101 117 132 1 47 203 218 233 249 504t 319 335 350
8 00 018 032040 104 120 13G 1 52 28224 240 2S61 3312 3 21 -344 400

16 820 017 033 080 107 123 140 1 57 213 230 247 303 320 337 353 4310
840 017 035052 109 127 144 201 2319 238 253 311 328 345 403 4 20

'z 90018 036084112 130 148 206 224 242 300 3 18 336 354 4 12 430
23 019103710581115 13311321 2 11 2 29 248 30U7 323 344 403 421 A 40

040 019 039 058 117 137 158 215 235 254 313 333 352 411 431 4-W
1&0 020 048 100 120 140 200 220 240 3 001 320 340 40 4 2D 440 500
11" 021 041 102 123 143 201 225 245 3 06 3 27 3 47 4040 429 449 510
1it0102t 043 104 1251147 206 229 281 3 12 353 355 4 18 437 459 5 20

CS00000.0 0.0 Q000.1 at M 0.1 M . . . 0.5
Ll00000.0 0.1 0.1 0.1 0.2 0.2 0.3 114 0.4 0.5 0.4 0.7 0.8
2000000.0 0.1 0.1 0.2 0.3 0.3 0.4 0.5 0.8 0.7 0.8 -0.9 1.0
2600 0. 1 0.1 0.2 0.2 OL3 O . . .7 a9 10 L1 1.2

OO000.1 0.1 0.2 0.3 0.4 0.8S 0.8 0.M8 0.9 1.0 L2 L.3 1.8
a0.0 0.0 0.1 0.2 0.2 a.3 0.4 0.8 0.7 0.9 1.0 1.2 L 4 186 1.8

Lo a 4 0 0 a01 0.2 a 30a4 0.80.7 0.8 1.01.2 1.4 1.581820
L& 0.00.00.1I0M203& 4 0.80.Q7 09 1.1 1.31.681.8 202.2
L900.001 0.1 0.2 O30.3 0.8 0.80 1.0 1.2 1. 72.0 12 16

Lf0.0 0.1 0.1 0.2 0.4 0.8 0.7 0.9 L1 14 186 1.9 2.2 28 28
&S0.0 0. 0.1 0.3 0.4 0.S 0.8 10 1.2 L5 L.8 2.1 2.4 2.7 3.0
L& 0 0.1a 0.2 0.3 Q 04 0. 0.8L 1.1 1.3 186 L9 2.2 2.6 2.9 1.2
. a0 0. 1 0.2 0. 3 IL 0. 07 0.9 ' 2 L4 L8 11 2.4 2.8 &.1 35

U. a.0 0. 1 a.2 0.3 10.8 0.7 LO0 1. 9 2.2 2.8 3.0 3.4 3.8
Ll 10at1a.2 0.31a0.50. 8 0 LO a L 82.0 2.4 283.23&.84t0

8 L.1 0.0 0. 1 0.2 0.4I 0.8 0.8 LI1 L 1.4 ZI 11 .5 2.9 3.4 3.8 4.2
L# 00.0M.1 0.2 0.41M.80,9 1.2 1.51 1.9 2.2 2. 31 4.8 4.0 4.3
LA0: 0.0 0.1 0.2 0.4 0.8 0.9 1.2 1861 20 2.4 2.8 &3 3.8 4.3 4.8

0 1IL0 0.0 0.1 0.2 0.4 0.7 1.0 13 L7 2.1 2.5 30 &5 4.0 4.5 5.0
M 185 0.0 0.1 0.3 0.5 0.7 10 L3 1.7 2.2 2.8 3.1 3.8 4.2 4.7 3.2

11.I 0.0 0.1 0.3 0.5 -0(7 1.1 1:4 18 .3 2. 8 3.3 &.8 4.4 4.9 55
IL11. 0.0 0.1 0.3 0.810,8 1.1 1.5 1.9 2.4 2.9 .4 4.0 4.6 3. 3.8S
It.2.0 0.0 0. 0.Q3 0.53 0.8 1.1 1.5 2.0 25 30 &.8 4.1 4.8 5.4 6.0 m
IX12, 0. 0 0.1 0.3 0.5 0.8 1.2 L86 211 2.8 3. I3&7 4.3 5.0 &8 &.2

-4 IZ. 6 0 .0.1 0.3all %9 1.2 1.72.2 2.7 3. 23. 94.5 5.1 &.88&.5
11.5 0.0 0.1 0.3 0.1% a.9 1.3 1.7 2.2 2.8 &.4 4. 0 4.7 5.3 &.0 8.
14.0 I0a0 a.2 0.3 0.8 0.9 1.3 1.8 2.3 2.9 &.5 4.2 4.8 5.5 &.3 7.0 1
14.5 0.0 0.2 0.4 06 1.0 1.4 1.9 2.4 &.0 3.8 4.3 &.0 5.7 6.5 7.2
1& .1.0.0 0.20.40.861.0 1.41.9 253.13.8S4.45.25.9 8.7 7.5

a.0.0a2 0. 4a 7 1.0 152.0 2 &2&9 4. 5&.48&.18&9 7.8
14.0 0.0 0.2 0.4 0.7 1.1 1.5 2.1 7.6 &.3 4.0 4.7 5.5 8.3 7.2 &.0
111.10.0 020.L4a 7 1.1 1.8.1 .7&4 4.1 4.95&.78&S7.48&.2
17.0 0.0 02 0.4 0.7 1.1 1.0 2.2 2.8 3.5 4.2 8.0 &9 6.7 7.G 8.5
17.5 0.0 10.2 0.4 0.8 1.2 1.7 2.2 2.9 &.8 4.4 &.2 &.0 8.9 7.8 8.8
1It0 0.01 0.2 0.4 0.8 1.2 1.7 2.3 3.0 3.7 4.6 5.3 6.2 7.1 8&1 9.0
165 0.1 10.2 0.5 0.8 1.2 1.8 124 3. I3.8 4. 8 5.5 & 4 7.3 &.31 9.2
it10.0 01 0.2 Q. S 0. 8 1.3 1.8 2.4 3.1 &. 4.8 5. a8.8 7.5 63.5w 3
1t. S 0.11 0.2 0.5 0.8 1.3 1.9 2.5 3.2 4.0 4.9 &. 8.&7 7.7 &.7 9.8
10.0 0.1 0.2 0.5 10.9 1.3 1.9 2.6 3.3 4.1 5.0 &9 &V1 7. 9 9.0110.0

Obtain from the predictions the high water and low water, one of which Is before an~d the other
after thv time for which the height Is required. The difference be'wccn the 13mrs of occurrence of
theme tides is the dturatmon of rise or fall, and the difference between their heights Is the range of ide
for the above table. Find the difference between the unmaet high or low water and the time for
which the high2t fit -equired.

Etrtetbewith the duration of rise or fail, printed to heavy-faced type, which most nearly
agrees with the actual value. and on that hotitontal line find the time from th negsIiho o
Water which agrees most nearly with thecorsodnaculifene.Teorctnsugts
in the ooiumn directly below, on the Hop4 with th ranvre of tide.

When the nearest t~do is high water, subtract the oeectlon.
When the nearest tide is low water, add the correction.

%



APPENDIXK M

EXTRACTS FROM TIDAL CURRENT TABLES
THE MARREOWS. KEN YORK HARBOR. N.Y.. 1975

F-iL0On. DIR. 340* TRUE E-E8 DIR. 150* TASK

JANUARY FESC.UAAY
SLACK MIAXIMUM SLACK MAXIMUM SLACK MAXSIE9 SLACK' -MAXIMUM
WATER CU RRENT WATER- CURRENT WATER CURORENT WATER CURRENT
TIME TIME VEL. TInE- TIME YEL. TIME TIME YEL. TIME TIME YEL.

DAY DAY DRY DAYI
N.N. N.M. KI.OTS N.H. N.M. KNOTS NH. N..R.. KNOTS A4. N.N. KNOTS

1 0254 2.4E 16 0002 0310 1.SE 1 01 11 0420 2.3f 16 OdS 0404 1.8E
It 0617 0857 2.2F TN 0 64 1 0907 1.6! SR 0759 1027 1.9F SIJ 0751 1011 1;4F

1211 1526 2.SE 1217 1532 2.0K 1328 1643 2.3E 1307 101S 1.8E
1901 2132 2.0! 1917 2139 1.3! 2021 _22511 2.1! 1958 2236 1.6F

2'T 0037 0345 2.3t 17 0046 0351 1.7E 2 0207 0517 2.11E 17 0144 -0451 1.7E
IN0716 09S2 2.1! F 0730 0954 1.5! Sit 0902 1124 1.7! N 0846 1100 1.3F
1301 1614 2.4E 1257 1611 1.91E 1420 1738 2.IE 1350 1656 1.7K
1954 2227 2.0! 2000 2224 1.5! 2118 2355 2.0! 2-146 2325 1.6!

3 0132 0440 2.2E I8 0131 0437 1.6E 3 0305 0621 2.0K IS- 0233 0547 1.6KE
F 0819 1049 1.9! SA 0823 1043 1.4F M 1005 1222 1.5! TO 0944 1151 1.2!

13 52 1108 2.3E 1339 1654 1.8K 1516 1839 1.qK 1439 1800 TAEK
2050 2321 Z.0! 2045 2309 1.5! 2216 2138

4 0230 0542 2.1K 19 0218 0530 1.6E 4 01156 1.6! 19 0015 1.6!
SA 0924 1147 1.7F SO 0920 1130 1.3! TI1 0408 0727 1.9K N 0329 0650 1.GEKH

1445 1807 2.1f 1424 174S 1.7K 1107 1331 1.3! 1941 1242 1.,!
2146 2132 2358 1.5! 1617 1443 1.8f 1535 1903 1.6E

2314 2234
5 0015 1.9! 20 0310 0631 I.SE 5 02W 1.7! 201 0108 1.6!
SO 0331 0648 2.0K M 1077 1220 1.2F U 0311 0830 1.915 TN 0426 0752 1.7K

1027 1244 1.5! 1514 1842 1.6E 12018 14S5 1.2! 1138 1337 1.1!
1543 1009 2.0E 2220 -1730 2n3c 1.6K 1538 2004 1.7K
2242 2331

6 0119 1.9! 21 0047 1.6! 6 0011 0322 1.7! 21 0205 1.7!
N 0434 0751 2.0K TV 0407 0728 16E TN 0611 092S 1.9! F 0529 0848 1.9K

1129 1352 1.4! 1114 1313 1.1!r 131)6 16032 1.3! 1233 1439 1.2!
1643 207 2.0K 1610 1940 1.6E 1820 2133 1.8K 1741 210C 1.9E
2337 2310

7 0232 1.9! 22 0140 1.6! 7 0107 0422 1.8! 22 0030 0308 1.8!
TU 0537 0850 2.0K V 0505 0823 1.71E K 0704 -1'16 1.9K SA 0627 0941 2.1K I

1744 2102 2.0K 1710 2033 1.7! 1913 226 1.8K 11340 2154 2.11Em-_K-

8 0033 0343 1.9! 2? 0001 0237 1.7! 8 0200 0511 1.8! 23 0127 0408 2.0!

Vi 0635 0946 2.0K IN 0602 0917 1.9K $A 0751 1104 2.0K S0 0720 1032 2.2E -
1328 1623 1.4! 1305 1309 1.2! 1447 1741 1.5! 1415 1639 1.7!
1841 2154 1.qK 18108 2124 LOKl 2n01 2313 1.6K 1935 2248 Z.2::

9 0127 q442 2.0! 24 0055 01337 1.9! 9 0246 055z~ 1.9! 24 0222 0504 2.2!
TN 0727 1037 2.1K F 0655 1097 2.0K 511 0633 1149 2.0K7 M 0919 1123 2.4E

1423 1714 1.4! 1357 IS-.- 1 IF 1530 1815 1.5! 1502 1730 2.0!
1932 2242 1.9K 19113 2?;5 2AK! 21145 2027 2343 2.4E

10 0219 0S27 2.0!F 25 0148 01434 2.'17 In 00O0 1.9! 25 0315 052 2.4!
F 0814 1126 2.1K SA (174S 1059 2.2f 4 M333 0!2S 1.9! TU 0859 1214 2.5E

1511 1757 1.5! 1445 1703 1.5! 0012 1232 2,117 1347 1818 2.2!
202f) 2336 1.9K E~ 2309 2.1K 16019 ISIS 1.67 211P

2128
11 0307 01609 2.0!F 26 01240 0523 2.3! 11 A0n4 1.9K 26 0037 2.6E
SA 0857 121S 2.1K S 0 '834 1130 2.4f 70I 04114 0650I 1.8! W 0405 0691 2.4!

1556 1836 1.3! 1331 1751 1.8r 951 1312 2.1K 0947 1304 2.6K
2152046 1647 1911 1.617 163- 1903 2.4!Fj216220 2211

12 0023 1.9K 27 n003 2.3E 12 0117 2.0K 27 0129 2.7E
S0 0331 0638 2.0! -! 0330 0611 2.4F N 04SS 0718 1.8! TH 0455 0726 2.4!
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2150 2138 2251 2303 _
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N 0434 0709 1.9! TO 0420 0658 2.5! III 0534 0757 1.7! F 0547 0816 2.2!

1018 1340 2.2K 1011 1329 2.6K 1109i 1426 2.1K 112S 1439 2.6K
1717 1937 1.3! 1659 1925 22 1800 2019 1.7r 1805 2041 2.3F
2235 2231 2332 2356

14 0151 1.9t 29 0148 2.5K 14 0245 1.9E
TO 0515 0743 1.8! N 05.0 0745 2.4! F 0616 0838 1.6!F

1058 1418 2.11E 11030 1416 2.7f 1147 1501 2.0K
17S6 2010 1.3! 1745 2015 7.2r 1R36 21112 1.7F
2318 2324

i5 0231 1.9E 30 0237 2.15E 15 0015 02.3 1.PKE_ ___

VI 0557 0322 1.7! TN 0602 0838 2.3! SA 0700 0023 I.s!
!137 1455 2.1K 1149 1503 2.617 1226 134 1.9
1836 2051 1.5! 1833 2106 2.2! 1913 2149 1.6!

31 0017 0327 2.5K
06509 0932 2.1!F
i238 1551 2.5K
1925 2201 2.1.

*TINE MERIDIAN 75'M 000, IS MIDNIGIHT. 12111 IS NtOR.
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TAKE2 2.-CUENT DIF~FRENCES AND OTHER CONSTANMTS

1 POSITO TIME DI_. I
FEI ENCES RATIOS Mb: tb

_ _lAC --- _--

T~im 2.-mum mum mumc soe oge hoe age
DI VELOCIT

No. PM =
Max;. Maxi. Maxi. u- Avr. D;tm-1Aver-

Sled mum mum mum 09 I 0"
'ae, current flood ebb ve .-lo- re -.

h A.day. knots dg i

LONG ISLAND. South Coast-Continved N. n on TIE P
_Me neridian, 751F.

2250 ShInnecoc
dk Inlet- - -- <0 51 72 29 -020 -0 40 1.5 1.2 350 2.5 17012.3

225 Fire I. Inlet, 0.5 mi. S. of Oak Beach 
4 0 1 5 000 1. 1.2 80 2.4 4451 2.4

2260 Jones Inle - - -- 0 35 73 34 -1 00 -0 55 1.8 1.3 35 3.1 215 2.6

2265 Long Beach, Inside, between bridges- 40 36 73 40 -0O10 4010 0.3 0.3 75 0.5 275 0.6

2270 East Rockaway Inlet - Q 35 73 45 -1 25 -1 35 1.3 1.2 40 2.2 225 2.3
S2 2 5 A m b r o s e 4 0 2 7 7 3 4 9 S e-al e 5

2280 Sandy Hook App. Lighted Horn Buoy 2A- 4027 7355 See table 5.

I JAMAICA BAY '

2285 Rockaway Inlet - 0 34 73 56 -1 45 -2 15 1.1 1.3 85 1.8 245 27

29 Barren Island, east of-- 4035 7353 -200 -225 0.7 0.91 51.2 190 17

2295 Canarsle (mldchannel, off Pier)- 40 38 73 53 -135 -150 0.3 0.3 45 0.5 22 0.

2300 Beach Channel (bridge) - 40 35 '73 49 -120 -120 1.11 1.0~ 60 1.9 225 2.0

2305 Grass Hassock Channel
4 0 3 7  73 47 -1 10 -100 0.6. 1.0

NEW YORK HARBOR ENTRANCE I

2310 Ambrose Channel entrance 4030 7 58 -110 -105 1. 1.2 310 1.7 10 25 1

2315 Ambrose Channel, SE. of West Bank Lt- 40 32 7401 (1) -0 25 0.8 0.9 310 1.3 170 1.8

2320 Coney Island Lt., 1.6 miles SSW. of--- 40 33 7401 -010 C') 0.5 0.8 330 0.8 145 1.5

235 Ambrose Channel, north end 4034 7402 4005 4015 0.8 0.9 330 1.3 175119 U
233 Coney Island, 0.2 mile west of- 4035 7401 -055 -0 55 0.9 1.0 330 1.5 170 2.0 2

2335 Ft. Lafayette, channel east of- 40 36 74 02 () C) 0.6 0.5 M4 1.1 19 0.9

23 THE NARROWS, mldchannei - -- 40 37 74 03 Daily predictions 30 1.7 160 2.0 3

NEW YORK HANSON, Upper Bay

2345 Tompkinsville 4038 740 4 -010 4020 0.9 1.0 5 1.6 1701 2.0

2350 Bay Ridge Channel 4059 74 02 -0 35 -045 0.6 0.6 40 1.0 2 1.1

2355 Red Hook Channel 040 7401 -035 -035 0.6 0.4 355 1.0 170 7 1

2360 Robbins Reef Light, east of - 40 39 74 03 4010 4020 0.8 0.8 15 1.3 205 1.6

2365 Red Hbok Ilmilewest of 40 41 74 02 4045 4100 0.8 1.2 25 1.3 205 2.3I-2370 Statue of Liberty, east of- 404
2  74 024 0 55 +100 0.8 1.0 30 1.4 20519 1

HUDSON RIVER, HIdchmnnoi4

2375 The attery, norhwestof-40 43 7402 +130 +1 35 0.9 1.2 15.1.5 2-5 2.3

2380 Desbrosses Street -- 4 43 7401 +1 35 +4140 0.9 1.2 10 1.5 2.3

235 Chelsea Docks5m-a - 4045 74 01+1 30 +140 1.0 1.0 20 1.721852.0

2395 Finty-sixthd Street-- 40 48 730 59 1 35 +1 5 1.0 1.2 30 1.7 - 2.3

2390 Forty-s~ond Street- - 40 46 74 00 59 +1 4 150 1.0 1.2 30 1.7 -- 2.3

2400 GantsTomb, 223d Street 4049 73 58 41 45 41 55 0, 2. 5 . 2.3
2405 Georjge Washington Bri-dge .... 51 7 +1 / 0 0.9 1 20 1 2 2

2&10 Spuyten Duyvil 40 53 73 56 +200 14 / 10 0.9 1.1 20 1.6- 2 31
_zT:l ; :,:, .2 -108 i? 5I 05182 201 0.81 1.0 15 2.0{:+<-

g nDobbsFeryl 410 2 53 +325 +50 0.6 0. 1 1

- 245 VT rr to ff 41 04 73 53 + 40 +2 55 0.5 0.61 10 1.0 --

MS Have"r , ------ ---- - I1 1I2 7357+3 0 15, 0.o . . 8 - .3
%*foll l ii_---------- ---- - I , 4117 73 +7 /.20 +3 35 0.o.6 0 0 -- 1  +

"5Ba bntaln Bridge-- -.. . . 19 73l59+3 25/+3 40 0.5! 0.6 0 -0. - + .1-
2s51 ighan-Fals412 13i'I 58 +3 35 +3 501 0.6 0. 5 1 0 5 . _:2-55 ' , West p oin, of ,DckIland- 55 = 0.5I W6. 0

'Current is rotary, turning clockwise. Mininmm current of 0.9 knot sets SW. about time of "Slack,

f lood begins" at The Narrows. M~inimiu current of C.5 knot sets NE. about I hour before "Slack, ebb

begins" at The Narrows.
2i'MxlMia flood, -0' 50s; maximum ebb, 40' 55.
Flood begins, -2h 15-; maxitmum flood, -0 05'; ebb begins, 40h 05; maximum ebb, -1 50'.

'The values for the Hudson River are for the stumr months, when the fresh-water discharge is a

"minimum.

r - - - -r
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TABLE 3.--VEL-OCITY OF CURlRENT AT ANY TIME

____~TBL A _ _ _ _ _

Intorval bstween slack and maim-u current

120110 A- 20 34 020 340 400 4 20 440 5001 52 4

, , ,,D4-4Of f.3O. f2 - . 0' 1 O10- a of- ' fIO.

1 40 1.0 1.0 0.9 0.8 0.8 0.7 0.7 0.8 0.8 0.5 0.5 0.4 0.40.
1; 410 ..0. 1.0 10 09 0 008 0.7 0.7 0. . . . . .
2 00------- ----- 1.0' 1.0 0.9 0.9 0.8 0.8 0.7 0.7 0.8 0.8 0.6 0.5
2 40-------- ------ ------ .1.0 1.0 0.9 0.9 0.8 0.8 0.7 0.7 0.7 06

300D------ ------ ------ ------ -- l.01 1.0 1.0 0.90. 080. 807
3 20 ------- ------ -1.0 1.0 1.0 0. 09 . 08 08

$340 ---- ------- ---------- ---- -------.---. 1.0 1. 10 9090909

4 00 ---------- ------ ------ ------ ------ 1.0 10 1. 100. 09I'4 20----- ------ ------ ------ ------ I------- .. . . . . .
I -- - ----

~~~~- 2--- 20---- - -- -- -- . 1.0-- 1.0-- 0.9 0.9 0. -08 0.- .7 07-.

0320----------------------------.0 1o.0 3 1f3o.02 1.2 0.9 0.9 0.9 0.8

320--------------------------------.70 1.60. 101.05 0.5 0.5 0.9

2 0 ------ ------ ------------------ 1.0 1.0 1.0 0.9 0.9 0. o . . . .

-------------- ------ ------ ------ ------ ------ ------ 1.0 1.0 1.0~ 1.0 0.9 0908
350--- ------- ------ ------ ------ ------ ------ ---------- , 1.0 1.0 . 0. .

~40------- ------ ------ ----- ------ ------ ------ ------ 1.0 1.0 1.0 1.0 0
4 42 0 ---- -I----- ------ ------ 1.0 10 1.01 1.0

----- --

-r of L L I IUse Table A for all place except thaw listed below for Table B. ~.~_
UeTable 2 for Cape Cod Canal, Hell Gate, Chesapeake and DelawaneCanalan lsomI

1. From preitosfn h time ofsakwater and the time and velocity maximum'- current
(flood or ebb), one of-which is immediately before and the otherafter tetiefor whchte velocity
is desired.

2. Find the interval of time between the above alack and meaxlmumn current, and enter the top of

Table A or B with the interval which most nearly agrees with this value.
Table A or B with the interva which most newly agree with this value.

4. Find, in the table, the factor correpodi to the above two intervals and multiply the mai-
mnum velocity by this factor. Thersl the approximate velocity at the time desired.

9A
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CURRENT DIAGRAM -NEW YORK HARBOR
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II
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F_ EXTRACTS FROM PUB. -NO. 229 ;

~~~INTERPOLATION TABLE ,.-
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APPENDIX Q

NAVIGATIONAL ERRORS
Q1. Introduction.-As commonly practiced, navigation is not an exact-science.

A number of approximations which would be unacceptable in careful scientific work are
used by the navigator, because greater accuracy may not be consistent with the
requirements or time available, or because there is no alternative.

Thus, when the navigator uses his latitude graduations as a mile scale, or computes
a great-circle course and distance, he neglects the flattening of the earth at the poles,
a practice that is not acceptable to the geodetic surveyor. When the navigator plots
a visual bearing, or an azimuth line for a celestial line of position, on a Mercator chart,
he uses a rhumb line to represent a great circle. When he plots the celestial line of
position, he substitutes a rhumb line for a small circle. When he interpolates in sight
reduction or lattice tables, he assumes a linear (constant-rate) change between tabulated
values. When lie measures distance by radar, or depth by echo sounder, he assumes
that the radio- or sound-wave has constant speed under all conditions. When he
applies dip and refraction corrections to his sextant altitude, he generally assumes
standard atmospheric conditions.

These are only a few of the approximations commonly applied by a navigator. "
There are so many that there is a natural tendency for some of them to cancel others.
Thus, under favorable conditions, a position at sea, determined from celestial observa- I:
tion by an experienced observer, should seldom be in error by more than 2 miles.
However, if the various small errors in a particular observation all have the same sign _
(all plus or all minus), the error might be several times this amount, without any mis- -
take having been made by the navigator.

Greater accuracy could be attained, but at a price. The navigator is a practical
individual. In the course of ordinary navigation, he would rather spend 10 minutes
determining a position having a probable error of plus or minus 2 miles, than to spend -
several hours learning where he was to an accuracy of a few meters. But if ie can
determine a recent or present position to greater accuracy, the decrease in error is J -
attractive to him. The various navigational aids have been designed with this in mind.
Greater accuracy in plotting could be achieved by increasing the scale of the chart or
plotting sheet. This has been done for confined waters where a higher degree of accuracy
is needed, but a large-scale plotting sheet would be a nuisance at sea. The hand-held
marine sextant is not sufficiently accurate for use in determining an astronomical I
position in a geodetic survey. But it is much more satisfactory at sea than the surveyor's
astrolabe or theodolite, which require stable platforms if their potential accuracy is to
be realized.

An understanding of the kinds of errors involved in navigation, and of the elemen-
tary principles of probability, should be of assistance to a navigator in interpreting his _;fm
results.

Q2. Definitions.-The following definitions apply to the discussions of this chapter:V . Error is the difference between a specific value and the correct or standard value.
As used here, it does not include mistakes, but is related to lack of perfection. Thus, an
altitude determined by -marine sextant is corrected for a standard amount of refraction,
but if the actual refraction at the time of observation varies from the standard, the
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value taken from the table is in error by the difference between standard and actual
refraction. This error will be compounded with others in the observed altitude. Similarly,
depth determined by echo sounder is in error, among other things, by the difference
between the actual speed of sound waves in the water and the speed used for calibration
of the instrument. The depth will also be in error if an echo is return I from a phantom
bottom instead of from the actual bottom. This appendix is concerned primarily with
the deviation from standards. Thus, while variation of the compass is an error when
referred t" true directions, the difference between the assumed variation and that
actually -.. isting is an error with reference to magnetic direcdon. Corrections can be
applied for standard values of error. It is the deviatior from standard, as well as mis-
takes, that produce inaccurate results in navigation. Various kinds of error are dis-
cussed in the following articles.

Mistake is a blunder, such as an incorrect reading of al instrument, the taking
of a wrong value from a table, or the plotting of a reciprocal bearing. The mistake isIi discussed in more detail in article Q10.

Standard is something established by custom, agreement, or authority as a basis
for comparison. It is customary to use nautical miles for measuring distances between
ports. By international agreement the nautical mile is defined as exactly 1852 meters.
By authority of various countries which are parties to the agreement, this length is
translated to the linear units adopted by that colintry. It is the fact of establishment
or general acceptance that determines whether a given quantity or condition has become
a standard of measure or quality. Thus, in 1960, the standard unit of length agreed
upon at the Eleventh General (International) Conference on Weights and Measures
to redefine the meter was 1,650,763.73 wavelengths of the orange-red radiation in vac-
uum of krypton 86 corresponding to the unperturbed transition between the 2pio and
5ds levels. Where accepted, this established standard of length now serves as a basis
for measurement of any physical magnitude, as the length of the meridian, rather than
the reverse, which was originally proposed. Multiples and submultiples of a standard
are exact. In 1959, the U. S. adopted the exact relationships of 1 yard as equal to
0.9144 meter and 1 inch as equal to 2.54 centimeters. Hence, 39.37 U. S. inches are
approximately equal to 1 meter. Because 1 foot equals 12 inches by definition, and the W
international nautical mile has been defined as 1852 meters, the international nautical
mile is equal to 6,076.11549 U. S. feet (approximately). The previous U. S. foot
(6,076.10333 . ..feet equals 1 nautical mile) has been redesignated as the U. S.
survey foot.

Frequently, a standard is so chosen that it serves as a model which approximates a
mean or average condition. However, the distinction between the standurd value and
the actual value at any time should not be forgotten. Thus, a standard atmosphere __
has been established in which the temperature, pressure, density, etc., are precisely
specified for each altitude. Actual conditions, however, are generally different frm-
those defined by the standard atmosphere. Similarly, the values for dip given in the
almanacs are considered standard by those who use them, but actual dip may be
appreciably different from that tabulated.

Accuracy is the degree of conformance with the correct value, while precision
is the degree ofrefinement of a value. Thus, an altitude determined by marine sextant
might be stated to the nearest 0!1, and yet be accurate only to the nearest 1' if the - .  N
horizon is indistinct. Accuracy and precision are further discussed in article 103 of
volume II.

Q3. Systematic errors are those which follow some law by which they can be
predicted. The accuracy with which a systematic error can be predicted depends

I5
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= upon the accuracy with which the, governing law is understood. An error which can
be predicted can be eliminated, or compensation can be made for it.

The simplest form, of systematic error is one of unchanging magnitude and sigi.
This is called a constant error. Examples are the index error of d marine sextant, watch
error, or the error resulting from a lubber's line not being accurately aligned with the
longitudinal axis 'of the craft. In each of these cases, all readings are in error by a con-
stant amount as long as the adjustment remains iinchanged, and can be removed by
applying a correctiun of equal magnitude and opposite sign. Index error and watch
error can be removed by adjustment of the instrument. Lubber's line error can be--
removed by aligning the lubber's line with the longitudinal axis of the craft.

Another type of systematic error results from a nonstandard rate. If a watch is
gaining 4 seconds per day, its readings will be in error by 1 second after an interval
of 6- hours, 8 seconds at the end of 2 (lays, etc. This principle is used in establishing a
0 ronometer rate (art. 1815) for determination of chronometer error between com-

- -- isons of the chronometer with time signals. It can be eliminated by adjusting the
_ e. If a current is running and no allowance for it is made in the (lead reckoning, --

the DR position is in error by an amount proportional to elapsed time. The error
introduced by maintaining heading by means of an inaccurate compass is proportional
to distance, as is the lateral error in a line of position plotted from an inaccurate bearing.

- One of the causes of equation of time (art. 1809) is the fact that the ecliptic, around 2
which annual motion occurs, is not parallel to the celestial equator, around or parallel -
to which apparent daily motion takes place. The same type systematic error is involved .
in other measurements. Consider the measurement of bearing with a t. ed compass
card. Bearing is measured by a system ot uniiivi, Zraduations (degrees) of a circle
(such as a compass card) in the horizontal plane. If the card is tilted, and its graduations
are projected onto the horizontal plane, the circle becomes an ellipse with the gradua-
tions unequally spaced. Along the axis of tilt and a line perpendicular to it, directions
are correct. But near the axis of tilt the graduations are too close together, and near Al
the perpendicular they are too widely spaced. The error thus introduced is similar to
that which would arise if a watch face were tilted but the motion of the hands remained
horizontal. If it were tilted around the "3-9" line, it would appear to run slow near the
hour ond half hour, and fast near the quarter and three-quarter hours. If the direction
to be observed is of an object above or below the horizontal, as the azimuth of a celestial Ja
body, measurement is made to the foot of the perpendicular through the object. The
sight vanes of a compass move in a plane perpendicular to the compass card. Hence, if
the card is tilted, measurement is made to the foot of a perpendicular to the card,
rather than to the foot of a perpendicular to the horizontal, introducing an error which
increases with the angle of tilt and also with the angle of elevation (or depression) of
the object. This error is greatest along the axis of tilt, and zero along the perpendicular
to it. Both of these tilt errors can be corrected by leveling the compass card.

-- A different type of tilt error occurs when a reflection takes place from a tilted
surface, such as the ionosphere, the error being proportional to the angle of tilt. In __
some respects, this error is similar to coastal refraction of a radio wave.

Additional examples of systematic error are uncorrected deviation of the compass, ___

error due to a position in a pattern of hyperbolas, error due to incorrect location of a , - -
L - . Loran transmitter, uncorrected parallax, and uncorrected personal error.

Q4. Random errors dre chance errors, unpredictable in magnitude or sign. They
are governed by the laws of probability. If the altitude of a celestial body is observed,
the reading may be (1) too great, (2) correct, or (3) too small. If a number of observa-

- .tions are made, and there is no systematic error, the probability of a positive error is
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F Error No~ofobS. Permntofobs.

- !9 0.2
- 8' 2 0.4
- 7' 4 0.8
-86' 9 1.8
- 5' 17 3 4
- 4' 28 5.6
- 3' 40 .9- 21 53 10. 6 =
- 1' 63 12.6 -

0 66 13. 2 :t1' 63 12.6

-+ 2' 53 10.6+3' 40 8.0_ +4' 128 j 5 4.6

+5' 117 3.4
i+ 61 918
: ,.+ 7' 4 0.8

+ 8' 2 0.4
A.9f 1 0.2

+1, 0.0

0 500 100.0

TABLF Q4.-Normal distribution of random
errors.

- , exactly equal to the probability of a negative error. This does not mean that every
second observation having an error will be too great. However, the greater the number
of observations, the greater is the probability that the percentage of positive errors A
will equal the percentage of negative ones, and that their magnitudes will correspond.

Suppose that 500 observations are made, with the results shown in table Q4. 4
close approximation of the plot of these errors is shown in figure Q4a. The plot has been
modified slightly to constitute the normal curve of random errors, which is the same as
the actual curve except that the normal curve approaches zero as the error increases,
while the actual curve reaches zero at (+)10' and (-)10'. The height of the curve at
any point represents the percentage of observations ",at can be expected to have the
error indicated at that point. The probability of any similar observation having any
given error is the proportion of the number of observations having this error to the total
number of observations, or the percentage expressed as a decimal. Thus, the probability

of an observation having an error of (-)3' -1=0.08 (8%).

If the area under the curve represents 100 percent of the observations, half the
area (the shaded portion of figure Q4a) represents 50 percent of the observations. --- -

The value of the error at the limits of this shaded portion is often called the "50 percent == '
error," or probable error, meaning that 50 percent of the observations can be expected
to have less error, and 50 percent greater error. Similarly, the limits which contain
the central 95 percent of the area denote the 95 percent error. The percentage of error
is found mathematically. For a normal curve, each error is squared, the sum of the
squares is divided by one less than the number of observations, and the square root of
the quotient is determined. This value is called the standard deviation or standard,
error (u, the Greek letter sigma). In the illustration, the standard deviation is the square

- . root of OX(-)J-+1X(-)9 2 +2X(-)82+4X(-)72+gx(-)6, etc., divided by 499

or !/ F .9 --=2.99 (about 3). The standard deviation is the 68.27 percent error.

The probability of the occurrence of an error of or less than a specific magnitude may be

7" -
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approximately determined by the followhig relationship (with the answers for the illus-
tration given):

50% error= %Xo- 2' (approx.)
68% error=1 Xr--- 3' (approx.)
95% error=2 Xq= 6' (approx.)
99% error=2%Xa= 8' (approx.)

99.9% error=3%Xa=10' (approx.)

Many of the errors of navigation do not follow the normal distribution ditcussed
aboNe. Pub. No. 229 values of altitude can be taken only to the nearest 0!.1. The error
in tabular altitude might have any value from (+) 005 to (-) 005, and any value
within these limits is as likely to occur as any other of the same precision. The same
is true of a sextant that cannot be read more precisely than 0!1, and of a time-differ-
ence that cannot be measured more precisely than 1 As. These values refer to the
single errors indicated, and not to the total error that might be involved. This is a

-' rectangular error, so called because of the shape of its plot, as shown in figure Q4b. I
The 100 percent error is half the difference between readings. The 50 percent error is
half this amount, the 95 percent error is 0.95 times this amount, etc. Iu some cases
it may be more meaningful to refer to the rectangular error as the resolution error.

Still another type random error is encountered in navigation. If a compass is
fluctuating periodically due to yaw of a ship, its motion slows as the end of a swing
is approached, when the error approaches maximum value. If readings were taken
continuously or at equal intervals of time, the interval being a small percentage of
the total period of oscillation, the curve of errors would have a characteristic U-shape,
as shown in figure Q4c. The same type error is involved in measurement of altitude
of a celestial body from a wing of the bridge of a heavily rolling vessel, when the roll
causes large changes in the height of eye. This type of error is called a periodic error.
The effect is accentuated by the tendency of the observer to make readings near one
of the extreme values because the instrument appears steadiest at this time. If it is

- impractical to make a reading at the center of the period, the error can be eliminated
or reduced by averaging readings taken continuously or at short intervals, as indicated
above. This is the method used in averaging type artiicial-horizon sextants. Generally,
better results can be obtained by taking maximum positive and maximum negative
readings, and averaging the results.

The curve of any type of random error is symmetrical about the line representing
zero error. This means that in the ideal plot every point on one side of the curve is
exactly matched by one on the other side, or for every positive error there is a negative
error of the same magnitude. The average of all readings, considering signs, is zero.
The larger the number of readings, the greater the probability of the errors fitting Rz
the ideal curve. Another way of stating this is that as the number of readings increases,
the error of the average can be expected to decrease.

Q5. Combinations of errors.-Many of the results obtained in navigation are
subject to more than one error. Chapter XVI lists 19 errors applicable to sextant
altitudes. Some of these, have several components. A number of possible errors are
involved in the determination of computed altitude and azimuth. A rectangular error
is possible in finding the altitude difference. Several additional errors may affect the
accuracy of plotting. Thus, the line of position as finally plotted may include 30 errors
or more. Corrections are applied for some of the larger ones, so that in each of these
cases the applicable error is the difference between the applied correction and the
actual error. Thus, a dip correction may be applied for a height of eye of 30 feet, while
the actual height at the moment of observation may be 31 feet 6 inches. Even if the
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- 0 +
I- Error

Fiou u Q4b.-PRectangular error, with
50 percent area shaded.

0 +
ERROR

FIGURE Q4a.-Normal curve of
random error with 50 percent-+
of area shaded. Limits of shaded+
area indicate probable error. Error

Fiacas Q4c.-Periodic error, with 50
percent area shaded.

QUADRANETAL ERROR

SEMICIRCULAR ERROR

COMBINED QUADRANTAL ERROR AND SEMICIRCULAR ERROR I-

FioURE Qa.-Combining system~atic errors.

Iheight of eye is exactly 30 feet, a rectanguiat error may be involved in taking the dip
correction from the table.

Corrections which might be random as far as an individual observation is con-
cerned may be syst-emat ic for a series of observations. Thus. if the average or standard
condition-, upon which a correction is8 :iased do not exist at the time of observation
the value at any given time is as likely to be greater as it is to be less than the standard
amount. But if a number of observations are taken in quick succession, the error will
be about the same for each.

If two or more errors arc applicable to a given result, the total error is equal t'-
the algebraic sums Of all errors. Thus, if a given number is subject to errors of (+1 4,

-)2, -)1, + 3, (I)2, 0, and -)2, the total error is +)4. Systematic errors
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can be combined by adding the curves of individual errors. Thus, a magnetic compass
may have a quadiantal err&o-as shown by the top curve of figure Q5, and a semicircularIerror as shown by the second -curve. The sum of these two errors is shown in the bottom
curve. If, in addition, the compass has a constant error, the bottom curve is moved
vertically upward or downward by the amount of the constant error, without undrr-
going a change of form. If the constant error is greater than the maximum Value of the
c-ombined curves, all errors are positive or all are negative, but of varying magnitude.

If a number of random errors are combined, the result tends to follow a normalIL curve regardless of the shape of the individual errors, and the greater the number, the
more nearly the result can be expected to approach the normal curve (fig. Q4a). If
a given result is subject to errors of plus or minus 3, 2, 1, 2, 4, 2, 1, 8, 1, and 2, the [
total error could be as much qs 26 if all errors had the same sign. However, if theseI are truly random, the probability of them all having the same sign is only 1 in 1024.
This is so because the chan-q of any one being positive (or negative) is X. That is,
of a large number of results, approximately half wil have any one particular cor-
rection positive (or negative). By the same reasoning, approximately half of. the posi-
tive (or negative) results will have any one particular additional correction positive
(or negative). Thus, the probability of any two particular corrections having a positive
(or negative) sign is %X --(=)2= . The probability of all 10 corrections having a

positive (or negative) sign is ( 10-24. If there were 20 corrections, the probability of 1

all having a positive (or negative) sign would be (- 4 576

When both systematic and random errors are present in a process, both effects -
are present. An increase in the number of readings decreases the residual random error, 4 _-=
but regardless of the number of readings, a systematic error is present in its entirety.
Thus, if a number of phase-difference readings are made at a fixed point, the average
should be a good approximation of the true value if there is no systematic error. But
if the equipment is out of adjustment to the extent that the lane is incorrectly identified,
no number of readings will correct this error. In this illustration, a constant error isI combined with a normal random error. The normal curve has the correct shape, but
is offset from the zero value.

Under some conditions, systematic errors can be eliminated from the results evenI when the magnitude is not determined. Thus, if two celestial bodies differ in azimuth
by 1800, and the altitude of each is observed, the line midway between the nes of posit-
tion resulting from these observations is free from any constant error in the altitude -
(such as abnormal refraction or dip, or incorrect IC). It would not be free from such a
constant error as one -n time (unless the bodies were on the celestial meridian). Simi- - -
larly, a fix obtained by obser-ations of three stars differing in azimuth by 1200, or - _
four stars differing by 900 is fi ae from constant error in the altitude, if the center of the
figure made by the lines of position is used. The center of the figure formed by circles
of position from distances of objects equally spaced in azimuth is free from a constant
error in range. A constant error in bearing lines does not introduce an error in the
fix if the objects are equally spaced in azimuth. In all of these examples, the correct
position is outside the figure formed by the lines of position if all objects observed are
on the same side of the observer (that is, if they lie within an arc of less than 1800).

: "". Q6. Navigation accuracy is normally expressed in terms of the probability of being
within a specified distance of a desired point during the navigation process.

If the accurasy of only a single line of position is being considered, the specified
distance may be stated as the standard deviation (art. Q4) or some multiple thereof,
assuming that the erromr of the line of position follow a single-axis normal distribution.
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The distance as stated for the standard deviation of a line of position is measured from
the arithmetic mean of the positions which could be established from a large number of
observations at a given place and time. Therefore, this distance does not indicate the
sepaidtion between the line of position and the observer's actual position, except by
chance. If the error is stated as la, 68.27 percent of the cases should result in line of
position displacements from the arithmetic mean in any direction not exceeding the
distance specified for 1. If the error is stated as 2o, 95.45 percent of the lines of posi-
tion should not be displaced from the arithmetic mean in any direction by more than
the distance specified for 2a. If the error is stated as the probable error, 50 percent of
the lines of position should not be displaced from the arithmetic mean in any direction
by more than the distance specified for 0.6745a.

The standard deviation is also employed in developing expressions for the prob--
ability of a fix position being within a specified distance of the mean of the positions
which could be established from a large number of observations at a given place and
time by means of the system used to establish the fix.

In the following discussion, the fix is established by the intersection of two lines
of position, each of which may be in error. The lines of position (fig. Q6a) are range
measurements from two points at the extremities of a baseline of known length. Because
of inaccuracies in measurement, the actual ranges differ from the measured values and
may lie somewhere between the limits shown as additional arcs either side of the
measured arc.

The intersection of the two lines of position together with the standard deviations I-

associated with each are drawn to an expanded scale in figure Q6b. It can be shown that
the contours of equal probability dertsity about such an intersection are ellipses with their -

center at the intersection. Thus, the ellipse shown in figure Q6b might be the 75 percent
probability ellipse, meaning that there are three chances in four that a fix I-ill lie within - -
such ellipse centered upon the mean of the positions which would be established from a

MEASURED LINE OF
',/ /V , POSITION NO. 2

_SPREAD IN POSSIBLE
VALUES OF MEASUREMENT

SPREAD IN POSSIBLE
VALUES OF MEASUREMENT -

MEASURED LINE OF
POSITION No. 1

A BASELINE B

Fiouu Q6a.-Fix established at intersection of two lines of position having different values of error.

1I
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large number-of observations at a given place and time by means of the system used to
establish the~fix.

For simplicity in this discussion of navigation accuracy,. the following assumptions
are made:

1. All constant errors or bias errors have been removed, leaving only the random
errors. Thus, the mean or average error is assumed to be zero. o

2. These random errors are assumed to be normally distributed.
3. 'ihe errors associated with the two intersecting lines jf position are assumed to

be independent. 'This assumption implies that a change in the error of one line ofposition
has no effect upon the other.

4. The lines of position are assumed to be straight lines in the small area in the
immediate vicinity of their intersection. This assumption is valid so long as the standard
deviation is small compared to the radius of curvature of the line of position.

5. Errors of position are limited to the two-.dimiensional case.
As sbown in figure Q6b, the general case of the intersection of two lines of position

at any angle of cut and with different values of error associated with each line of position
results in an elliptical error figure. Figure Q6c shows the ellipse simplified to geometrical
terms.

FIGURE Qfib.Expanded view of intersection of two lines of Position.

ia
U2

FrouRE Qft.-Basic error ellipse.
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0 .9 i

0.6,

- 0.
0 0.4

0.3 -- --

0.9--i ---

0 '0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

i • i FiG17R QWd-Circular normal distribution.

One may readily surmise from figure QOc that the exact shape of the error figure
varies with the magnitudes of the two one-dimensional input errors, a, and T2 as wvell
as with the angle of cut, a. The angle a is also the angle between the two values of sigma
because the standard deviations are mutually perpendicular to their corresponding
lines of position. These variations can be calculated to provide the probability that
a point is located within a circle of stated radius. WVhen this is done, the error is stated
in terms more meanin.ffui to the practicing naoigator. The basis of this concept may best
be seen by first considering the special case when the two errors are equal, and the angle -

. of intersection of the lines of position is a right angle. In this case, and in this ease alone,
the error figure becomes a circle and is described by the circular normal distribution.
A plot of this special function is given in figure Q6d. In this plot, the horizontal axis
is measured in terms of R[or, R being the stated radius of the circle and a being the
measure of error. The error measure is given simply as a, for in this circular case o,=o,.-
To illustrate, a measurement system gives a circular error figure and has a value of
a= 100 meters; the probability of actually being located within a circle of 100 meters
radius when R/a=1.0 may be read from the vertical axis to be 39.3 percent. To obtain
the radius of a circle within which a 50 percent probability results, the corresponding
value of Rla is seen to be 1.18 from the graph. Thus, for this example, the circular
probable error (CPE or CEP) would be 118 meters.

In one method of using error ellipses to obtain the radii of circles of equivalent
probability, new values of a, are found along the major and minor axes of the ellipse
(fig. Q6e) using the following equations:

~ iuzu 2 ?+~f~u,2 +' 2 ?)-4 sina 2 a? or,
in, a

-- U
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FIGURE Q6e.-Transformation to standard deviations along elipse axes.

Thii the ratio c=E , where a. is the larger of the two new standard deviations, is used

in entering table Qfa which relates ellipses of varying values of ellipticity to the radii
:of circles of equivalent probability.

F or a numerical example to illustrate the method of calculation, assume that the
-' - angle of cut a is 500, a, is 15 meters. and or: is 20 meters to determine the probability

of location within a circle of 30 meters radius.
For the computation the following numbers are needed:

al=225

Cr2 =400

siw a=0.5868.

. Substituting in the equations for q and , - and a, are calculated as 29.9 meters . .
and 13.1 meters, respectively. Since the function K multiplied by the larger of the
two standard deviations obtained by the transformation method gives the value of
the radius of the circle of the corresponding ralue of probability shown in table Q6a,
K=1.003. On entering table Q6a with K=1.0 and c=0.44, the probability is found
to be 62 percent.

Table Qob and figure Q6f provide ready information about the sizes of circles of
specific probability value associated with ellipses of varying eccentricities.

In another method, fictitious values of sigmia of identical value, indicated by *,

are assumed to replace the two unequal values originally given (a, and 0r_). A fictitious
angle of cvt a* is also assumed to replace the angle of cut (a) originally given (fig. Q6g).

The method utilizes a set of probability curves, with a separate curve for ech
: - value of angle of cut (fig. Qfh). These curves can be used only when the two error __

measures are equal, hence the need for making the transformation to the fictitious o
The values of t* and a* needed to utilize the probability curves may either be i _- _

determined from figures Q6i and Q6j or by means of the following equations:

~*-sin #V(71
2

+02

a*=arc sin (sin 28 sin a)

AN

V - - - ~
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Flaune Qfg.-Transformed parameters of error ellipse.

where
O=arc tan (ol/a').

Thus,

sin 2f== - 9 2

To use the curve and monogram for obtaining o* and a*, one must first calculate
the ratio o'2/a'. The value a, is always taken as the larger of the two in the ratio so
that its value is always less than 1.0. With this ratio, enter the curve of figure Q6i
and obtain the a* factor. Multiply a, by this factor to obtain the fictitious function '*.
The monogram of figure Q6j is entered with the same ratio to obtain the fictitious
angle of cut a*.

For a numerical example to illustrate the method of calculation, assume that the
angle of cut of 500, a1, is 20 meters, and a2 is 15 meters to determine the probability
of location within a circle of 30 meters radius.

15
Calculate the ratio a2/a=L=----0.75.

Enter the curve of figure Q6i with this ratio and obtain the o* factor (0.84.5).
Multiply this factor by or to obtain o-* equals 16.9 meters. Calculate the ratio

R/a*--30/16.9=1.78.

Enter the nomogram of figure Q6j with the ratio a2/u,, and with the given angle a
to obtain the fictitious angle of cut a*=47O.

The values R/o,*=1.78 and a*-47' are then used to enter the probability curves
of figure Q6h to obtain P==0.62 or 62 percent, interpolating between the 400 and 500
curves for a*-.-470 .

Table Q6c presents the same data as figure Q6h in numerical form.

Geometrical Error Considerations

From the information that can be derived using the two methods of transformation
of elliptical error data, one can develop curves which show for constant values of
initial error that the size of a circle of fixed value of probability varies as a function of
the angle of cut of the lines of position.
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70
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I0-
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0 '.0

Fiounp, Q6j.-Nompgrant to obtain a*.

IUtilizing thesimplified equations, significant prmtioferror ellipses are
tabulated in tab~le Q~d as at function of thec antgle of cut a. Using thi3 CEP curve of
figure~ Q~f, values of the CE P are calculated for each angle, showing, that the CE?
increases us the angle of cut decreases. The last column in the talie gives the factor

by which the CEP for angles less than 900 is greater than the CEP for a right angle.
This magnification of error curve is plotted in figure Q~k. The curve for the 90 percent
probability circle has at slightly differing shape from the CEP cue've as shown in figure
Q~k. Value:, for the 90 percent probability circle aire given in table Q~a. Figure Qok
indicates the magnitude of the growvth of error as the angle of cut varies from 900.

It is also of interest to consider what values of probability result if the radius of
the circle is held constant ait the minimiuni 7alue corresponding to that obtained for-
the 90' angle of cut. These values may be obtained from the, probability versus angle
of cut curves in figure QOII.

Along, the ordinate Rk= 1.177 which corresponds to the CEP for the cireulfor
case, one mafy readl the lesser values of probability corresponding to the various angles
of cut. Likewvise, one may also obtain the probatbility values corresponding to holding a
eircle the size of the 90 percent probability circle for the circular case by usiiq' the
ordinate 1?ja=2.15 (also eq1uivalent to 1.S2 times the CEP). These two curves are.
plotted in figure Q61 and[ the numerical values are given in table Q~f. It is to be noted
thci. the probability values tire not inversely rslated to the error factors ptotted in
the prtueeding curves. The geometric error factor is it simple trigonc-metric, function,
the probability curves are exponential functions,.

A-'

A9
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I -~ CiP FACTIOP

90 1.0 1.0 1. ( 1.177 1.177 1.01
60 1.10 0,424 0.839 1.078 -1.18 IMP 1.0

11- 60 1.414 0. 817 0.577- V.914C 1.292 1. (194

50 1.0?2 0.782 fl.466 0.84? -1.420 1. 20t)
-45 1. 847 0.766(. 1A 14 -0.815- -1. 508 1.231

40 2.6 t% .753 0.364 0.783 I.b20 1.:17nt
30 2. 74 0.733 0. 248 0.734 I2.01 1.710
20 4.06 0.71 0.176 0.700I 2.85 22_

10 18.11 01 0 00 7 0.6801. 52 4. 64 .

TABLE QW.-Significant paranieter- of error ellipses when_

£ £ A FACMO
90 1.0 2 145 2.145 1.00
80 0.839. L98 2.18 1L0I5
70 0.700 1.Ui 2.30 1.07f
60 0.577 1.775 2.S1 1.17
50 0. 46.. 1.72 2. 48 1.34
4S 0.414 1.702 3.15 1.47
40 0.364 1.687 3.47 1.615
30 0.268 1.66S 4.53 .11
20 0.1' 1.652 6.72 31 I
10 0.03? 1.645 335 62

'fABL. Q6c.-90 percent error factor.

f

9jft I so 90
V~ 49.4 89.2

160 44.0 82.4
s0o 39.S 16

40 37 66
30 I 2S 53

10 8 19

ABLE Q6f.-Probability decrease with dcreasing angle o~f cut fmir a circle of constant radius (a,= at).
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FiG;uRE Q~k.-CEP magnification versus angle of out.
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FinuasF Qfl.-Decrease in probability for a circle of constant radius versus angle of cut.

Q7. Clarification of terininology.-Tbe following discussion is presented to insure
that there is no misunderstanding with respect to the use of terms having one meaning
when discussing one-dimensional error.- and another when discussing two-dimensional
error".

Although the basic problem of position location is concerned with the two dimen-
sions necessary to describe an area, one-dimensional error measures are commonly
applied to each of the two dimensions involved. As demonstrated in article Q6, the use
of the one-dimensional standard deviation of each line of position permitted a general
approach to the consideration of the error ellipse.

A' '
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One-Dimensional Errors

The terms standard deviation, sigma (q), and root mean square (RMS) error
have the same meaning in reference to one-dimensional errors. The basic equation
of the normal (Gaussian) distribution indicates the use of the Greek letter sigma
from which its use for standard deviation arises:

(z-o) o |0

Iwhere a is the mean of the distribution.
Standard deviation of a measurement system is a property that may be determined 'I

experimentally. If a large number of measurements of the same quantity-a length I
for example-are made and compared with a standard, the standard deviation is the -

square root of the sum -! the squares of the deviations from the mean or average value
divided by one less than the number of measurements taken. Symbolically this opera-
tion is represented as:

I , The term root-mean-square (RMS) error comes from this latter method of computation.

Numerically, one sigma corresponds to 68.27 percent of the distribution. That is,
if a large number of measurements were made of a given quantity, 68.27 percent of
the errors would be no greater than the value of one standard deviation. Likewise 2a
corresponds to 95.45 percent of the total errors and 3a corresponds to 99.73 percent
of the total errors.

F The term probable error is identical in concept to standard deviation. The term
differs from standard deviation in that it refers to the median error; that is, no more
than half the errors in the measurement sample are greater than the value of the
probable error. Linear probable error is related to standard deviation by a multiplica-
tion factor (tab. Q7a). One probable error equals 0.6745 times one standard deviation,

To 1 + U

Fo 50.00% 1 68.27% I 95.00% 9"9.73% 1

50.00% 1.0000 1. 4826 2.9059 1 4.4475
68. 27% 0. 6745 1.0000 1. 9600 3. 0000

95.00% 0. 3441 0.5102 1.0000 1 1.5307
99.73% 0.2248 0.3333 0.6533 j 1.0000

TABLE Q7a.-Linear error conversion factors.

The term variance is met m--.t frequently in detailed mathematical discussions. I
The term refers to a square of a standard deviation. It is useful in simplifying the
algebra of some complex mathematical derivations.

Two-Dimensional Errors

Terms similar or identical in words to those used for one-dimensional error de-
scriptions are also used with two-dimensional or bivariate error descriptions. However,Li-
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in the two-dimensional case, not all of these terms hav e the same meaning as before;
considerable care is needed to avoid confusion.

Standard deviation or sigma has a definable meaning only in the specific case of the
circular normal distribution where o,=o: SLI_ PR=l-e 2u"

In the case of the circulaT normal-distribution, the standard deviation 0, is equivalent toIthe standard deviation along both orthogonal axes. Bedause of concei'n with a radial
distribution, the total distribution of errors- involves numbers different from those of
the linear case (tabs. Q7a and Q7b). In the circular case, la error indicates that 39.35
percent of the errors would not exceed the value of the lo error; 86.47 percent would
not exceed the 2o error;.98.89 percent would not exceed the 3a error; and 99.78 per-
cent would not exceed the 3.5a error. 62 90

SFrom 3935% 50 00 63.21% 950 99.78%

39. 35% 1.0000 1.1774 ]1.4142 2. 4477 3. 5000 I

S50. 00% i0. 8493 1.0000 1. 2011 2. 0789 2. 9726

"95. 00% 0.4085 00.4810 0.5778 1.0000 1.4299 , 1-.
997%025 0.3364 0.4040 ] 0.6993 1.000 !

99. 78% .: 0.2857 ! !8,i -

TA L Q7b.-Circular error conversion factors.

Because the usual case where there are two-dimensional distributions is that the
standard deviations are different, resulting in an elliptical distribution, the circular
standard deviation is less useful than the linear standard deviation. It is more common
to describe two-dimensional distributions by the two separate one-dimensional standard
deviations associated with each error axis. References, however, often do not make this
distinction, referring to the position accuracy of a system as 600 feet (2 ), for example.
Such a description should leave the reader wondering whether the measure is circular
error, in which case the numbers describe the 86 percent probability circle, or whether
the numbers are to be interpreted as on-dimensionMal sgmas along each axis, in which
case the 95 percent probability circle is indicated (asuming the distribution to be
circular, which actually it may not be).

The term RMS (root mean square) error when applied-to two-dimensional errors
does not have the same meaning as standard deviation. The term hab the same meaning - -

as radial error or d,., discussed later. Such use of the term is deprecated.
In a circular normal distribution, the term circular probable error (CPE) or cir-

cular error probable (CEP) refers to the radius of the circle inside of which there is a
50 percent probability of being !ocated.

The term CEP is also used to indicate the radius of a circle inside of which there is
V. a 50 percent probability of being located, even though the actual error figure (fig. Q7a)

is an eilipse. Article Q6 describes one of the methods of obtaining such CEP equivalents
when given ellipses of varying eccentricities. Curves and tables are available for perform-

I -"
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FIGURE QUa.-Error ellipse and circle of equivalent probability.
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FIGURE Q7b.-CEP for elliptical error distribution approidmations.
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ing this calculation. Despite the availabilty of these curves and tables, approximations
are often made for this calculation of a CEP when the actual error distribution is ellip-
tical. Several of these approximations are-indicated and -plotted for comparison with
the exact curve in figure Q7b. Of-the various approximations shown, the top curve, the
one which diverges the most rapidly, appears to be the most commonly u .d.

Another factor of interest concerning the relationship of the CEP to various
ellipses is that. the area of the CEP circle is always greater than the basic ellipse. Table
Q7c indicates that the divergence between the actual area of the ellipse of interest and
the circle of equivalent probability increases as the ellipse becomes thinner and more
elongated.

C=alb Area of Area of
50% ellipse equivalent circle -

0.0 0 1.a3
0.1 0.437 1.46
0.2 0.874 1.56
0.3 1.31 1.76
0.4 1.75 2.06

0.5 j 2.08 2.37
0.C 2.62 2.74

0.7 3. 06 3. 12
0.8 3.49 3.52
0.9 3.93 3.94
1.0 4.37 4.37 -

TABLE Q7c -Comparison of areas of 50 percent ellipses of varying
eccentricities with areas of circles of equivalent probability.

The value of the CEP may be related to the radius of other values of probability
circles analytically for the case of tbo circular normal distribution by solving the basic
equation for various values of probat:lity. For this special case of the circular normal
distribution, these relationships are shown drawn to scale in figure Q7c with the associ-I.ated values tabulated in table Q-d.

The derivation of tl, se values is shown in the following analysis. First, the factor
relating the CEP to the circular sigma is derived, then, as a second ex -mple, the rela-
tionship between the 75 pzrcent probability circle and the circular sigma is derived.
The ratio of these two values is then the value shown in table Q7d for the 75 percent

value.
The circular normal distribution equation is:

PR=1-e 20,
and _

CEP P(R)-=0.5 .j

e 20 -0.5.

- _ .I
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CIEP
50%

-q0

FiGURF Q7c.-Relationsbip between CEP and other probability circles.

Take natural logarithm of both sides

R2,

In2 In 0.5=-in 2)1

R=1.1774or.

For the 75 percent probability circle,

e 2#'=0.25 __

In (.e "'=lni 0.25

?2
yf-2=In 4

R=1.665a _

R(75%) 1.665a

R(0% Y,, 7=.44

.................. 
66
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Multiply value of To obtain radius of
OEP by circle of probability

.150 60%

1.318 70%I.1.414 75%
1.524 80%
1.655 85%
1.823 90%
2.079 95%
2. 578 09%

T.\xL: Q7d.-Relationship between CEP and radii af other
probability circles of the circular normal distribution.it The factors tabulated in table Q7d arc sometimes used to relate varying probability

circles when the basic distribution is not circular, but elliptical. That such a prccedure
is inaccurate may be seen by the curves of figure Q7d. It can be seen that the errors
involved are small when the eccentricities are small. But the errors increase significantly
when both highi values of probability are dlesired and when the ellipticity increases in
the direction of long, narrow distributions.

The terms radial error, root mean square error, and d,,. are identical in meanipg
when applied to two-dimensional errors. Figure Q7e illustrates the definition of d ..
It is seen to be the squa., root of the sum of the square of the 1 sigma error components
along the major and minor axes of a probability ellipse. The figure details the definition
of I d,.. Similarly, other values of d,,, can be derived by using the corresponding
values of sigma. The measure d,., is not equal to the square root of the sum of the
squares of a, and that, are the basic errors associated with the lines of position of a
particular measuring system. The procedures described in art. Q6 must first be utilized
to obtain the values shown as 0', and f.

The three terms (radial error, root-sum-square error, and d,,) used as a measure of
error are somewhat confusing because they do not correspond to a fixed value of prob-
ability for a given value of the error measure. The terms can be conveniently related to
other error measures only when , and the probability figure is a circle. In themore common elliptical cases, the probability associated with a fixed value of d,,-

varies as a function of the eccentricity of the ellipse. One d.,, is defined as the radius of
the circle obtained when o,= 1, in figure Q7e. and a, varies from 0 to 1. Likewise, 2 d,,. "
is the radius of the circle obtained when a--2, and a, varies from 0 to 2. Values of the I
length of the radius d,, can be calculated as shown in ta'lie Q7e. From these values the
associated probabilities can be determined from the tv*,ies of article Q6. The variations

- ~ ~ of prob -bility associated with the values of 1 d.., and 2 d,,., are shown in the curves
of figures Q7f and Q7g. Figure Q7h shows the lack of a constant relationship in a slighly
different way. Here the ratio d,,.,OEP is plotted against the sam e measure of elliptic,
ity. The three figures show graphically that there is not a constant value of probability
associated with a single value of d,...

Figure Q7i shows the substitution of the circular form for ell;ptical error distri-
butions. When o, and a, are equal, the probability represented by I d.,, is 63.21 per-
cent. When a. and a, are unequal (a. being the greater value), the probability varies
from 64 percent when /o"_/,=0.8 to 68 percent when /oa-=0.3.

: z- 1
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R2 TIMES CFP VALUE
GIVES RADIUS OF HIGHER
% PR0SABILITY CIRCLE

3.4

3.0
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FioVRE QUd.-tea&in --f primhability circles to CEP versus elfloticify. I
Q8. Navigation system accuracy-In a navigation system, predictability is th~.

measure of the accuracy with which the system can define the position in terms of
geographical coordinates; repeatability is the measure of the accuracy with which the
syvstem permits the user to return to aposition as defined only in terms of the co- .

ordinates peculiar to that system. Predictable accuracy, therefore, is the accuracy of
positioning with respect to geographical coordinates; repeatable accuracy is the
accuracy with which the user can return to a position whose coordinates hav'e been
measured previously with the same system. For example, the distance specified for
the repeatable accuracy of a system such as -Uoran-C is the distance between two
Loran-C positions established using the samne stations and time-difference readings
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1'1

FIGURE Q7e.-Illustration of radial error ord,.
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0.8 1.0 1.280 0.635 , 4.%0
0.9 1.0 1.345 0.632 0.9M
1.0 1. 1.4 0.632 0.92
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at different times. The correlation brtween the geographical coordinates and the__

reltiv totht o anthe uer f te smenavigation system at the same time. Hence,
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0.6 0 - - -
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FIGURE Q7f.-Variation in d, with dilipticity (1 d, ,).
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FIGURE Q7g.-Variaton in d., with elipticity (2 d.,,).

Q9. Most probable position.-Some navigators, particuarly those of little ex-
perience, have been led by the simplified definitions and explanations usually given in
texts to conclude that the line of position is infallible, and that a fix is without error,
overlooking the frequent incompatibility of these two notions. Too often the idea has
prevailed that information is either all right or all wrong. An example is the practice i
of establishing an estimated position at the foot of the -perpendicular from a dead -
reckoning position to a line of position. The assumption is that the vessel must be -
somewhere on the line of position. The limitations of this often valuable practice are
not understood by these inexperienced navigators.

A more realistic concept is that of the most probable position (MPP), which recog-
nizes the probability of error in all i~avigational information, t nd determines position '%

by an evaluation of all available information, using the princip:es of errors.
Suppose a vessel were to start from a completely acrarate position and proceed

on dead reckoning. if course and speed over the bottom were of equal accuracy, the
uncertainty of dead reckoning positions would increase equally in all directions with
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FIGURE Q7h.M-Ellipticity versus dm,/CEP (1 d,.).

either distance or elapsed time (for any one speed these would be directly proportional
and therefore either could be used). Therefore, a circle of uncertainty would grow
around the dead reckoning position as the vessel proceeded. If the navigator had full
knowledge of the distribution and nature of the errors of course and speed, and the neces-
sary knowledge of statistical analysis, he could compute the radius of the circle of un-
certainty, using the 50 percent, 95 percent, or other probabilities.

_I In ordinary navigation, this is not practicable, but based upon his experience and
judgment, the navigator might estimate at any time the likely error of his dead
reckoning or estimated position. With practice, he might acquire considerable skillFin making this estimate. He would take into account, too, the fact that the area of

uncertainty might better be represented by al ellipse than a circle, the major axis
being along the course line if the estimated error of the speed were greater than that of
the course, and the minor axis being along the course line if the estimated error of the
course were greater. He would recognize, too, that the size of the area of uncertainty
would not grow in direct proportion to the distance or elapsed time, because disturbing
factors such as wind and current could not be expected to remain of constant magnitude
and direction. Also, he would know that the starting point of the dead reckoning would
not be completely free from error.

At some future time additional positional information would be obtained. This
might be a line of posit.ion from a celestial observation or by Omega. This, too, would - -

be accompanied by an estimated error which might be computed for a certain probabil-
ity if the necessary information and knowledge were available. if the dead reckoning
had started from a good position obtained by means of landmarks, the likely error of
the initial position would be very small. At first the (lead reckoning or estimated position
would probably be more reliable than a line of position obtained by celestial observation
or Omega. But at some distance the two would be equal, anl beyond this the line of --

position might be more accurate.
However, the determination of most probable position does not depend upon

determination of which information is most accurate. In figure Q9a a dead reckoning
position is shown surrounded by a circle of uncertainty. A line of position is also shown,
with its area of uncertainty. The most probable position is within the overlapping area,
and if the uncertainty of the dead reckoning position and that of the line of position are

_--
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about equal, it might be taken at the center of the area. If the overall errors are con-
sidered normal, and they are probably approximately so, the effect of. each error is pro-
portional to its square. Thus, if the likely error of a dead reckoning position is 3 miles.
and that of a line of position is 2 miles, the most probable position is nearer the line

22 4
of position, being at a distance equal to T= that from the dead reckoning position -

(or %3 of the perpendicular distance from the dead reckoning position to the- line of
position).

If a fix is obtained from two lines of position, the area of uncertainty is a circle
if the lines are perpendicular, have equal likely errors, and these errors can be con-
sidered normal. If one is considered more accurate than the other, the area is an ellipse,
the two axes being proportional to the standard deviations of the two lines of position.
As shown in figure Q9b, it is also an ellipse if the likely error of each is equal and the
lines cross at an oblique angle. If the errors are unequal, the major axis of the ellipse is
more nearly in line with the line of position having the smaller likely error.

If a f& is obtained from three or more lines of position spread in azzimuth by more
than 1800, and the error of each. line is normal and equal to that of the others, the
most probable position is the center of the figure. By "center" is meant that point
within the figure which is equidistant from the sides. If the lines are of unequal likely
error, the distance of the most probable position from each line of position is propor-
tional to the square of the likely error of that line times the sine of the angle formed by

* "the other two lines.
In the discussion of most probable position from lines of position, it has been

assumed that no other positional information is available. Usually, this is an incorrect
essumption, for there is nearly always a dead reckoning or estimated position. This
can be considered in any of several ways. The square of its likely error can be used in
the same manner as the square of the likely error of each line of position. A most
pro!able position based upon the dead reckoning or estimated position and the most
reliable line of position might be determined as explained above, and that line of position
replaced wiith a new one parallel to it but passing through the most probable position
just determined. This adjusted line of position can then be assigned a smaller likely
error and used with the other lines of position to determine the overall most probable
position. A third way is to establish a likely error for the fix, and consider the most
probable position as that point along the straight line joining the fix and the dead
reckoning or estimated position, the relative distances being equal to the square of
the likely error of each position.

The value of the most probable position determined as suggested above depends
upon the degree to which the various errors are in fact normal, and the accuracy with J-
which the likely error of each is established. From a practical standpoint, the second A
factor is largely a matter of judgment based upon experience. It might seem that inter- -- 4'
pretation of results and establishment of most probable position is a matter of judgment
anyway, and that the procedure outlined above is not needed. If a person will follow
this procedure while gaining experience, and evaluate his results, the judgment he

- develops should be more reliable than if developed without benefit of a knowledge of
the principles involved. The important point to remember is that the relative effects
of normal random errors in any one direction are proportional to their squares.

Systematic errors are treated differently. Generally, an attempt is made to discover
the errors and eliminate them or compensate for them. In the case of a position deter-
mined by three or more lines of position resulting from readings with constant error,
the error might be eliminated by finding and applying that correction (including sign)
which will bring all lines through a common point.

= - 8 2
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"ii

FIGunE Q9a.-A most probable posi- FiGUnE Q9b.W-Elipse of uncertainty with lines of i
tion bsed upon a dend reckoning position of equal probable errors crossing at an
position and line of position having oblique angle.
equal probable errors.

Q10. Mistakes.-The recognition of a mistake, as contrasted with an error (art. -I
Q2), is not always easy, since a mistake may have any magnitude, and may be either
positive or negative. A large mistake should be readily apparent if the navigator is

alert and has an understanding of the size of error to be reasonably expected. A small
mistake is usually not detected unless the work is checked.

If results by two methods are compared, as a dead reckoning position and a line
of-position, exact agreement is not to be expected. But if the discrepancy is unreasonably
large, a mistake is logically suspected. Tha definition of "unreasonably large" is a

- . , matter of opinion. If the 99.9 percent areas of the two results just touch, it is possible - -

that no mistake has been made. However, the probability of either one having so great
an error is remote if the errors are normal. The probability of both having 99.9 percent "
error of opposite sign at the same instant is very small indeed. Perhaps a reasonable -
standard is that unless the most accurate result lies within the 95 percent area of the W
least accurate result, the possibility of a mistake should be investigated. Thus, if the
areas of uncertaintyv shown in figure Q9a represent the 95 percent areas, it is probable
that a mistake has been made. -ii As in other matters pertaining to navisation, judgment is important. The use to be
made of the results is certainlv a consideration. In the middle of an ocean passage a
mistake is usually not serious, and will undoubtedly be corrected before it jeopardizes _

the safety of the vessel. But if landfill is soon to be made, or if search and rescue opera-
tions are to be based upon the position, almost any mistake is intolerable.

QiI. Conclusion.--The correct identification of the nature of an error is important - -

if the error is to be handled intelligently. Thus, the statement is sometimes made that a - -

radio bearing need not be corrected if the receiver is within 50 miles of the transmitter. -
The need for a correction arises from the fact that radio waves are assumed to follow - -

great circles, and if radio bearings are to be plotted on a Mercator chart, the equivalent 7-
rhumb line is needed. The statement regarding 50 miles implies that the size of the
correction is proportional to distance only. It overlooks the fact that latitude and direc-
tion of the bearing line are also important factors, and is therefore a dangerous statement
unless its limitations are understood.

The recognition of the type of error is also important. A systematic error has
quite a different effect than a random error, and cannot be reduced by additional
readings unless some method or procedure is instituted which will cause the errors to if
cancel each other. -

The errors for various percentage probabilities are usually of greater interest than
the "average" value. The average of a large number of normal errors approaches zero,
but the probable (50 percent) error might be quite large.

=J
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A person who understands the nature of errors avoids many pitfalls. Thus, the
magnitude of the errors of individual lines of position is not a reliable indication of the
size of the error of the fix obtained from them. The size of the triangle formed by
three lines of position has often been used as a guide to the accuracy of the fix, although
a large triangle might be the result of a-large constant error if the objects observed are
equally spaced in azimuth. On the other hand, two lines of position with small errors
might produce a fix having a nmuch larger erfr if the lines cross at a small angle.
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APPENDIX R

LORAN-A
" R1. Introduction.-During World War II a pioneering long range radio-navigation

system, Loran-A, was developed at the Massachusetts Institute of Technology, and
subsequently implemented under the auspices of the U. S. Coast Guard to fulfill war-
time operational needs (art. 136). At-the conclusion of the war, 70 transmitting stationslb were sending Loran-A pulses to some 75,000 receivers aboard military and commercial

• ships and planes. By 1971, there were 83 stations, with many of the Loran-A trans-
- -mitters having been in constant service for almost 20 years. The equipment was showing

signs of age and obsolescence.
7 Meanwhile, during the late 1950's and early 1960's, the Department of Defense

instituted a program designed to develop a new generation of radionavigation aids.
The result was Loran-C, a system less costly to the government to operate and more
accurate than Loran-A. Unfortunately, the cost of Loran-C receivers, until very recently,
made the superior system less appealing to potential users in the commercial and rec-
reational boating communities. Now the Loran-C system expansion, additional re-
search in receiver design, and a concurrent rise in demand for Loran-C receivers has
enabled manufacturers to produce sets at a cost competitive with the Loran-A receivers.

Today there are 8 Loran-C transmitting chains, with a total of 12 expected to be
in operation by 1980. In many areas Loran-C and Loran-A services will be overlapping, -
a situation that the Department of Transportation sees as unnecessary if continued
over a long period of time. In May 1970, the Secretary of Transportation published the

__ National Plan for Navigation which, among other things, identified the U. S. Coastal
Confluence Zone (CCZ), and listed several candidate navigation systems for that zone.
After extensive study, the Coast Guard recommended and the Secretary of Transpor-

F tation approved selection of Loran-C as the government sponsored navigation system
for the CCZ. A plan has been developed which provides for the improvement and ex-

, pansion of Loran-C to cover the entire CCZ, and the eventual phase out of existing
Loran-A stations. Such a phase out, once initiated, will be accomplished over a minimum
of 2 years -to provide a sufficient period of dual Loran-A/Loran-C operation to cover -\I amortization of existing Loran-A receivers and the conversion of historical Loran-A
position data to Loran-C coordinates.

While it might appear that Loran-C is merely a duplication of the Loran-A service,
differences in the transmitted signals and in receiver operations make Loran-C a muchImore accurate system. While Loran-A can be used to identify a position that is accurate
to from I to 5 nautical miles of a particular point in the groundwave coverage area,

_. .Loran-C can identify a position with 0.25-mile accuracy. This increased accuracy can
"F be critical to the navigator operating in confined, crowded, or otherwise hazardous

sealanes. The accuracy of Loran-C extends to "repeatability." That is, a mariner can
employ Loran-C to return to within 300 feet of a particular point. However, depending
upon chain geometry, receiving equipment, and system stability, the Loran-C user may

-- be able to return to within 50 feet of a particular point. Similarly, one mariner can rely
on Loran-C to govern his position in relation to another. Whereas it would take 30
Loran-A transmitting stations to cover the Coastal Confluence Zone, Loran-C wi'l
provide more accurate coverage with about half as many stations.

1238
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In anticipation of the phase out discussed above, the discussion of Loran-A was
transferred to this appendix to facilitate the removal or revisions in the treatment of
Loran-A in subsequent printings of this edition.

R2. Loran-A is a hyperbolic system of navigation by which difference in distance
from two fixed points on shore is determined by measurement of the time interval
between reception of pulse-modulated (art. 4016), synchronized signals from trans-
mitters at the two points. The name Loran is derived from long range navigation. Since
it operates in the 1,850 to 1,950 kHz frequency range, both groundwaves and skywaves
can be used to provide coverage over an extensive area with relatively few stations.
The system is passive.

Usually, stations of a pair are located from 200 to 400 miles apart, although they
may be as close as 100 miles or as far as 700 miles. Generally, a number of stations are
located so as to form a chain, with all but. the end stations in the group being "double
pulsing." In most parts of the coverage area, signals can be received from at least two
pairs of stations, thus making it possible to obtain a fix by L-oran-A alone.

The range at which signals are received varies considerably with kind of signal
(groundwave or skywave), route of the signal (over land or water), time of day, at-
mospheric noise level, geographic region, ionospheric conditions, and possible directional
properties of the receiving antenna.

As a general rule, groundwave coverage during the day extends to about 700
miles in the Atlantic and 800 miles in the Pacific. At night the range is about two-
thirds this amount. During daylight hours, relatively few skywave signals are received,
but at night, signals arrive by so many different paths that a train of signals may be
received from a single transmitted pulse. Figure R2a shows a typical scope appear-

ance of such a train near the limit of groundwave coverage. All of the signals are from
a single transmitted pulse. One-hop-E sir'ls are received to a maximum distance
of about 1,400 miles. Curvature of the earth prevents their reception at greater distances
regardless of power of the transmitter. Beyond this, strong signals may he received by
multihop-E waves or by one or more reflections from the F laver. Because of relatively
large uncertainties in the lengths of the paths of such signals, and the increased un-
certainty of identification, Loran-A tables and charts do not provide facilities for their
use. The extending of lines to provide coverage for such signals is not recommended.
Reception of reliable signals on some occasions is no assurance that those received at
other times can be trusted. Typical variation in appearance of groundwave and sky-
wave signals with time of day is shown in figure R2b.

The range at which a groundwave signal can be received is much less if the path
is across land than if it is across water. For this reason Loran-A stations are located so
that signal paths are as much as possible across water in the direction of greatest
importance, and it is desirable that the baseline also be across water. The retarding
effect varies geatly with the type of land, and is somewhat less when the land is not
adjacent to the transmitter. The paths of skywaves are so high that signal strengths
are not noticeably affected by land unless it is within about 20 or .30 milesof the trans-
mitter or receiver.

ONE-HOPHE

GROUN6-
- .. WAVE IiTWO.HOP-E I i

ONE.HOP-F TWO-HOF

FIGU R2a.-A typical train of Loran-A signals from a single transmitted pulbe.
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rates is 100 i s. The specific rates in use. are-identified by number, starting with 0 for
the basic rate and iIncreasinz to.7 (eight rates) eachhigher number increawing slightly
the rate at which siga iare tii itid anfde-& sig by 100 ps the interval between-- / ~signals. =_

Thus, a total of 24 ratesis available Cif-the special basis rate is used) fe each of the
4 frequencieS. The saiefrate-mr-Wb usedin areas so widely separated that interference
is not likely to occur. Each rate-is identified-by three chareters. The first is a number
identifying the frequenc-chainel,o the second a letter identifying the basic pulse
repetition rate, and the third a numobr identifying-the specific pulse repetition late.
Tius, the desination IL7 indicates frequenV channel-I -low basic pulse repetition
rate. and ;pecific pulse repetition rate 7. Stated differently, pulses are transmitted at
intervals of 39,3C0 s, on a frequency of=1950 kHz. The termnrate, implying the number of
pulses per unit time, is now-used4forthe full three-character designation, and even for
the station pair. their signals. and the resulting h-perbojic lines of position and the tables
and curves by which they are represented.

R3. The Loran-A receiver-indicator.--Thereceiver used for Loran-A signals is similar
to that used in ordinary radio communication. except that it has no speaker. Signals
are sent to an indicator consisting of a cathode ray tube (art. 4019) and the necessary
timing circuits and controls. The major portion of the space needed for the equipment
is occupied by the indicator.

On the face of the scope av:isible line isproduced by the spot of light formed at
the point of impact of the moving beam of-eleptrons. This line is divided into two

- -. - parts, one above the otherThe upper part is-called the A trae, and the lower part
the B trace. When the controls are set for 'en rate, the length of the combined
trace, in microseconds, is adjusted to the interval between beginning of pulse. Thus,
if a reading is desired on rate 2H5, separate switches are set on 2, H, and 5 to control
thr frequencv, basic pulse repetition rate, and specific pulse repetition rate. respectively. I
'I lie combined length of the two traVS is then 29,500 gs.

Mien the controls are thus set for a given rate, the sigials of that rate appear as
vertical deflections which remain stationary-because a signal is received at the samu _ ---

part of each trace. Signals of the same basic pulse repetition rate, but of a different
specific pulse repetition rate. appear to drift along the trace. Those of a lower rate
drift to the right and those of a higher rate drift to the left. The greater the difference

between the given rate and that of the signal, the faster the rate of drift.
The drift is due to the difference between the length of the combined trace and

the time interval between the start of consecutive signals. Suppose the indicator is
set for rate 2113. Te length of the combined A and B traces is 29,700 pc. A rate 2H2
signal is received at intervals of 29,800 gs. The spot of light forming the traces completes
a cycle in :9.700 ps and moves an additional 100 ps before the next 2112 signal is
received. Each succeeding 2H2 signal appears 100 pc to the right (motion is left-to- 1'
right) of the previous one, and after 297 signals have been received (9 seconds), will
have moved the entire length of both traces and returned to its original position.
Sianals of rate 2H5 will move to the left at twvice the speed, completing the circuit in
4U seconds. On some scopes a faint line called a retrace (fig. R4a) can be seen con-
netting the ends of the two tracs. This indicates the path of the spot of light in moving

from the end of one trace to the beginning of the next, during a period of about 70 tts.
These two periods of 70 ;s are part. of the total length of the combined trace. [

Signals of the same frequency but another basic pulse repetition rate can be seen,
but. they appear as flickering signals called ghosts, which may drift faster than other
signals. Each succeeding s-ignal appears at a point 10,000 ;Ls from the preceding one.
Thus, every third or fourth signal may appear at about the same place, but the rate at

'a-
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FiocRE R3.-A signal of the correct basc puke repetition rate, and a ghost.

FxG-cxE RUa.-The Loran-A scope. r
any given place is so slow (approximately sm or eight per second) that the deflection
does not appear continuous. Since the spot of light is not deflected in most of its pas-
sages, the line appears continuous with the deflection superimposed on it. The appear- -A
ance of a signal of the correct. rate and a ghst is shown in figure R3. - -

Strong signals from a frequency channel dtiferent from that to which the receiver is
tuned mar be received. This is called spfloverA1z can be detected hr tuning to a df
ferent frequencv. The frequency at which the signal appears strongest is the correct ore--

R4. A Loran-A reading.-Details of Loran-A receiver-indicators differ, but the -

principlei of all are the same. Near the start of each trace of a typical indicator, a portion
of the visible line is raised to form a pedest4 as shown in figure R4. The pedestal of
the A trace is fixed, but that of the B trace can be moved to nearlyany loation along -

the line,
When the entire cycle is shown. as in figure R4a, a signal of 40 is drration appears

as a vertical line, as indicated. It can be moved right or left by means of a switch which
temporarily shortens or lengthens the trace by a small amount,_ causing the signal to



APPENDIX R: LORAN-A 1243

FiGuns R4b.-The Loran-A signals properly matched.

drift. After the correct signals have been identified, they are moved, if necessary, until
the signal on the A trace is to the left of that on the B trace, and mounted near the left
edge of the pedestal. The pedestal of the B trace is moved until the other signal is
mounted near its left edge. By a series of successive magnifications, the left portions of
the two pedestals are placed under each other and made to occupy the entire length of
the originol trace. The two traces are then brought to the same horizontal line, and one
signal superimposed over the other, a process called matching. Figure R4b is a photo-
graph of a Loran-A scope with signals properly matched, at greatt&. magnification.• , . When the signals are matched, they occupy the same position with respect to the two

pedestals. The reading is the distance (time separation) between the tw"o pedestals,
indicated by downward deflections of the traces, or by dial. At greatest amplification, -7

the signals appear as in figure R3 or figure R4b.
A Loran-A reading is influenced by three delays introduced in the transmission of

I the slave signal, as follows:
Half pulse repetition rate delay. A delay equal to half the interval between start

of consecutive pulses is introduced so that one signal can be placed on each trace at 2

approximately the same relative position. If this were the only delay, and a receiver _-A
were at some point on the centerline, one signal would be directly under the other.
Without the delay they would appear at the same place on the same trace. This delay
is introduced for convenience in making a reading, and is not included in the reading.

Baseline delay. If the half pulse repetition rate delay were the only one, readings
would increase from zero along the centerline to a maximum along each baseline
extension. Since both master and slave signals look alike, there would be no way of
identifying them if the position of the receiver was sufficiently in doubt that it might
be on either side of 'he centerline. The baseline delay, equal to the length of time
needed for a signal to travel the length of the baseline (6.18 ps times the length of I __

the baseline in nautical miles), causes the readings to increase from zero along the base- 1 4-
line extension beyond the slave to a value of twice the baseline delay along the baseline

- 'extension beyond the master station. Because of this delay, the master signal can never
appear to the right of the slave signal if onn signal is placed on each trace. U _-

Coding delay. With a reading near zero one might find difficulty at small scale
in determining which signal was left and which was right. An additional delay of
500, 950, or 1,000 Ps is provided to increase all readings by this amount. This increases
the distance between the-master signal and the slave signal when one is on eachtrace.

This delay can be changed easiiy at the slave transmitter according to a prearranged
schedule, to provide some measure of security in time of war.

, ' ------. A
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The reading at any- ppo in ivi equal to 618tunsthe differn-cOin distance (innautical

miles) of the receiver-from the tw-ostations (considerd negtive if nearer the slave),
plus the baseline delay; plus-tAe codig delay

R5. Identification -and useof varous-waves. rraveiies of groundwaves and i
various skywaves differ, isulting-in-receptioi of a wae t ri (fig. R2a) from a single j
transmitted signal. Since different readims are obtaifnd with ifferent combinations of V
signals, identification i.:important.

If a single wave is received, it is almost surely- -groufidave. If a groundwave
is received as part of a train of -waves,it is the first or kft7h-and ave of the group. The
position of the receiver-relativeto the trapismitterissome-g-ide Within a few hundred I
miles of the station, the first signal is nearly alvays a groundwave, unless there is in-
tervening land. Near the extreme limit of the coverage area, groundwaves are not
received. Between these limits is a critical range in which the first signal may be either
a groundwave or .kywave. This critical range varies with time of day, location, a 2 ? -

conditions, as discussed in article R2. In general, it can be considered to be betweei . V
-, about 600 and 900 miles by day, and between about 500. and 700 miles by night:

Tb- 'pearance of the waves can be helpful .n their identification. A groundwave
is characteristically steady in shape and amplitude. Skywaves may at times appear
as steady as groundwaves, but such steadiness seldom lasts for more than a few minutes.
Because of constant changes in the intensity (reflecting power) and height of the
ionosphere (arts. 4007, 4008), and changing phase relationships, skywaves are subject

* to two characteristic fluctuations.
Changes in intensity, and changing phase relationships, cause changes in the

strength of the reflected signal arriving at the receiver. This is called fading. It may
be a relatively small change in the amplitude of the signal, or it may be so severe that
the signal disappears altogether for a short time. The complete cycle of fading from Q4

full strength to minimum and back to full strength may be completed in a period of
less than a minute, or it may extend over several minutes. - -

Changes in height of the ionosphere cause the signal to move right or left along

the trace. This motion is not apparent by itself, and equal changes in those parts of *

the ionosphere reflecting signals from the two transmitters has little effect on the o

reading. However, a change in intensity may result in shifting the reflecting surface
to a higher level. When there Pre two or more such surfaces a short distance apart,
splitting of the signal occurs, resulting in more than one crest of the same signal, close

together. As the various reflecting surfaces change in intensity and height, the different I
crests move up and down relative to each other, and change their spacing.

It is good practice to watch the signals for several minutes before making a reading, -

to be sure of their identification and also to be sure that the leading edge of each is I

visible, for it is ,this edge, however weak, that should be matched. In a Loran-A area I
the best practice is to make readings at e.egular intervals, at least once each hour.

The changing appearance w4th time of day (fig. R2b) should be helpful in identifying -
signals. Also, ai inconsistency of one Loran-A fix relative to such a series is in indication

of possible error of identification. I
In general, skywaves are steadier at greater distances from the transmitter, because -

reflection takes place over a larger area and local variations have less effect, and also I
1 ,ecause changes in height have less effect upon the length of the path. 'Therefore, the

changes are less extreme. One-hop-E waves are usually steadier than multihop-E waves,
or those reflected from the F layer (fig. R2a). Changes in these signals are ,so great
that intolerably large errors in readings may be introduced. For this reason and the ,

A'. o

=2" i

.-=----------------.

- ___ - --- ;-=---



APENDIX : LORAN-A 1245

uncertainty in identification of these waves, it is generally considered advisable to
limit readings to groundwaves and one-hop-E waves.

If a vessel is rolling heavily all signals of a train may fade somewhat in synchronism
with the roll. A weak groundwave signal may flicker due to random noise signals
which appear as continually-fluctuating grass on the trace. This nmomentary change
is not easily confused with the slower fading.

For most rates, groundwaves should always be matched if available. If ground-
waves are available from one station, but not from the other, the one-hop-E skywaves
of both stations should be matched. In general, multiliop-E waves and F waves should
not be used. In some instances, where the baseline is long, a correction table is provided
for matching a groundwave from one station with'a skywave from the other.

R6. Accuracy.-The accuracy of a Loran-A fix depends upon the accuracy of the
individual lines of position, and the angle at which the lies intersect. The accuracy of
individual lines of position depends upon the following factors:

Sync/ronization of signals. Transmission of Loran-A signals is continuously moni-
torud. Normally, the timing is correct to a fraction of 1 microsecond, but if the signals
get out of synchronization by as much as 2 nmicroseconds (5 microseconds for rate IIA),
either the master or slave signals, or both are made to blink to warn the user of the
situation, so that readings on this rate can be avoided until the synchronization is
restored, usually in a matter of minutes. Blinking is the shifting of signals right and
left about 1,000 microseconds, at intervals of 2 seconds.

Position relatwe to transmitting stations. Accuracy is related to the spacing between
consecutive lines of position separated by a constant difference of reading, as every
microsecond. Lines are most closely spaced, giving highest accuracy, along the base-
line between the stations, where an error of 1 microsccond in the reading produces an
error of 0.081 mile, or 492 feet. From this the lines of position diverge. -Near the base- J _
line extensions, an error of 1 microsecond in the read*ing produces an error of several
miles in position Any groundwave reading within 25 As of the baseline extensions, or
any skywave reading within 200 j s of those along these lines, should be considered
of doubtful value.

Uncertainty in travel time of signal. The time needed for a signal to travel from
the transmitter to the receiver depends upon the speed and distance. The speed is so
nearly constant that the slight variations involved do not introduce a significant error;
The distance between two points, however, depends upon the path followed by the
wave. Groundwaves follow the curvature of the earth with little variation, so that
any error introduced by variations in the path is negligible. This is not true, however,
of skywaves. Continual changes in the height and intensity of the ionosphere, as well
as tilting of it from the horizontal, produce changes in the length of the path of the i
radio signal. The increased length of the skywave path over the groundwave path ---i -

decreases with greater distance from the transmitter. Along the centerline, where the
distance from the two transmitters is the same, the time difference is the same for sky-
waves as for groundwaves. At other places, signals from one station are delayed more
than those from the other. A skywave correction is provided in the Loran-A tables
and on the Loran A charts to convert a skywave readingto the equivalent groundwave
reading. At distances of 800 miles or more, carefully made skywave readings have an
average error of about 2 microseconds. The error increases as the stations are ap-
proached, reaching an average value of about 7 microseconds at a distance of 250
miles from one of the transmitters. This increased error is partly offset by closer spacing
of the lines of position. However, since individual errors can be more than twice the
average, the use of skywaves is not generally recommended within 250 miles of either
station, and corrections for thr'se areas are not usually tabulated.

A .



1246 APPENDIX R: RAN-A

Skill in making a reading. The principalsource of error in making a Teading is in
identifying the signals. Patience and judgment are needed -o avoid an error due to
use of the wrong wave or failure to detect the true leading edge. With a reasonable
signal-to-noise ratio, a careful operator should be able to match'signals and read the

RL indicator with an error not to exceed 1 microsecond. With patience, even very weak
signals can be matched with an error of not more than a few microseconds.

Alignment !f the indicator. Instructions for checking the "alignment" (adjustnlient)
of the indicator are included in the instruction manual provided with each Loran-A
receiver-indicator.If the alignment is incorrect, errors may be introduced in the readings.

Incorrect location of transmitters. Computations are made for carefully determined
=positions of transmitters. However, %vhere isolated stations require independent position

determinations, the relative positions of the two stations may not be correct, however
carefully determined, because of deflection of the vertical (app. X). When errors are
established through usage, correction chartlets are provided in the Loran-A tables
and on Loran-A charts. If the position of one station is found to be in error, the correc-
tions are applicable in radial sectors around that station. If the positions of both sta-
tions are incorrect, the pattern is more involved.

Errors in Loran-A tables and charts. Errors due to imperfections in tables and charts
are negligible.

K . , Plotting errors. Plotting of Loran-A lines of position requires the same care as
plotting of other navigational information if accurate results ar6 to be obtained. For
maximum accuracy, a large scale should be used

R7. Loran-A lines of position.-Computation of the coordinates of points along
various Loran-A lines of position is performed by digital computer, allowance being
made for the spheroidal shape of the earth.

The Loran-A tables for each rate consist of a small-scale chartlet showing the pat-
R-a tern of the Loran-A lines of position, and any corrections due to incorrect locations of the

stations, a skywave correction table for one-hop-E waves, and the principal table
giving coordinates of points on the lines of position. This table is entered with the
Loran-A reading in microseconds, and the latitude or longitude. For a line running in a

-9 generally north-south direction, the table is entered with the latitude, and the cone-
sponding longitude is taken from the table. For an east-west line, the table is entered
with longitude, and latitude is taken ftom the table. Two such points are thus deter-
mined and plotted, usually one on each side of the dead reckoning position. The
straight line connecting them is an approximation of a small part of the line of position.
Latitude and longitude are given at intervals of whole degrees, half degrees, or quarter
degrees, depending upon the degree of curvature of the line. A separate column is given
for each tabulated reading, at suitable intervals. An auxiliary tabulation labeled A
(delta) gives the change in longitude or latitude (to 001) for a 1-microsecond change
in the reading. The main table should be entered with the nearest reading. If interpola-
tion is toward a smaller reading, the printed sign of A should be reversed. Extracts from
a Loran-A table are given in figures R7a, R7b, and R7c.

Tabulated readings are for groundwaves. Skywave readihgs are corrected to the
equivalent groundwave readings before entering the tables. A groundwave reading is

.1- . designated To, and a skywave reading TB. If a groundwavc is matched with a skywave,
the reading is labeled T0 s if the groundwave is from the master station, and Tso if from
the slave station. A line of position may appropriately be labeled with the time above
the line and the identification below the line. It is good practice to give full identification,
as 2H3 To 2154 or ILO Ts 1893 (T, 1891).
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Example 1I.-The 1900) DR position of a ship is lat. 42*48!3N, long. 6228!'3W.
About this time Loran-A readings are obtained, as follows:

1859 3114 T, 6258I 1900 1112 To 2229

R equired.-The 1900 f ix. a e c r e t o ta l f 3H wi h he d d r ck n gSolution.-Enter the skyve orcintbeo-3, ihteda eknn
position, and find the correction, (+ )37, by double interpolation. The equivalent
groundwave reading is 6258+ 37 =6295. -Enter the 6300 column of the 3114 table, withI
the following resuilts:

Long. Tab. latL A -Corr. Lat.
620W 43002'ON (±)56 (-)2!8 420 59!2Nj\

Next, enter the 2220 column of the 1112 table, with the following results:
Lat. Tab, long. a Corr. Long.

42030'N 62P13!9W (-)18 (-)116 620122W

43000'N 62033!9W (-)16 (-)1!4 62032!5W

Plot the two-points of each line of position, and draw and label the lines. The

Anewn1900fix: L 420S1V0N, X~ 6226.2W.
Iti odpractice to watch the scope for a few minutes before making a reading

to e sre f- orrctidentification of signals. if this is done for all rates before a reading
is mdeandskywave readings are made first, the intervals between readings can be

keptto aminiumand a skillful operator can often obtain two or three readings,
ove suh shrtperiod of time that the run between them can be ignored. However,

whr eesay oa lines of position should be advanced or retired in the samne

63 W 62W
I 430

0'0

000

FIGURE R7d.-A Loran-A fix by table and plotting sheet.
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manner as other lines of position. If all readings are made within an interval of a few
minutes, as customary, the position is considered a fix, rather than a running fix, follow-
ing the practice of celestial navigation (art.. 1707) rather than that of piloting.

On Loran-A charts, the plotted lines-aie for groundwave readings. The small num-
-- bers near the intersections of printed meridians and parallels are one-hop-E skywave

corrections at the intersections.
Eye interpolation can be used to locate lines between those printed. Graphs to

facilitate such interpolation have been devised. When the correct position has been
ocated, a shoi t line is drawn parallel to the printed lines. The common intersection of

the various lines of position, advanced or retired as necessary, is the fix.

|-- . r:
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CHARTS AND PUBLICATIONS OF OTHER AGENCIES
(Not for sale by the Defense Mapping Agency Hydrographic Center)

The following items are publications and charts about-which the Defense Mapping
Agency Hydrographic Center frequently receives inquiries. Application should be made
to the authorities named.

Charts

United States waters and possessions.-Published by National Ocean Survey.
Charts and related publications may be ordered from Distribution Division, C44,
-:ational Ocean Survey, Riverdale, Maryland 20840 (Counter Sales: 6501 Lafayette
Avenue, Riverdale, .Maryland-Lobby, Building 1, 6001 Executive Boulevard, Rock-
ville, Maryland-439 West York Street, Norfolk, Virginia) or from authorized sales
agents.

Orders mailed to Riverdale, Maryland should be accompanied by a check or
money order payable to NOS, Department of Commerce. Remittance from outside of a
the United States should be made either by an International Money Order or by a
check payable on a United States Bank. n

Canadian coastal and Great Lakes tvaters.-Charts may be ordered from Hydro- a
graphic Chart Distribution Office. Department of the Environment, 1675 Russel
Road, P.O. Box 8080, Ottawa, Ontario, KIG 3H6, Canada. Pacific Coast and Western
Arctic charts may be ordered from Canadian Hydrographic Service, Department of .-
the Environment, 512 Federal Building, Victoria, British Columbia. Payment in theform of a money order or bankable remittance payable in Canadian funds to the i - °:

Receiver General of Canada must accompany an order. C.O.D. orders and postage e

stamps are not accepted.
Lower Mississippi Rier.-Charts and maps of the Mississippi River from the

Gulf of _Mexico to the Ohio River (also St. Francis, White, Big Sunflower, and other
rivers) may be ordered from U. S. Army Corps of Engineers, Vicksburg District,
P.O. Box 60, Vicksburg, Mississippi 39180.

Middle and Upper Mississippi River and Illinois WVaterway to Lake Michian.-
Charts may be ordered from U. S. Army Corps of Engineers, Chicago District, 219
South Dearborn Street, Chicago, Illinois, 60604. [- _-_

Missouri River.-Charts may be ordered from U. S. Army Corps of Engineers,
Nebraska 68102.

Ohio River.--Charts may be ordered from U. S. Army Corps of Engineers, Ohio
River Division, P.O. Box 1159, Cincinnati, Ohio 45201.

Tennessee River and tribuaries.-Charts may be ordered from Tennessee Valley
Authority, Map Sales, 400 Commerce Avenue (WP A3), Knoxville, Tennessee 37902.

Black Warrior River, Alabama River, Tombigbee River, Apalachicola River, Chatta-
hooche River, Flint River, and Pearl River.-Charts may be ordered from U.S. Army
Corps of Engineers, Mobile District, P.O. Box 2288, Mobile Alabama 36628 (Attention
SAMEN-DI).

Gulf Intracoastal Waterway.-A booklet made from National Ocean Survey nautical
charts and showing depths of water, channels, navigation markers, and types of bottom

1252
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from New Orleans, Louisiana to St. Marks, Florida may be ordered from U.S. Army
Engineer District, Mobile, P.O. Box 2288, Mobile, Alabama 36628 (Attention: SAMEN-
DI).ANautical charts~ for the Gulf Intracoastal Waterway from Brownsville, 're-as to
New Orleans, Louisiana, and from St. 'Marks Florida to the Florida Keys may be

__ . 20840.
National Ocean Survey Publications

TideTabesTidl Crren Tales an UntedStates Coast Pilots are sold by the

to..iostriGuardnDMarinen nsection OffSrey ive rde, oMrand 20WL0

Nainoicea Suroy fadis maygetaierefo.h omadro h o

National WeatervaSeriy Publications

Servc Colmandc adthea Alainal, athAerSice ofphei adtional cAimandc

andfo sl byh Superintendent of Documents, Government Printing Office Washington,
D.C. 20402.

U..CatGadPbiainIih itUie ttscat n mesintr o aeb os ur
Sae gnsadb h ueitnetofDcmns oenetPitn fie

Washngto, DC. 2402

Xaiato Rues -.-raio- Inad CG 9 Rue fteRod etr
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APPENDIX T

HAND-HELD DIGITAL CALCULATORS
TI. Introduction.-Many hand-held digital calculator- are available for solving

calculations in the practice of navigation. Any advautage obtained over manual or
tabular methods through use of any one of these calculators is largely dependent upon I
the sophistication of ti.. calculator, the user's familiarity with it, and the navigational
problem involved. However, even the simplest calculator can be used to save time
and increase reliability and accuracy in some common calculations. Since the sophisti-
cation of calculators is so diverse, they will be discussed in three general categories
described here as basic, intermediate, and advanced or programmable calculators. i

Basic Calculators L

T2. Basic calculators can be used to add, subtract, multiply, and divide. Some 1-
calculators in this category can be used for obtaining square roots, reciprocals, and the
logarithms of numbers, but they cannot b used for obtaining trigonometric functions
or the inverse trigonometric functions. The basic calculators lack the addressable

§ o o storage features of the more advanced calculators which can be used to facilitate -
arithmetic operations.

The navigational applications of the basic calculators include: (1) linear inter-
polation, (2) solution of basic formulas requiring only routine arithmetic operations,
(3) use uith tables of trigonometric functions for solutions of basic formulas involving
trigonometric functions, and (4) other routine arithmetic operations.

T3. Linear interpolaionw-The use of the basic calculator for linear interpolation
is simple, accurate, reliable, and time saving. The calculator can be used to expedite
the linear interpolations normally associated with the use of sight reduction tables.
Note that the interpolation table of Pub. No. 229 does not always provide interpolations-
to the nearest tenth of a minute.

T4. Basic calculator with square root capability.-The basic calculators that provide - -

the square roots of numbers can be used for the solution of several common navigation
problems.

Distance to the visible horizon (art. 724, vol. II) in nautical miles can be calculated I
~~~using the formula: ---

or

depending upon whether the height of eye of the observer above sea level is in feet
(hf) or in meters (A,,).

Dip of the visible horizon (art. 725, vol. II) in minutes of arc can be calculated using
~the formula: :

or
~~~D=0'7- -

depending upon whether the height of eye of the observer above sea level is infeet
(hf) or in meters (A). )

12.54

. --. [

- - - - .---- -.. - o
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Disance to the radar horizon (art. 1207, vol. II)2 in nautical miles can be calculated
using the formula:

orIor d-2.211,

depending upon whether the height of the antenna above sea level is in feet (hf) or . _
in meters (h.).

T5. Dip of the sea short of the horizon.-The basic calculator can be used instead
of table 22 for the solution of the dip of the sea short of the horizon (art. 726. vol. I)
by means of the fcrmula:

D,=0.4156d+0.56758 .i

or

D2=0.4156d+0.1725 ~

'n which D, is the dip of the sea short of the horizon, in minutes of arc; d is the distance
to the waterline of the obstruction, in nautical miles; and.k, and h, are the heights of
eye of the observer above sea level in feet and meters, respectively.

Values of dip of the sea short of the horizon in table 22 are for heights of eye in
feet only.I o T6. Use with tables of trigonometric functions.-The basic calculator can be used
with tables of naturai trigonometric functions (table 31) to avoid the use of logarithmic
functions which might other se be necessary-.

The solutions of the examples given in article 706 of volume II can be effected with
the basic calculator if the natural trigonometric functions are extracted from table 31
or other table of trigonometric functions. The solutions by this method are generally u
more laborious and time consuming than the use of the intermediate calculator (art.
T7) or modem sight reduction tables.

Intermediate Calculators

- - T7. Intermediate calculators provide the trigonometric functions and inverse
trigonometric functions lacking in the basic calculator, but these calculators cannot be
programmed. The intermediate calculators normally contain many of the special
features which enhance the use of the calculator for solving navigational problems.
In addition to the special features which the basic calculator may have, the inter-
mediate calculator may have the capability for conversion of degrees and minutes to
degrees and decimal degree, ant! for rectangular to polar coordinate conversion. These
intermediate calculators usually have additional working storage registers and address- _-

able storage registers for expeditious solution of the more complex arithmetic operations.
The intermediate calculators can be used for the solutions of most, if not all, of

the problems normally encountered in marine navigation. Some of the applications of
these intermediate calculators are discussed under the following categories: (1) sight

• =- - reduction, (2) azimuth and amplitude solutions, and (3) the sailings.

T8. Sight reduction by basic formulas permits the use of the normally nonintegral
values of latitude of the observer, and LHA and dec lnation of the celestial body. The
reductions are effected without need for ihe interpolation normally associated with

i- - -- the use of sight reduction tables of the inspection type. Sohing the formulas by means
of the intermediate calculator, the sights can be readily reduced from the observer's
most probable position or any assumed position of his choice. Simultaneous, or nearly
simultaneous, observations can be reduced using a single assumed position. The use
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of the most probable position for the assumed position instead of that position which
would provide integral values of latitude and LHA to avoid interpolation for these
quantities generally tends to provide a shorter straight line LOP, and thus a better
representation of the circle of equal altitude (art. 1701).

The computed altitude is calculated using the basic .rmula for solution of the
undivided navigational triangle (art. 706, vol. I):

sin h=sin L sin d+cos L cos d cos LHA,

in which h is the altitude to be computed (He), L is the latitude of the assumed position
fer the reduction, d is the declination of the celestial body, and LHA is the local hour
angie of the body. Meridian angle (t) can be substituted for LHlA in the bsic formula.

For use with the intermediate calculator, the basic formula is restated in terms
of the inverse trigonometric function (art. 141, vol. II):

Hc=sin- i(sin L sin d)+(cos L cos d cos LHA)J.

When latitude and declination are of contrary name, declination is treated as a negative I
quantity. No special sign convention is required for the local hour angle as in the
following azimuth angle calculations.

The azimuth angle (Z) can be calculated using the altitude azimuth formula (art.
709, vol. II) if the altitude is known. The formula stated in terms of the inverse tiigono-
metric function is

z- -1 [sin d- (sin L sin He)
(cos L Cos Ho)

If the altitude is unknown or a solution independent of altitude is required, the
azimuth angle can be calculated using the time azimulk formula (art. 707, vl. I)

The formula stated in terms of the inverse trigonometric iunction is
t ~sin A

Z=tu-[ - t _(o-3 L tan d)-(sin L cos LHA)"

The sign conventions used in the calculations of both azimuth formulas are as I
follows: (1) If latitude and declination are of contrary name, declination is treated I
as a negative quantity; (2) If the local hour angle is greater than 1800. it is treated
as a negative quantity.

If the azimuth angle as calculated is negative, it is necessary to add 1800 to obtain
the desired value.

The calculation of altitude and azimuth angle by means of the intermediate cal-
culator requires many individual key strokes. Error-free accomplishment of a large
number of strokes is not easy. Skill can be obtained by practice using values differingby only a few minutes from the integral entering arguments of Pub. No. 229. The

tabulated values in the tables provide a convenient means of checking the solution
by calculator for gross error.IT9. Azimuths.When checking the error of the compass by an azimuth observa-
tion of a celestial body, it is necessary to compute theiazimuth for the time and place
of observation for comparison with the observed azimuth. When tables are used for
the purpose (art. 719, vol. II) tedious triple interpolation is usually required. When
calculators are used, solution can be effected by one of several formulas, including
the time and altitude azimuth formula:

sin Z= ,sin t cos d
-~ sinZ-

U
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This formula is not generally recommended because of ambiguity with respect t6
quadrant as discussed in article 710 of volume IL

When the altitude is known and a solution independent of the altitude is not
desired, solution can be effected by the altitude azimuth formula or by the time azimuth
formula given in article T8.

Example.-In DR lat. 41'25.9S, thc azimuth of the sun is observed as 016?0
pgc. At the time of the observation, the declination of the sun is 22019f6N; the local
hour angle of the sun is 342037.6.

Required.-The gyro error by calculation of

Z=tan' (csL a sin LHlA LlA]
-(cos L tan d)-(sin L cos Mid

using the intermediate calculatur.
Preliminary.-(1) Convert each known quantity to degrees and decimal degree:

Latitude 41 025:9S =417432
Declination 22'19!.6N (-) 22?327
LHA 342037!6 =(-) 342?627

(2) Prepare form on which to record results obtained in the several procedural
steps of the calculations.

Solution.-(1) Procedure varies according to calculator design and the degree to
which the user employs the features of the design enabling more expeditious solutions.

-o (2) In this example, only the initial step of substituting the given quantities in
the formula, in accordance with the sign conventions, is given before the azimuth
angle as obtained by the calculator is stated.

Z~tan' F sin LHA -
L(cos L tan d)-(sin L cos LHA).

=tan 1  sin (-) 342?627 7)]: -1 =tan- (cos 417432Xtan (-)22?327)-(sin 41?432Xcos (-)3427'62 7)-

(3) Since Z as calculated is a negative angle (-17?6), 180' is added to obtain
the desired azimuth angle, 162?4.

Z S162?4E
Zn 017?6 I
Zn pgc 016?0

Amwer.-Gyro Error 176E.

- T10. Amplitudes (art. 720, vol. II) can be easily computed by means of the inter-
mediate calculator. The basic formula is

t A=sin-I (sin d sec L),-_!1, ~ ~which can be stated as sid

A sin- in\: Asi',cos L K
/f

SI_COSV

- -~- ~ MA
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Where A is the arc of the horizon between the prime vertical and the body, L is the a
latitude at the point of observation, and d is the doclination of the celestial body,

-= usually the sun. _

Example.-The DR latitude of a ship.is 51'24!6N, at a time when the declination I
of the sun is 19*40.4N.

Required.-The amplitude (A), when the center of the setting sun is on the celestial= /sin d\
horizon, by calculation of A=sin-I 2,c- using the interniediate calculator.

Preliminary.-(1) Convert each known quantity to degrees and decimal degree.

Latitude 51°24.6N-=51?410
Declination 19°4O.4N= 19?673 .

(2) Prepare form on which to record results obtained in the several procedural
steps of the calculations.

R'ules.-(1) All terms are treated as positive quantities, whether or not latitude I
and declination are of contrary name.

(2) The auplitude is given the prefix E if the body is rising and W if it is setting;
it is given the suffix N when the declination is north and the suffix S when the decli-
nation is south.

Solution.-(1) Procedure varies according to calculator design and the degree to
which the user employs the features of the design enabling more expeditious solutions. 7

(2) In this example, only the initial step of substituting the given quantities in - -

the formula, in accordance with the rules, is given before the amplitude as obtained
by the calculator is stated. ".

/~sin d

=sin- , (sin 19?673--cos 51?410)

A=32?7
Answer.-A W3277N. I
Interconversion of amplitude and azimuth is similar to that of azimuth angle -

and azimuth. Thus, if the amplitude is E15*S, the body is 15' south of east or
90 0 +15 0 =Zn 1050.1

T1. Great-circle solutions for distance and initial course angle can be calculated
from the formulas:

D=cos-' [(sin L, sin L2)+(cos L, cos L2 cos DLo)j

n [( sin DLo 1C=tan-I o .
(cos L, tan L2) -(sin L , cos DLoj

where D is the great-circle distance, C is the initial great-circle course angle, L, is the
latitude of the point of departure, L2 is the latitude of the destination, and DLo is -

the difference of longitude of the points of departure and destination. If the name of
the latitude of the destination is contrary to that of the point of departure, it is treated
as a negative quantity. -

Example .- A ship is proceeding from Manila to Los Angeles. The captain desires I
V. - -. to use great-circle sailing from lat. 12'45!2N, long. 124 020'1E, off the entrance to

San Bernardino Strait, to lat. 33 0 48.8N, long. 120O07 lW, 5 miles south of Santa
Rosa Island.
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Required.-(1) The great-circle distance and
(2) initial great-circle course.

Preliminary.-(1) Convert each known quantity to degrees and decimal degree:

Li 12'45.2N=127753N

L2 33 048.8N=337813N

DLo 115 032 8E=115?547E

(2) Prepare form on which to record results obtained in the several procedural
steps of tihe calculations.

Rule.-When the latitudes of departure and destination are of contrary name, the
latitude of the destination is treated as a negative quantity.

Solution.-(1) Procedure varies according to calculator design and the degree to
which the user employs the features of the design enabling more expeditious solutions.

4 (2) In this example, only the initial step of substituting the given quantities in
the formula, in accordance with the sign convention or rule, is given before the distance
and course angle as obtained by the calculator are stated.

D=cos-I [(sin L, sin 12)+(cos L, cos L2 cos DLo)]

=cos-' [(sin 127753Xsin 33?813)+(cos 12?753Xcos 33?813Xcos 115?547)]

.,D=1037099

-(cos L, tan L)-(sin L, cos DLo)]

r Lcssin 115547
=tan' [(cos 12753Xtan 33?813)-(sin 12753Xcos 115?547).

C=507322 -i-

Anwers.-(1) D 6,186 nautical miles.
(2) C N50?3E, Cn 050?3.

The Vertex

The latitude of the vertex, L, is always numerically equal to or greater than L,
or L2. If initial course angle, C, is less than 90', the nearer vertex is toward L; but if C
is greater than 90', the nearer vertex is in the opposite direction. The vertex nearer L,
has the same name as L,.

The latitude of the vertex can be calculated from the formula:

L,=eos - (cos L, sin C).

The difference of longitude of the vertex and the point of departure (D)LoQ can be[
calculated from the formula:

DLo,=sin- t ~osO\
sin L,)

The distance from the point of departure to.tho vertex (D,) can be calculated from
the formula:

D,=sin-' (cos L, sin DLo,).

/1 %

-; f-
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Example 2.-The situation is the same as in example 1.
Required.-(1) The latitude of the vertex.

(2) The longitude of the vertex.
(3) The distance from the point of departure to the vertex.

Solution.-(1) Procedure varies according to calculator design and the degree to
which the user employs the design features enabling more expeditious solutions.

(2) In this example, only the initial steps of substituting the given quantities in
the formulas are given before the latitude of the vertex, difference of longitude of the
vertex, and the distance from the point of departure to the vertex are stated.

L,=cos -1 [cos L, sin C]
=cos- ' [cos 12?753Xsin 50?322]

Answers.-(1) L,=4121' 1N.

D-o si cos 
,sin L,

=sin- ' [cos 50?322-sin 41?353]

DLoV=75°05'.8.

(2) X,=160°34:1W.

D=sin-' [cos L, sin DLo,]
_- ft-
=sin- ' [cos 12?753Xsin 75?0971

D,=707480.

(3) 4,229 nautical miles. '

Points on the Great-Circle Track

DLo, and D, of the nearer vertex are never greater than 90. However, when L,
and L2 are of contrary name, the other vertex, 1800 away, may be the better one to
use in the solution for points on the great-circle track if it is nearer the mid point of the
track.

The latitudes of points on the great-circle track can be determined for equal
DLo intervals each side cf the vertex (DLo,,) using the formula:

L2 =tan-1 (cos DLo,. tan L,).

Example 8.-Same situation as example 1.
Required.-Points on the great-circle track for equal DLo intervals each side of

the vertex (DLo,,).
Preliminary.-Select DLo interval appropriate for latitude and speed of advance,

120.
- Solution.-(1) Procedure varies according to calculator design and the degree to

which the user employs the design features enabling more expeditious solutions.
(2) In this example, only the initial steps of substituting the given quantities

in the formulas are given before the latitudes of points on the great-circle track are
stated.

L =tan- [cos DLo , tan Lj

=tan-, [cos 12°Xtan 41353]

L!=40?726.



APPENDIX T: HAND-HEDD DIGITAL CALCULATORS 1261

Answer8.-(1) L,=40043!6.

X..=172*34! 1W(12*W of X,).

X2,=148*34V1W(12 0E of X,).

L.,-tan-' [cos 240Xtan 41?353]

L,=38?802

(2) L.,=38048f 1.

t X.,=175 0256E(240W of X,.).

X.,=l36034'1W(240 E of x,).

Other points are similarly found.

Alternative Solution for Points on Track

The method of selecting the longitude (or DMo,.)~ anid determining the latitude
at which the great-circle crosses the selected meridian provides shorter legs in higher
latitudes and longer legs in lower latitudes. Points at desired distances or desired
equal intervals of distance on the great-circle from the vertex can be calculated using
the formulas:-

L,=sin1 [sin L, cos D.]
FsinD1

DLo, -sin-' cs ~

Example 4.-Same situation as example 1.
Required .- Points on the great-circle track at equal intervals of distance from the

vertex.
Preliminary.-S elect distance intervals appropriate for speed of advance, 300

nautical miles (50).
-- Solution .--(1) Procedure varies according to calculator design and the degree

t which the user employs the design features enabling more expeditious solutions.
(2) In this example, only the initial steps of substituting the given quantities

in the formulas are given before the latitude and the difference of longitude of the
point at the desired distance from the vertex are stated.

=sin-' [sin 41?353Xcos 501

L,,=41?161

L,=41-09!7N.

=sin-' [sin 5*-4!-cos 41?353J

DLo,,=6 0 !0.

11
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Answer.-(l) L,41009! 7N.

X,153 054f MW

L.,=sin [sin L, cos D,.,]

=sin-, [sin 41?353Xcos 1001

L,=40?591

L,=40 035!%N.

DLo -sin-' FsinDA..]

=sin-, [sin IV0-cos 41?353J I
DLO,=13?3751'bLo,.,=13-22f5.

(2) L;=403555N.

Xr,==147*11 f6W(300 miles W of X)

X= 173*56!6W(300 miles E of X)

Other points are similarly found.
T12. Plane sailings.-A calculator having the rectangular to polar coordinate Z

conversion frature affords expeditious solutions of plane sailings. However, theI
__ user must keep in mind whether the differene of latitude corresponds to the vralculator's X-

coordinate or to its Y-coordinate.

Example 1. -A vessel stearns 188 miles on course 0050.I- Required.-(1) Difference of latitude, (2) departure.
Solution.-(1) This problem involves converting polar coordinates (1 88 miles, 0050)

to rectangular coordinates.
(2) Procedure varies according to calculator design.

X-coordinate 187.285
Y-coordinate 16.385

Anewer.-(1) 1 187 f3 N.

(2) p 16.4 mi. E.

Advanced Calculators

T13. Advanced or programmable calculators have the potential for significantly
reducing the quantity and complexity of the navigator's computational workload.
Properly programmed calculators now available have the capability for "memorizing"

-7 and executing specific keystroke sequences required in the solution of a problem. ThisI
feature eliminates the requirement for calculating each step of a formula when using theI-
basic or intermediate calculator. The need for format conversion (i.e., degrees and
minutes to degrees and decimal degree) and calculating the formula in a specific order ~-
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is no longer necessary. Thus, computation time is greatly reduced along with chances
for human error.

Sight reduction speed is further enhanced when the "memory" of the calculator is
stored with almanac data.

Other" advantages to be derived from an advanced calculator include:
1. Relatively error-free reductions of a large number of celestial observations to

improve position information.
2. Enables navigators to concentrate more on analysis and evaluation by freeing

them from time-consuming and error prone repetitious tasks.

- -
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APPENDIX U

UNDERWATER LOG CALIBRATION GUIDELINES
U1. Introduction.-During the calibration of the underwater log on the measured

mile course, the applicable requirements and procedures specified for the ship's stand-
ardization trial should be followed as closely as possible. The calibration should not
be conducted when the effects of wind and sea can materially affect the accuracy of the
resilts. Preferably, the measured mile should be run in a calm sea. The following
guidelines do not include the computational procedures and equipment adjustments I -

which may be found in the manufacturer's manual for the log being calibrated. -

Guidelines

U2. Limiting sea and wind conditions.-The recommended maximum sea and
wind conditions are sea state 3 and wind force 5 on the Beaufort scale (app. V). No more
than 3 of rudder movement should be required to steer a steady course while on the
measured mile. Excessive use of the rudder will reduce the accuracy of the calibration.

U3. Minimum depths.--The runs should be made on measured miles where the
water is of such depth that shallow-water effects will not be experienced. A reasonable
estimate of the required minimum depth in feet in the approach, measured mile, and
turn around iarea is thred times the square root of the product of the ship's beam and
draft in feet, or 0.3 times the square of the ship's speed in knots, whichever is greater.

U4. Tidal current.-Each series of runs of the measured mile at the same speed I
must be made while the tidal current is running in the same direction. The method of 2 A
averaging which compensates for water current will produce correct ship's speed only I
if the speed of the tidal current is increasing or decreasing uniformly with time. The z
time interval between runs of a series should be kept reasonably constant. If the first I
run of a series starts, for example, at 0900 and the second at 0920, then the third .
run should start at about 0940.

US. Draft and trim.--Unless the log is to be calibrated for different loadings or F -

different displacements, the runs should be made at normal trim and at approximately
average draft.

U6. Propeller RPM.-During the run of the measured mile at a specific speed,
RPM must be maintained constant within a tolerance of plus or minus two RPM's. If this -
tolerance is exceeded during any run, the data for the run should be discarded; the q
run should be repeated. To insure that the ship has reached its terminal speed for the
RPM during a run, the ship must be steady on course at the required RPM when at

- -- - least 1 mile from tb range of the first set of markers. The speed at the various RPM's
is obtained in addition to the log calibration data.

1U7. Runs required.-A series of three consecutive runs, alternating in direction,
should be made for each speed for which the log is to be calibrated. If any run must be

-- I -. discarded, additional runs must be made to obtain three consecutive runs alternating 1_
in direction. The effects of current and sea conditions being additive in one direction
and subtractive in the other direction, the data for the second run of a series is used
as a hypothetical fourth run in calculating the average speed through the water. The

-- ,-. mathematical derivation is referred to as a mean of means. The correct mean value for
speed and the RPM is the sum of the data for the first and third runs plus two times the

1264
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data for the second run, and this sum total divided by four. This can be stated in the
following formula:

vl+2v2+v1
V,=

4

After a run has been completed in one direction, the ship should be taken well
beyond the measured mile course and turned without excessive use of rudder so that
the same track will be repeated on the following run. The limit on the rudder angle is
to limit the loss of speed during the turn. The ship should be taken well away from the
measured mile course to insure sufficient time to reach terminal speed for the RPM
prior to passing the range of the first set of markers on the following run. The ship
should be steady on course at the required RPM when at least 1 mile from the first
set of markers.

In calibrating an electromagnetic log, each series of runs must be made at a speed
as specified in the manufacturer's instruction manual. Thus, the number of runs and
speeds during each series of runs are governed by equipment design. As specified in the
manufacturer's instruction manual, a series of runs may have to be discarded if the
speeds ascertained are not within certain limits.

Advance Preparations

U8. Advance preparations.-Complete calibration of the underwater log may
require a full working day in an area distant from the area of the ship's normal opera-
tions. Advance preparations should include equipment tests in accordance with ihe
manufacturer's instruction manual, and practice runs on a simulated measured mile to

i insure that the log is functioning properly (except for calibration) and that personnel
are familiar with the procedures to be followed.

U9. Verification.-Since the markers for measured-mile courses are not U. S.
Coast Guard maintained aids to navigation, advance preparation should include
verification that the markers are in place.

I .: Duties of Observers

U10. Duties of observers.-Two observers on the navigation bridge must make
independent observations of the time required to run the measured mile. One bridge
observer acts as coordinater; the other insures that the course is held steady during
the run and that excessive rudder is not used. Approximately 3 minutes before the
first set of markers are "in range" (or "in transit") the coordinator calls out "Get
ready." A few seco,,as before the first set. of markers are in range, the coordinator calls
out "Stand by." At the instant the first set of markers are in range by his observation,
the coordinator calls out "Mark" and simultaneously starts his stopwatch. The other
bridge observer starts his stopwatch r.t the instant of his independent observation that -
the first set of markers are in range.

The engine room observer records the shaft RPM at the coordinator's "Mark" and
= at each 15-second interval thereafter during the run. The engine room observer insures

that the tolerance of + or - two RPM's is not exceeded during the ran.
The log observer determines the time required for the distance counter to increase k

1 mile. He does not necessarily record the mileage on the counter and start his stop-
watch at the instant of the coordinator's "Mark." Because of the difficulty of reading
intermediate values on the counter, the normal procedure is to delay the log distance
timing until such time after the coordinator's "Mark" that the bottom of the hun-
dredths digit just appears in the window of the counter.
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An assistant log observer may be employed for independent- timing of the distance
counter and for recording of data.

The coordinator must insure that speed and course are held steady until such time =

that the log counter has registered an increase of 1 mile. An initial high negative error
in the log may extend the run several seconds beyond the time the second set of markers
are in range. By comparing the time required to run the measured mile-with the time
required for the log counter to increase exactly 1 mile the percentage error of the log
can be determined.

While running the measured mile for calibration of an electromagnetic log, the
instantaneou- :3adings of the speed dial can be ignored.
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~APPENDIX W

~SEA STATE
i--i This appendix provides, by means of representative photographs illustrating the

i • effects of the wind on the sea surface, a pictorial guide to mariners for estimating the
wind speed at sea.

The photographs and associated text are taken from State of Sea Photogrphs for
~the Beaufort Wind Scale, Crown Copyright, Ottawa, 1975. The material;i reprinted with

minor changes through permission of the Atmospheric Environment Service, Depart-
ment of the Environment, Canada.

~State of Sea Photographs for the Beaufort Wind Scale

i: W1. Introduction.-This appendix presents the results of a project carried out on
i- board the Canadian Ocean Weather Ships C.C.G.S. St. Catarns and C.C.G.S.

, i Stonetown. The aim of the project was to collect photographs of the sea surface as it
i • appears under the influence of the various ranges of wind speed defined b" The Beauforti Scale of Wind Force (app. V). Word descriptions of the appearance of the sea for

• i each Beaufort Force have been available for many years, but it was felt that photo- i
° ~graphs illustrating the conditions associated with each force would be of some assistance , -

to ships' officers in estimating wind speed. Sea photographs taken by low-flting aircraft ..
. ~of the United States Navy were published by the 'Meteorological Branch under a ::

while good, do not depict the aspect of the sea as viewed from the bridge of a ship.
The apparent lack of good photographs of this nature prompted this project on the a
Ocean Weather Ships. A selection of the best photographs resulting from the project

:: - are presented.i
W2. Estimating the wind at sea-Observers on board ships at sea usually deter- no

mine the speed of the wind by estimating its Beaufort Force, as merch~ant ships are not _
normally equipped with wind measuring instruments. Through experience. ships' officers
have developed various methods of estinmting this force. The effect of the wind on the - =" _
observer himself, the ship's rigging, flags, etc.. is used as a criterion; but, estimates
based on these indications give the relative Wind which must be corrected for the -
motion of the ship before an estimate of the tre wind speed can be obtained.

The most common method involves the appearance of the sea surface. The state of _-..
the sea disturbance, i.e. the dimensions of the waves, the pres-ence of white caps, foam I -- .
or spray, depends principally on three factors: ° -  :=

1. he wind speed. The higher th~e speed of the wind, the greater is the sea dis- [
:'=' " - turbance. '-) :

2. The duration of the wind. At any point on the sea, the disturbance will ineriae -
the longer the wind blows at a given speed, intil a maximum state of disturbance is - :

' ~reached.
S3. Theflth. This is the length of the stretch of water over which the wind acts on V:::- -;

~the sea surface from the same direction. For a giv en wind speed and duration, the longer
~the fetch, the greater is the sea disturbance. If the fetch is short, sa- a few miles, the

disturbance will be relatively small no matter how great the wind speed is or how long :
: .- -- it has been blowing.

126-
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There are other factors which can modify the appearance of the sea surface caused
by wind alone. These are strong currents, shallow water, swell, precipitation, ice, and
wind shifts. Their affects will be described later.

A wind of a given Beaufort Force will, therefore, produce a characteristic appear-
ance of the sea surface provided that it has been blowing for a sufficient length of time,
and over a sufficiently-long fetch. The effects of currents, shallow water, swell, precipita-
tion, etc., should also be absent. The "Sea Criteria" associated with each Beaufort

- Force from force 0 to force 12 were agreed upon and drawn up by the International
= Meteorological Committee in 1939. These word descriptions of the state of the sea ae

known as the Sea Criterion of the Beaufort Scale of Wind Force.
The use of the sea criterion has the advantage that the speed of -.he ship.need not

be considered. In practice, the mariner observes the sea surface, noting the size of the
waves, the white caps, spindrift, etc., and then finds the criterion (app. V) whicih best
describes the sea surface as he saw it. This criterion is associated with a Beaufort
number, for which a corresponding mean wind speed and range in knots are given. Since
meteorological reports require that wind speeds be reported in knots, the mean speed
for the Beaufort number may be reported, or an experienced observer may judge that.
the sea disturbance is such that a higher or lower speed within the range for the force is
more accurate.

This method, while it appears simple, should be used with caution however. It
should be borne in mind that the sea conditions described for each Beaufort Force
(app. V) are "steady-state" conditions; i.e. the conditions which result when the windI. has been blowing for a relatively long time, aud over c great stretch of water. At any
particular time at sea, though, the duration of the wind or the fetch, or both, may
not have been great enough to produce these "steady-state" conditions. When a high
wind springs up suddenly after previously calm or near calm conditions, it will require
some hours, depending on the strength of the wind, to generate waves of maximum
height. The height of the waves increases rapidly in the first few hours after the com-I- : mencement of the blow, but increases at a much slower rate later on. Considering the
effect of fetch, if the observer could start at the beginning of th _4V__ (s_ y at. a coastline
when the wind is offshore) after the wind has been blowing for a long time, and proceed
downwind, he wc-uld notice that the waves were quite small at the beginning, and
increased in height rapidly over the first 50 miles or so of the fetch. Farther along he
would notice that the rate of increase in height with distance would slow down, and after
500 miles or so from the beginning of the fetch there would be little or no increase in
height.

T- illustrate the duration of winds and the lenoth of fetches required for various
wind 'orces to build seas to 50 percent, 75 percent, and 90 percent of their theoretical
maximum heights, table W2 is of interest.

The theoretical maximum wave heights represent the average heights of the highest
third of the waves, as these waves are of the most practical significance.

It will be seen that winds of forc.- 5 or less can build seas to 90 percent of their
maximum height in ier, than 12 hours, provded the fetch is long enough.

S-Higher winds require a much greater time--force 11 winds requiring 32 hours to build
= - waves to 90 percent of their maximum height. The times given in table W2 represent

those required to build waves starting from initially calm sea conditions. If waves are __

already present at the onset of the blow, the times would be somewhat less depending
on the initial wave heights and their direction relative to the direction of the wind -J

LO which has sprung up.
The first consideration when using the sea criterion to estimate wind speed, therefore,

is to decide whether the .ind has been blowing long enough from the same direction to

A'-
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produce a steady state sea condition. If not, then it is possible that the wind speed
mav be underestimated. For example, if a wind with an actual speed of force 9 has
been blowing for only 7 hours, it ma- have generated a sea condition which would
perhaps correspond to a steady state for force 6. If, in this case, the sea criterion was
used blindly without considering the short duration, and force 6 was reported. then the
wind would be underestimated by three Beaufort forces, or approximately 20 knots. This
is an extreme example however, as it is very unlikely ihat even an inexperienced seaman
could not distinguish a force 6 from a force 9 wind.

Theoretical Fetch (naut'cal miles), with
I Beaufort imaximum wave . Duration jof winds, (hours), . unlimited duration of

force of height (ft) I with unlimited fetch, to blow, to produce percent
wind. unlimited produce percent of maxi- of maximum wave height

duration mum wave height indicated. indicated.
and fetch.

1 50% 75% 90% 50% 75% 90%

3 2 1.5 5 8 1 3 13 25
5 8 3.5 8 12 10 30 60
7 20 1 5.5 12 21 22 75 150
9 40 7 16 25 55 150 280

11 70 9 19 32 85 200 450'

T.BLE-W2.

Experience has shown that the appearance of white caps, foam, spindrift., etc.,
reaches a steady state condition before the height of the waves attain their maximum
value. It is a safe assumption that the appearance of the sea (as regards white cEps, etc.1 "
will reach a steady state in the time required to build the waves to 50-75 percent-
of their maximum height. Thus, from table W2, it is seen that a force 5 wind could
require 8 hours at most to produce a characteristic appearance of the sea surface.

A second consideration when using the sea criterion is the length of the fetch over
which the wind has been blowing to produce the present Astate of the sea. On the open
ea, unless the mariner has a copy of the latesi synoptic weather map available, he

will not know the length of the fetch. It will be seen from table W2, though, that only
relatively short fetches are requiied for the lower wind forces to generate their charac-
teristic seas. On the open sea, the fetches associated with -most storms and other weather

ysesare usually long enough so that. even winds-r to force 9 can build seas up to
90 percent or more of their maximum height, providing the wind blows from the same
direction long enough.

When navigating close to a coast or in restricted waters, however, it may be necessary
to make allowances for the shorter stretches of water over which the wind blows. For
example, referring to table W2, if the ship is 22 miles from a coast and an offshore wird
with an actual speed of force 7 is blowing, the wavs at the ship will never attain more
than 50 percent of their maximum height for this speed no matter how long the wind
blows. Hence, if the sea criterion were used under these conditions without cons-der:.1ion
of the short fetch, the -ind speed would be underestimated. With an offshore wind,
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the sea criterion, may be used with confidence if the distance to the coast is gleater than
the values given in the extreme right-hand column of table W2; again, provided that
the wind has been blowing effshore for a sufficient length of time.

Other factors aside fi on the duration of the blow and the fetch affect the appearance
of the sea surface, and should be considered if they are present.

W3. Tides and Currents.-A wind blowing against a tide or strong current causes a
great-'r sea disturbance than normal, which may result in an overestimate of the wind
speed. On the other hand, a wind blowing in the same direction as a tide or strong
current causes less sea disturbance than normal, and may result in an underestimate of
the wind speed.

W4. Shallow Water.-Waves running into shallow water increase in steepness, and
hence, their tendency to break. With an onshore wind there will, therefore, be more
white caps over the shallow waters than over the dLeper water farther offshore. It is
only over relatively deep water that the sea criterion can be used with confidence.

W5. Swell.-Swell is the name given to waves, generally of considerable length,
which were raised in some distant area by winds blowing there, and which have moved
into the vicinity of the ship; or to waves raised miearby and which continue to advance
after the wind at the ship has abated or changed direction. The direction of swell waves
is ;lsually different from the direction of the wind and the sea waves. Swell waves are
not to be conside-ed when estimating wind speed and direction. Only those waves raised by
the wind blowing at the time are of any significance. The wind-driven waves show a greater
tendency to break when superimposed on the crests of swell, and hence more white
caps may be formed than if the swell were absent. Under these conditions the use of
the sea criterion may result in a slight overestimate of the wind speed.

W6. Precipitation.-Heavy rain has a damping ,e smoothing effect on the sea
surface which must be mechanical in character. Since the sea surface will therefore
appear les, :isturbed than would be the case without the rain, the wind speed may be
undprest;7nated unless the smcthing effect is taken into account.

- W i. .ce.-Even small concentrations of ice fl iting on the sea surface will dampen
waves considerably, and concentrations greater than about seven tenths average will
-liminate waves altogether. Young sea ice, which in the early stages of formation has a
Aick soupy consistency, and later takes on a rubbery appearancb, is very effective in

dampening waves. Consequently, the sea criterion cannot be used with any degree of
confidence when sea ice is present. In higher latitudes, the presence of an ice field some
distance to windward of the ship may be suspected if, when the ship is not close to any
coast, the wind is relatively. -ong but the seas abnormally underdeveloped. The edge
of the ice field acts like a cow,,tline, and the short fetch between the ice and the ship is
not sufficient for the wind to develop the seas fully.

W8. Wind shifts.-Following a rapid change in the direction of the wind, as occurs
at the passage of a cold front, the new wind will flatten out to a great extent the waves
which were present before the wind shift. This is so because the direction of the wind
after ti.e shift may differ by 90' or more from the direction of th waves, which does
not change. Hence, the wind may oppose the progress of he ,raves ond dampen them
out quickly. At the same time the new wind begins to genrate its n waves on top
of this dissipating swell, and it ", not long before the cross r ttern of wves gives the
sea a "choppy" or confused appearance. It is during tbha fxst few honrs following the
-,ind shift that the appearance of the sea surface may not provide a reliable indication

-_ . of the wind speed. The wind is normally stronger than the sea would indicate, as old
waves are being flattened out, and new waves are just beginning to b, developed.

.-.

j_ . I
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W9. Night Observations.--On a dark-night, when it is impossible to see the sea
clearly, the observer may estimate the apparent wind from its effect on the ship's
rigging, flags, etc., or simply the "feel" of the wind. A.guide to estimating the apparent i
wind is given in the Meteorological Branch publication Manual of Marine Weather
Observing (MANMAR), to which the observer is referred. Tables for converting the
apparent wind to true wind may also be found in MANMAR. -
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The Staie of Sea Photographs

The photgraphs were taken by the Meteorological Branch personnel of the
Canadian Ocean Weatber Ships C.C.G.S. St. Catharines and C.C.G.S. Stonet own
which occupy Ocean Weather Station "P" in the North Pacific Ocean at 50'N, 145°W,
or approximately 1,000 miles west of Vancouver. The ships man the station for alternate
periods of 6 weeks.

The photographs were taken between March, 1960 and May, 1961. In this period
a total of 247 photographs were obtained. Zeiss Ikon (2%X3Y) cameras and Kodak
Verichrome Pan film were used.

Of the 247 pictures available, 2 pictures were chosen to illustra - 'itions
associated with each Beaufort force from force 1 to force 10. Only o:-,' pre was
considered acceptable to illustrate force 0. No representative photogri.phs were avail-
able to illustrate force 11 conditions, and no photographs were made of lurce 12

5 :conditions.
5 * In selecting the pictures for presentation here, it was considered that they should - o

meet two requirements. Firstly, a picture illustrating the effects of a given wind force
should conform as closely as possible to the Sea Criterion for that force. Secondly, the
wind prior to the time of the picture should be relatively steady both in direction and
at the given force over many hours to ensure that near steady-state sea conditions for - -

that force at the time of the picture existed. A large percentage of the photographs
available were rejected because the wind at the time of the picture had not been blow-
ing long enough to produce a disturbance of near steady-state proportion.

The pictures which follow were judged to fulfill best the requirements stated above.
Opposite each picture is the accompanying technical and other data appropriate to
each. In addition to the wind at the time of the photograph, the wind at 3-hourly
intervals over the previous 24 hours is also included. The height of the ships' anemom-
eters above the sea surface was approximately 60 feet. T.he synoptic weather situation
at the time of the picture is described briefly, and other comments are given when
warranted.
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APPENDIX X

GEODESY FOR THE NAVIGATOR

X1. Geodesy may be defined as that science concerned ,ith the exact positioning
of points on the surface of the earth, and the determination of the exact size and shape
of the earth. It also involves the study of the variations of the earth's gravity (art.
X4), and the application of these variations to exact measuremen' on the earth.

X2. Shape of the earth.--Although the irregular topographic surface (fig. X2a)
is most apparent and is, in fact, the surface on which actual measurements are made,
references -to the earth's shape are not made with respect to the topography but to
a mean sea-level surface. This surface, the geoid, is that surface to which the oceans
would conform over the entire earth if free to adjust to the combined effect of the earth's
mass attraction and the centrifugal force of the earth's rotation. As a result of the
uneven distribution of the earth's mass, the geoidal surface is irregular (fig. X2a).

The geoid is a surface along which the gravity potential is everywhere equal and
to which the direction of gravity is always perpendicular. The latter is particularly
significant because optical instruments containing level devices are commonly used to
make geodetic measurements. When properly adjusted, the vertical axis of the instru-
ment coincides with the direction of gravity and is, therefore, perpendicular to the i
geoid.

The equipotential surface or the geoid is what is meant when referring to the size
and shape of the earth, but such "potato-shaped" surface has serious limitations as an I

E earth model: (1) It has no complete mathematical expression; (2) If it could be de- Z
fined by an infinite series of measurements, there would still be a problem because of I
small variations in surface shape with time; and (3) The irregularity of the surface
would necessitate a prohibitive amount of computations and complicate the problem I
of representation on the fiat surface of a map. For geodetic and mapping purposes, it
is therefore necessary to use a regular or geometric shape which provides a close ap-
proximation to the shape of the geoid.

Since the earth is in fact flattened slightly ai the poles and bulges somewhat at the
equator, the geometrical figure used in geodesy to most nearly approximate the shape
of the earth is the oblate spheroid or ellipsid of revolution. This is the figure obtained
by rotating an ellipse about its minor axis (fig. X2b). The ellipsoidal earth model has
its minor axis parallel to the earth's polar axis.

An ellipsoid of revolution is uniquely defined by specifying two dimensions.
Goedesists, by convention, use the semimajor axis and flattening. The size is represented
by the radius at the equator, the semimajor axis. The shape of the ellipsoid is given
by the flattening, which indicates how closely an ellipsoid approaches a spherical shape.
The flattening is the ratio of the difference between the semimajor and semiminor
axes of the ellipsoid and the semimajor axis. If a and b represent the semimajor and
semiminor axes, respectively, of the ellipsoid, and f is the flattening,

.=a-b.
- a
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FIGURE X2a.-Surfaces of the earth, geoid, and ellipsoid.

Nt
jb

FIGuRE X2b. -The ellipsoid of revolution. FIGURE X3.-The geoid and two ellipsoids.

As shown in figure X2a, the surface of the geoid tends to rise under mountains
and to dip above ocean basins. The separations of the geoid and ellipsoid are called
geoidal heights, geoidal undulations, or geoidal separations.

X3. Ellipsoids and the geoid.-Since the surface of the geoid is irregular and :he
surface of the ellipsoid is regular, no one ellipsoid can provide other than an approxi-
mation of part of the geoidal surface. As shown in figure X3, the ellipsoid that fits 9 -

well in North America does not fit well in Europe.
X4. Deflection of the vertical.-Gravitation (art. 1407) is the mutual attraction

between masses of matter. In geodesy, gravitation is the mutual attraction btween
the earth and bodies on or near its surface. Gravity is that force which tends to pall
bodies toward the earth. It. is the resultant of two opposing forces: gravitation and the
centrifugal force due to the rotation of the earth.

The irregularities in density and heights of the material making up the surface
K crust of the earth result in slight alterations of the direction of gravity. These alter%-
. - tions are reflected in the irregular shape of the geoid, the surface of which is perpendicu-

lar to the plumb line. V

. - -
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GEOID-ELLIPSOID RELATIONSHIPS

I AI UNUAO

DELCTO F THE

FIGURE X4 -Delection Of the vertic.-d in the plane of the meridian.

T1he deflection of the vertical is the angle at a point on the geoid betw een the

vertical (direction of the plumb line) and the (direction of the normal to the ellipsoid
of reference. For simplicity, the deflection of 'lie vertical is shown in figuare X4 at a
point where the two normalts coincide. Deflection of the vertical is also c-Idled station
error. This defleption is nsually resolved into two components, one in the plane of
the meridian (art. 203) and the other in the plane of the prime vertical (art. 1430).

X5. Coordinates.-The astronomic latitude i-s the angle between the plumb line at 3-
a station and the plane of the celestial equator (fig. X50-. It is the latitude which re-
suits directly from observations of celestial bodies, uncorrected for dleflection of the
vertical whtich, in the United States, may amount to as much as 25'. Astronomic
latitude applies only to positions onz the earth, and is reekoned from the astronomic
equator (V north and south through 0.

Tile astronomic longitude is the angle b3etween the rlane of thle clestial meridian
at a staticin and the plane of the celestial meridian at Greenwich. It is the longitude
which results directly fromr observation of celestial bodiesz, uncorrected tor deflection
of the vertical, the prime vertical component of vdhich, in the United States may
amount to more than 18'.

Astronomic obseA-ations aire mrde by optical instruinents-theodoite, zenith
camera, prismatic astrolabe-whicl: all contain leveling deices. When properly ad-
justed, the vertical axis of the instrument coincides with the dlirection of ravity and
is, theref'ore, perpendicular to the geoid. Thus, astronomic positions are referenced to
the geoid. Since the gcoid is an irregular. noninathematical surflace, astronomic pos:i--_
tions are wholly independent of each other.

The geodetic latitude is the angle %xhich the normal to the ellipsoid at a stattion
makes with the plane of the godetic equator Uig. X-5b). In recording a geodetic position,
it is essential thait !he gcoifitc dobirn (azrt. XS) on wikh it is based be also stated. A
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geodetic latitude differs from the corresponding astronomic latitude L- .he amount of
the meridional component of the local deflection of the vertteal.

Geodetic longitude is the angle between the plane of tbe geodetic meridian at a
station and the plane of the geodetic meridian at Greenwich. A geodetic longit ide
differs from the corresponding astronomic longitude by th,, amount of the prirae-
vertical component of the local deflection of the vertical divided by the cosine of
the latitude.

The geodetic coordinates are the ones .used for mapping.
Geographic latitude is a general term applying alike to astronomic latitudes and

• geodetic latitudes. Geographic longitude is a general term applying alike to astronomic
longitudes and geudetic longitudes.

Geocentric latitude is the angle at the canter of the ellipsoid (used to represent
the earth) between the plane of its equator and a straight line (or radius vector) to a
point oi. the surface of the ellipsoid. This differs from geodetic latitude because the
earth is a spheroid rather than a sphere, and the meridians are ellipses. Since the
parallels of latitude are considered to be circles, geodetic longitude is geocentric, and a
separate expression is not used. The difference between geocentric and geodetic latitudes
has a maximum of about 11'6 at latitude 450 .

Because of the oblate shape of the ellipsoid, the length of a degree of geodetic
latitude is not everywhere the same, increasing from about 59.7 nautical miles at the
equator to about 6u.3 nautical miles at the pole , as shown by table 6.

X6. Geodetic surve~s.-The mo-t commou type of geodetic survey is known as
triangulation (fig. X6a). Basically, triangulation consists of the measurement of the
ingles of a series of triangles. The princii le of triangulation iE based on simple trigo-
nemetric procedures. If the distance along one side of the triangle and the angles at each
end are accurately measured, the other two sideQ and the remaining angle can be com-
puted. In practice all of the angles of every triangle are measured to provide exact
data for ,ise in computing the precision of the measurements. Also, the latitude and
longitude of one end of the measured side along with the length und direction (azimuth) I

EARTH'S AXIS
-(OF ROTATION

PREPENDICULAR
TO GEOID

MERIDIAN PLA NE

tERIDIAN ~ =~- \ ASTRONOMIC

P~LANE ,-"LA. TUDE

OFOF G ICHOF POINT P

I JJ

jSEMIMAJOR AXIS,a

~ 7 /~f,*PANE OF THE EQUATOR

ASTRONOMIC
LONGTUDECENTER OF EARTH

J. OF FOINT P

F101inmFX~i.-Astroomviic coordinates.
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AXIS OF ROTATION OF ELLIPSOID

SEMIMINOR AXIS, b

, PERPENDICULAR

TO ELLIPSOID

' POINT ID

GEODETIC

"4k U ' "J OF POINT P

SEMIMAJOR AXIS,

-PLANE OF THE EQUATOR

GEODETIC CENTER OF ELLIPSOID

LONGITUDE
OF POINT P

FIGURE X5b.-Geodetic coordinates.

of the side provide sufficient data to compute the latitude and longitude of the other
end of the side.

The measured side of the base triangle is called a baseline. Measurements are
made as carefully and accurately as possible with specially calibrated tapes or wires of
Invar, an alloy, highly resistant to changes in length resulting from changes in tem-
perature. The tape or wires are checked periodically against standard measures of
length (at the Bureau of Standards in the United States and corresponding agencies
in other countries). The Geodirneter and Tellurometer, operating on optical and elec-
tronic principles, respectively, are replacing the older methods of base measurement
since the work can be completed more rapidly and economically than with wire or
tape.

To establish an arc of triangulation between two widely separated locations, the
baseline may be measured and longitude and latitude determined for the initial points
at each location. The lines are then connected by a series of adjoining triangles forming
quadrilaterals extending from each end. All angles of the triangles are observed re-
peatedly to reduce errors. With the longitude, latitude, and azimuth of the initial
points, similar data is computed for each vertex of the triangles, thereby establishing
triangulation stations or geodetic control stations. The coordinates of each of the stations
are defined as geodetic coordinates.

Triangulation is extended over large areas by connecting and extending series of
arcs to form a network or triangulation system. The network is adjusted in a
manner which reduces the effect of observational errors to a minimum. A denser dis-
tribution of geodetic control is achieved in a system by subdividing or filling in with
other surveys.

There are four general classes or orders. of triangulation. First.order (primary)
triangulation is the most precise and exact type. It uses the most accurate instruments
and 'rigorous computation methods. It is costly and time-consuming and is usually
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IV6 B TRIANGULATION

N

B TRILATERATION
PC - ~A C , i

TRAVERSEi2 A

FicUR. X6a.-Trianguation, trilateration, and traverse.

used to provide the basic framework of control data for an area and tihe determination--

of the figure of the earth. No precaution is ignored in making the linear and angular
measurements, or in the computations. The most accurate first-order surveys furnish
control points which can be interrelated with an accuracy ranging from 1 part in 25,000
over short distances to approximately 1 part in 100,000 for long distances.

Second-order triangulation furnishes points closer together than in the primary
network. Wile second-order surveys may cover quite extensive areas, they are usually
tied to a primary system where possible. The procedures are less exacting and the
proportional error is 1 part in .0,000.

Third-order triangulation is run between points in a secondary survey. It is used
to density local control nets and thereby position the topographic and hydrographic
detail of the area. Triangle error can amount to 1 part in 5,000 in third-order triangu-lation."

The sole accuracy requirement for fourth-order triangulation is that the positions

be located without any appreciable error on maps compiled on the basis of the control.
Fourth-order control is executed primarily as mapping control.

Trilateration involves the measuring of the sides of a chain of triangles or other
polygons. From them: the distance and direction from A to B (fig. X6a) can be com-
puted.

Traverse involves measuring distances, and the angles between them, without
triangles for the purpose of computing the distance and direction from A to B (fig. X6a). j =

Vertical surveying is the process of determining elevations above the mean sea-
level surface. In geodetic surveys executed primarily for mapping purposes, there is
no problem in the fact that geodetic positions are referred to an ellipsoid, and the K
elevations of the positions are referred to the geoid. However, for certain other purposes

"



i ]such as satellite geodesy, the geoidal heights must be taken into account to establish |
i _ | the correct height above the ellipsoid. |
! [ Precise geodetic leveling is used to establish a basic network of vertical control |

' points. From these, the height of other positions in the survey can be determined by ml i
supplementary methods. The mean sea-level surface used as a reference (vertical datum) 'a

~is determined by obtaining an average of the hourly water heights for a specified period
• of time at specified tide gages.

There are three leveling- techniques-differential, trigonometric, and barometric-
i ~ which yield information of varying accuracy. Differential leveling is the most accurate!

of the three methods. With the instrument locked in position, readings are mn ldeo
two calibrated staffs held in an upright position ahead of and behind the instrument
(fig. X6b). The difference between readings is the difference in elevation between the

" points.
~The optical instrument used for leveling contains a bubble tube to adjust it, in a

position .: rallel to the geoid. When properly "set up" at a point, the telescope is
" locked i -.perfectly horizontal (level) position so that it will rotate through a 360' are.

The exact elevation of at least one point in a leveling line must be known and the rest
computed from it.

Trigonometric leveling involves measuring a vertical angle from a known distance

with a theodolite and computing the elevation of the point. With this method, vertical
~measurement can be made at the same tim,, horizontal angles are measured for triangula-

• tion. It is, therefore, a somewhat more economical method but less accurate than
differential leveling. It is often the only practical method of establishing acce,-ate
elevation control in mountainous areas.

In barometric leveling, differences in height are determined by measuring the

differences in atmospheric pressure at various elevations. Air pressure is measured by I
mercurial or aneroid barometer, or a boiling point thermometer. Although the degree of -
accuracy possible with this method is not as great as either of the other two, it is a method
which obtains relative heights very rapidly at points which are fairly far apart. It is "

widely used in reconnaissance and exploratory surveys where more exacting measure-
ments will be made later or are not required.

X7. Reference ellipsoids.-A number of reference ellipsoids are used in geodesy |
and mapping because an cellipsoid is mathematically simpler than the geoid. Some of 1
these ellipsoids and areas where used are as follows:

Clarke 1866 (North and Central Amnerica, Greenland)
International 1924 (Hayford 1909) (Europe, various countries in Southi

i= America)
Modified Clarke 1880 (Africa) ].

i Everest 1830 (India, Southeast Asia, Indonesia)
Bessell 1841 (China, Korea, Japan)

~Krasovskiy 1942 (U.S.S.R. and adjacent countries)
" : Australian National 1965 (Australia)

~South American 1969 (South America).cReference ellipsoid constants are given in appendix D.

eIn thse eo1950's, n earth model fitting the world e as ewok of needed for
manned space flights. The National Aeronautics an Space Administration, and the
Department of Defense selected the Fischer Ellipsoid 1960 (Mercury Ddtum) for this
program. A modification of the Mercu o Datum in 1968 produced the ischer Ellipsoid
1968, having a seimajor axis of 6,378,150 meters and a flattening of 1/298.3. The

hgeoidal height i are shown in figure X7. These heights range from about 80 meters below
the ellipsoid to about 60 meteris above.

t~v cliraedstafshed n n urihtpoitonahed f ndbeindth i~sruen
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DIFFERENTIAL LEVELING
LEVEL

LINE OF SIGHT
Is HORIZONTAL KNOWN DATA:

(LEVEL) Elevation of starting point. A.

MEASURED DATA:

STAVESElevation differences, a b. c d. etc.

S.YE B COMPUTED DATA:* d Elevation of B. C. and all other points.

IC

MEAN SALEM~ i

TRIGONOMETRIC METHOD

1HEODGUIlF
KNOWN DATA.
Elevation of starting point. A.
Horizontal distances, dI. d2
between points.

MEASURED DATA-
All vertical angles.

COMPUTED DATA:
Elevation o. B, C, and all other points.

BAROMETRIC METHOD

KNOWN DATA
Elevation of starting point A.
Meteorological data.

UROMETERMEASURED DATA:
Air pressure at A, B, C. and all other points.

COMPUTED DATA:
Elevation of B, C. and all other points.

FiGuRK X~b.-Methods of elevation determina.tion.
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FIvURE X7.--Geoidal heights.

X8. Geodetic datum.-A datum i defined as any numerical or geometrical quantity
or set of such quantities which may serve as a reference or base for other quantities.

In geodesy two types of datums must be considered: a horizontal datum which
forms the basis for computations of horizontal control surveys in which the curvature
of the earth is considered, and a vertical datum to which elevations are referred. In 3
other words, the coordinates for points in specific geodetic surveys and triangulation
networks are computed from certain initial quantities (datums).

A horizontal geodetic datum consists of the astronomic and geodetic latitude,
and astronomic and geodetic longitude of an initial point (origin); an azimuth of a
line (direction); the parameters (radius and flattening) of the ellipsoid selected for
the computations; and the geoidal separation at the origin. A change in any of these
quantities affects every point on the datum. For this reason, while positions within
a system are directly and accurately relatable, those from different datums must be
transformed to a common datum for consistency.

Jubt as horizontal surveys are referred to specific original conditions (datums),
vertical surveys are also related to an initial quantity or datum. Elevations are referred
to the geoid because the instruments used either for differential or trigonometric j
leveling (art. X6) are adjusted with the vertical axis coincident to the local vertical.
As with horizontal datums, there are many discrepancies among vertical datums.
There is never more than 2 meters variance between leveling nets based on different
mean sea-level datums; however, elevations in some areas are related to surfaces
other than the geoid; and barometrically determined heights are usually relative.

X9. Orientation of ellipsoid to geoid.-The selection of the reference ellipsoid
provides two quantities of the geodetic datum: semimajor axis and flattening of the
ellipsoid. The simplest means of obtaining the remaining quantities to establish the
geodetic datum is to select a first-order triangulation station, preferably one located
near the center of a trianguletion network, to serve as the datum o *gin. Then the -,

astronomical coordinates of the station and the astronomical azimuth of a line from the
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station to another control station are observed. The observed astronomical coordinates
and azimuth are adopted without any correction as the geodetic coordinates and azi-
muth of the datum origin on the reference ellipsoid. Further, the geoid and ellipsoid
are assumed to coincide at that point. This means that the deflection of the vertical
and separation between the ellipsoid and geoid are defined as zero at the origin. By
using this single astronomical station d orientation, the normal to the ellipsoid is
arbitrarily made to coincide with the plumb line at the datum origin (fig. X9).

Althoagh the computed positions will be correct with respect to each other in this
type of orientation, the entire net will bu shifted with respect to the axis of the earth.
This is not significant for local use of the positions but may introduce large systematic
errors as the survey is expanded.

It should be noted that although the deflection of the vertical and the geoidal
height are defined as zero at the origin, deflections will occur at other positions within
the network. Therefore, when comparing the geodetic latitude and iongitude of any
other point in the net with the corresponding astronomic latitude and longitude of
that point, systematic discrepancies will appear between the two sets of values.

A datum oriented by a single astronomical point may produce large systematic
geoidal separations. The ellipsoid is not earth-centei,-d and its rotational axis is not
coincident with the axis of the earth. The inconvenience of such an orientation is that
the positions derived from different astronomically oriented datums are not directly
comparable to each other in any geodetic computation.

In the astrogeodetic datum orientation, the geoid and ellipsoid are riented so that
the sum of the squares of geoidal separations and several deflections of the vertical
selected throughout the geodetic network is made as small as possible. Astrogeodetic
datums are better suited over larger areas than thoc oriented by a single astronomic
position because the separation between ellipsoid and geoid is minimized for a best fit.

X10. Datum connection.-In areas of overlappi-1, geodetic triangulation networks,
each computed on a different datum, the coordinates of the points given with respect to
one datum will differ from those given with respect to the other. The differences can be
used to derive transformation formulas.

Datums are connected by developing transformation formulas at common points,
either between overlapping control networks or by satellite connections.

Xl. Preferred datums.-Different countries developed their own geodetic datums
which usually differed from those of their neighbors. Accordingly, national maps did
not agree along the borders with those of the neighboring countries.

As military distance requirements increased, positioning information of local or
even national scope became unsatisfactory. The capabilities of the various weapon
systems increased until datums of at least continental limits were required. The best
solution was the establishment of a preferred datum for an area and adjusting all local
systems to it. The North American, Ordnance Survey of Great Britain, European,
Tokyo, and Indian Datums are some of those selected for this purpose.

The North American Datum, 1927, is used in the United States. The origin is at
Meades Ranch, Kansas. The datum is computed on the Clarke Ellipsoid 1866 which
was oriented by a modified astrogeodetic method. The system incorporates Canada,
Mexico, the West Indies, Greenland, and Central AmeAca.

The origin of the European Datum is at Potsdam, Germany. Numerous national
systems have been joined into a large datum based upon the International Ellipsoid
1924 which was oriented by a modified astrogeodetic method. European, African, and
Asian triangulation chains were connected. African arc measurements from Cairo to
Cape Town were completed. Thus all of Europe, Africa. and Asia are molded into one
great system. Through common survey stations, it was also possible to convert data
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SINGLE ASTRONOMICAL STATION
DATUM ORIENTATION
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FIGURP X9.-Single nstronornicl station, dntum orientation.
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from the Russian Pulkova 1932 system to the European Datum, and as a result the

European Datum includes triangulation as far east as the 84th meridian. Additional ties
across the Middle East have permitted connection of the Indian and European Datums.

The Ordnance Survey of Great Britain 1936 Datum has no point of origin. Tile
datum was derived as a best fit between retriangulation and original values of 11
points of the earlier Principal Triangulation of Great Britain (1783-1853).

The Tokyo Datum has its origin in Tokyo. It is defined in terns of the Bessel
Ellipsoid and oriented by means of a single astronomic station. By means of triangu-
lation ties through Korea, the Japanese datum is connected with the Manchurian
datum. Unfortunately, Tokyo is situated on a steep slope on the geoid, and the single-
station orientation has resulted in large systematic geoidal separations as the system is
extended from its initial point.

The Indian Datum is accepted as the preferred datum for India and several adjacent
countries in Southeast Asia. It is computed on the Everest Ellipsoid with its origin at
Kalianpur in Central India.

Derived in 1830, the Everest Ellipsoid is one of the oldest of the ellipsoids in
common use and is much too small. As a result, the datum cannot be extended too far
from the origin or very large geoidal separations will occur. For this reason and the
fact that the ties between local triangulation in Southeast Asia are typically weak,
the Indian Datum is probably the least satisfactory of the preferred datums.

X12. World Geodetic System.-The Department of Defense (DoD) in the late
1950's generated a geocentric reference system to which different geodetic networks
could be referred, and compatibility established between the coordinates of sites of
interest. Efforts of the Army, Navy, and Air Force were combined leading to the
development of the DoD World Geodetic System 1960 (WGS 60). In accomplishing
WGS 60, a combination of available surface gravity data; astrogeodetic data, and
results from Hiran and Canadian Shoran surveys were used to obtain a best-fittingellipsoid for the major datum areas. The sole contribution of satellite data to the
development of WGS 60 was the value for the ellipsoid flattening (1/298.3±/0.1),
which was obtained from the nodal motion of Satellite 19580. The semimajor a-is of
the WGS 60 Ellipsoid was determined as 6,378,165 ±50 meters.

In January 1966, a World Geodetic System Committee was charged with the re-
sponsibility for developing an improved WGS needed to satisfy mapping, charting, and
geodetic requirements. Additional surface gravity observations, results from the exten-
sion of triangulation and trilateration networks, and large amounts of doppler and
optical satellite data had become available since the development of WGS 60. Using
the additional data and improved techniques, the Committee produced WGS 66 which
served DoD needs following its implementation in 1967. The defining parameters of
the WGS 66 Ellipsoid were the flattening (./29S.25_+_0.02), determined from satellite
data, and the semimajor axis (6,378,145-20 meters), determined from a combination
of doppler satellite and astrogeodetic data involving a geoid-mnatch technique. A 24th
degree and order geopotential coefficient set derived from a harmonic analysis of a
worldwide 50 X5* mean free air gravity anomaly field was selected as the WGS 66
Gravitational Model. This geopotential coefficient set was also used in a spherical hatr-
monic expansion to obtain the Worldwide WGS 66 Geoid. Also, a geoid referenced to
the WGS 66 Ellipsoid, providing a detailed representation for limited land areas, was
derived from available astrogeodetic data. Datum shift constants for the North Ameri-
can Datum 1927, E uropean Datum, and Tokyo Datum were obtained for each datum.

The same World Geodetic System Committee began work in 1970 to develop a
replacement for WGS 66. Since the development of WGS 66, large quantities of addi-
tional data had become available from both doppler and optical satellites, surface gravity

Ut



1308 APPENDIX X: GEODESY FOR THE NAVIGATOR

surveys, triangulation and trilateration surveys, high precision traverses, and astro-
nomic surveys. In addition, greater capabilities had been developed in both computers
and computer software. Further, continued research in improved computational pro-
cedures and error analyses had produced better methods and a greater facility for han-
dling and combining data.

After an extensive effort extending over a period of approximately 3 years, the
Committee completed the development of the Department of Defense World Geodetic
System 1972 (WGS 72). Selected satellite, surface gravity, and astrogeodatic data

- available through 1972 from both DoD and non-DoD sources was used in a Unified
WGS Solution (a large scale least squares adjustment). The results of the adjustment
consists of corrections to initial station coordinates and geopotential coefficients.

In determining the WGS 72 Ellipsoid and associated parameters, the Committee
decided quite early to closely adhere to the approach used by the International Union
of Geodesy and Geophysics (IUGG) in establishing the Geodetic Reference System
1967 (GRS 67). Accordingly, an equipotentiai ellipsoid of revolution was taken as the I
form for the WGS 72 Ellipsoid. An equipotential ellipsoid is simply an ellipsoid defined i
to be an equipotential surface; i.e., a surface on which all values of the potential are
equal. Given an ellipsoid of revolution, it can be made an equipotential surface of a
certain potential function, the normal gravity potential, U. This normal gravity po-
tential can be uniquely determined, independent of the density distribution within the
ellipsoid, by using any system of four independent parameters as the defining constants
of the ellipsoid. To determine the normal gravity potential without resorting to theI; use of a mass distribution model for the ellipsoid, U can be expanded into a series of
zonal ellipsoidal harmonics of linear eccentricity in (a 2-b 2)l r

1
. The coefficients in the

series are determined by using the condition that the ellipsoid is an equipotential sur-
face (U=constant). Since all the zonal coefficients vanish, except the two of degree
zero and two, a closed finite expression is obtained for U. Normal gravity (-y), the gradi-
ent of U, is given at the surface of the ellipsoid by the closed formula:

a y, cos2 O+b-y, sin2 0
7 (a cos 2 4+b 2 sin 2 0)112

where a is the semimajor axis, b is the semiminor axis, -ye is the normal gravity at the
equator, -y, is the norma gravity at the poles, and . is the geodetic latitude.

Thus the equipotential ellipsoid serves not only as the reference surface or geo-
metric figure of the earth but leads to a closed formula for normal gravity at the el-
lipsoidal surface, a formula easily modified for spatial applications.

Consistent , itli the IUGO definition of GRS 67, the Committee took the four
defining parameters of the WGS 72 Ellipsoid to be the semimajor axis (a), the earth's

gravitational constant (GM) and angular velocity (w), and the second degree zonal
harmonic coefficient of the geopotential j.,0)- Other parameters associated with the
ellipsoid, such as the semiminor axis (b) and the flattening (3), including the normal
gravity formula, are calculated using the defining parameters. These and other param-
eters associated with the ellipsoid are given in table X12.

I_2
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Parameters Notalion Magnitude Standard error
(68. B7%)

Gravitational constant G f 398600.5 km3/sec' ±0.4
Second degree zonal C2.0  -484.1605x10-
Angular velocity 1 0.7292115147x10' ±0.1xl0 - 3

radisec
Semimajor axis a 6378135 meters ±5
Flattening f 1/298.26 ± -0.6x10-
Equatorial gravity 978033.26 regal ±1.8

(Absolute system).

Gravitational constant OM' 39800.8 km3/sec 2  ±0.4
(Mass of earth's
atmosphere included).

TADLE X 12.-Geodetic and geophysical parameters of World Geodetic System 1972 ellipsoid.
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APPENDIX Y

BUOYAGE SYSTEMS

With modifications, two systems of buoyage have been in general use throughout
the world from 1936 to 1977. These are the lateral system and the cardinal system.

The lateral system is best suited for well-defined channels. The location of each
buoy indicates the direction of the danger it marks relative to the course which should
normally be followed. Thus, a buoy which should be kept on the port hand lies between 1

,the vessel and the danger when the buoy is abeam to port, .approximately.
In principle, the positions of marks in the lateral system are determined by the

general direction taken by the mariner when approaching a harbor, river, estuary, or
other waterway from seaward, and may also be determined with reference to the main
stream of flood current. The application of this principle is defined, as required, by
nautical documents such as sailing directions.

The cardinal system is best suited for coasts with numerous rocks, shoals, and
islands, and for dangers in the open sea. The location of each buoy indicates the ap-
proximate true beating of the danger it marks. Thus, an eastern quadrant buoy marks
a danger, such as a shoal, which lies to the west of the buoy, approximately.

Although almost all of the major maritime nations have used either the lateral or
the cardinal system for many years, details such as the shapes and colors of the buoys,
and the characteristics and colors of lighted aids generally bave varied from country
to country. With the passage of time and the increase in maritime communication I
between countries, the desirability of a uniform system of buoyage has become in- -

creasingly apparent. Consequently, over the past century a number of attempts have Z
been made to standardize the various systems of buoyage. International conferences
have been held on the subject and recommendations have been made. These recoin
mendations have often been conflicting, however, and although the differences in the
vanous methods as applied to the cardinal system are comparatively slight, two distinct i
methods of applying the lateral system have evolved. The major discrepancy has =

been in the colors of the buoys and of their lights.
In 1889, the Internet.onal Mfarine Conference held in Waslington, D.C., recom-i

mended that in the lateral system starboard hand buoys be painted red and port hand
buoys black. With the introduction of lighted aids to navigation, these recommenda-
tions logically led to the use, by nations which had accepted the recommendation, of
red or white lights on the starboard side and green or white lights on the port side.

In 1936, a League of Nations subcommittee recommended a coloring system
- diametrically opposed to the 1889 proposal. This is part of the Uniform System, and

it. provides for black buoys with green or white lights on the starboard side and red
buoys wvith red or white lights on the port side.

Most maritime countries using the lateral system have adopted one of these two
systems, usually with small variations. Until 1977 it could be said that, very generaly,
European countries followed the Uniform System of 1936 and most other counties
followed the system proposed in 1889.

In 1973, new terms of reference were given to the Technical Committee of the
International Association of Lighthouse Authorities (IALA), which had been studying -.

various projects, includi,.g buoyage, for the previous 8 Years. IALA, a nongovernmental -

1310
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body which brings together representatives fcrm the aids to navigation services in order
to exchange information and recommend improvements to aids to navigation based on
the latest technology, has decided that a single worldwide system of buoyage cannot be
achieved at present but considers that the use of only two alternative systems is practi-
cable. The two systems are termed: IALA Maritime Buoyage System 'A'--Combined
Cardinal and Lateral System (Red to Port); IALA Maritime Buoyage Systen 'B'-
Lateral System only (Red to Starboard).

While System 'B' is still being studied, the rules of System 'A' have been completed
and have the support of the Inter-governmental Maritime Consultative Organization
(IMCO). Implementation of System 'A' will begin in the waters of northwest Europe
in 1977.

It is expected that the following countries will adopt System 'A':
Belgium Norway
Denmark Poland
Federal Republic of Germany Republic of Ireland
France Sweden
German Democratic Republic United Kingdom
Netherlands U.S.S.R.

United States System

The waters of the United States are marked by the lateral system of buoyage
recommended by the International Marine Conference of 1889. As all channels do not
lead from seaward, arbitrary assumptions are at times made in order that the system
may be consistently applied. Along the sea coasts of the United States,.the character-
istics are based upon the assump.ion that proceeding "from seaward" constitutes a
clockwise direction: a southerly direction al:ng the Atlantic coast, a northerly and
westerly direction along the gulf coast, and a northerly direction along the Pacific coast.
On the Great Lakes, a westerly and northerly direction is taken as being "from seaward"
(except on Lake Michigan, where a southerly direction is used). On the Mississippi and
Ohio Rivers and their tributaries, the characteristics of aids to navigation are determined

as proceeding from sea toward the head of navigation. On the Intracoastal Waterway,
proceeding in a generally southerly direction along the Atlantic coast and in a generally
westerly direction along the gulf coast iz considered as proceeding "from seaward."

The continuation of the lateral system along the coasts in the order indicated refers
only to the side of the vessel on which buoys are to be kept, as indicated by color, shape,
and light, if any; there is no numerical continuity between coast, buoys. In fairways and
channels, however, buoys are numbered consecutively from seaward.

In the United States System, lighted buoys, bell buoys, whistle buoys, and combi-
nation buoys differ in shape (fig. 409a) from the unlighted buoys shown in this appendix, 4
but not in color or marking.

In the Mississippi River, the numbering and lighting of buoys differ from that
shown under "Fairways and Channels."

The United States System is discussed in more detail in chapter IV

Uniform System

* As recommended by the League of Nations in 1936, a country uses the Uniform
Lateral System or the Uniform Cardinal System. or both, according to its requirements
or preference. When both are used, the transition from one to the other must be clearly
indicated in appropriate publications, such as sailing directions, or by suitable buoyage
marks.
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Both the Uniform Lateral System aad the Uniform Cardinal System employ
topmarks as an additional means of identification. Unless otherwise stated in this
appendix, a topmark is painted the darker of the colors used on the buoy. They are
optional in every case except on wreck buoys in the Uniform Cardinal System. Topmarks
are not used in the United States System.

In both the Uniform Lateral System and the Uniform Cardinal System, lighted
buoys have the same shape as the unlighted buoys shown.

In both the Uniform Lateral System and the Uniform Cardinal System, a quick
flashing light is regarded as a single flashing light.

The numbering or lettering of fairway and channel buoys is an optional feature
of the Uniform Laterml System. In the United States System these buoysZ are always
numbered, commencing from seaward.

IALA MARITIME BUOYAGE SYSTEM 'A'

Combined Cardinal and Lateral System
(Red to Port)

General

System 'A' applies to all fixed and floating marks, other than lighthouses, sector
lights, leading lights and marks, lightships and large navigational buoys (lighthouse
buoys), and serves to indicate:

1. the sides and centerlines of navigable channels;
2. naural dangers and other obstructions, such as wrecks:
3. areas in which navigation may be subject to regulation;
4. other features of importance to the mariner.
It should be understood -that most lighted and unlighted beacons, other than

leading marks, are included in the system. In general, beacon topmarks will have the
same shape and colors as those used on buoys. (Because of the variety of beacon struc-
tures, the accompanying diagrams show mainly buoy shapes.)

The system provides fire types of marks which may be used in any combination:
1. lateral marks indicate the port and starboard hand sides of channels:
2. cardinal marks, used in conjunction with the compass, indicate that the navi-

gable water lies to the named side of the mark;
3. isolated danger marks erected on, or moored directly on or over, dangers of

limited extent;
4. safe water marks, such as mid-channel buoys; and
5. special marks, the purpose of which is apparent from reference to the chart or

other nautical documents.
Marks currently used which will be superseded include those which indicate

wrecks, middle grounds. secondary chanh.z!s. bifurcations. and junctions; there are
no special "landfall" or "transition" marks in Nystemn 'A'. There is no differentiation
between the marks for such special features as spoil grounds, anchorages, cable areas,
and military exercise areas, all of which will be marked by yellow buoys which may, in
addition, carry lettering to indicate the purpose of the buoy.

The significance of a mark depends on one or more features:
1. by day-color, shape, and topmark;
2. by night-light color and phase characteristics. '

- . Red and green (without stripes or bands) are reserved, respectively, for port and
starboard lateral marks, and yellow for special marks. The ,(ner types of marks have

- horizontal bands or vertical stripes, as described later.

L A
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There are five basic buoy shapes, namely, can, conical, spherical, pillar, and spar. 3
In the case of eb i, conical, and spherical, the shape indicates the correct side to pass.
With pillar and spar buoys, the shape has no such special significance.

The tern "pillar" is used to describe any buoy which is smaller than a "lighthouse
buoy" and which has a tall, central structure on a broad base; it includes beacon buoys,
high focal plane buoys, and others (except spar buoys) whose body shape does not
indicate the correct side to pass.

It must be understood that much existing equipment will be ured in the new system
including, for example, light-floats. Variations on the basic shapes will therefore be
fc-ii common but, by day, the colors and topmarks should prevent ambiguity.

System 'A' makes use of can, conical, spherical, and X-shaped topmarks only.
Topmarks on pillar and spar buoys are particularly important and will be used wherever
practicable, but ice or other severe conditions may occasionally prevent their use.

Where marks are lighted, red and green lights are reserved, respectively, for port
and starboard lateral marl,., and yellow for special marks. The other types of mark
have a %vhte light, disinguis.hed one from another by phase characteristic.

Red and greer, lights may have any phase characteristic, as the color alone issufficient to show on which side they should be nassed. Special marks, when lighted,

have a yellow light with any phase characteristic .iot rqerved for white lights of the
system. The other types of mark have clearly speified phase characteristics of white
light: various quick flashing phase characteristics for cardinal marks, group flashing
(2) for isolated danger marks, and relatively long periods of light for safe ivater
marks.

Single fixed lights (often found on -'hore marks at present) are being discontinued
in the United Kingdom because of the possibility of confusion with ships' lightr

Lateral Marks

Lateral marks are generally used for ,vell-defined channvis; t' y indicate the
port and starboard hand sides of the route to be followed, and are usea in conjunction
with a conventional dirertion, of buoyago.

This direction is defined in one of two ways: 1
1. local directio, .,f buoyage--the dircii-in taken by the mariner when approaching

a harbor, river estuary, or other waterway from seaward;
2. general direction of buoyage-in other areas, a direction determined by the

huoyage authorities, following a clockwise direction around continental lanwnasses,
'en in sailinf, directions and, if necessary, indicated on charts by a symbol.

Around the British Isles the general direclon of buoyage will run northward
along the west coasts and through the Irish Sea, eastward through the English Channel,
and northward through the North Sea. This will reverse the former direction of buoyage
in certain areas, including the east coasts of England and Scotland from Orfordness
to the Sbetlaad Islands.

A port hapd mr."k is colored red and its basic shape is can, for either buoy body
or topmark, or both.

A starboard hind mark is normally colored green, and its basic shape is conical,
for either buoy body or topmark (point up), or both.

By night a po't hand buoy is identifiable by its red light, and a starboard han--'i ,buoy by its green ight; and phase characteristic (flashing, occulting, etc.) i, ay be used. V V_

The lateral colors of red or green will freqtuently be used for minor shore lights,
su . as thoce markipg pierheads and the extremities of jetties. In British waters,to avoid confusion w'th the navigation light- of ships, minor lights, if fixed, will be

SVA
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shown in pairs, disposed vertically. Alternatively, single re(d or green lights will be
flashing or occulting.

Variations on tile simple system will occur in particular instances: Starboard
hand marks may exceptionally be colored black instead of green, but not in the United
Kingdom.

In some places, particularly straits (being open at b)oth ends), the local direction
of buoyage may be over-ridden by the general direction.

Special marks, with can and conical slhpes but painted yellow, may be used in
conjunction with the standard lateral marks for special types of channel marking.

Cardinal Marks

A cardinal mark is used in conjunction with the compass to indicate where the
mariner may find the best navigable water. It is placed in one of the four quadrants
(north, east, south, and west), bounded by the true bearings NW-NE, NE-SE, SE-SW,
and SW-NW, taken from the point of interest. A cardinal mark takes its name from
the quadrant in which it is placed.

The mariner is safe if he passes north of a north mark, east of an east mark, south
of a south mark, and west of a west mark.

A cardinal mark may be used to:
1. indicate that the deepest water in an area is on the named side of the mark;
2. indicate the safe side on which to pass a danger; and
3. draw attention to a feature in a channel such as a bend, junction, bifurcation,

or end of a shoal.
Black double-cone topmarks are the most important feature, by day, of cardinal

marks; the arrangement of the cones must be memorized. Note that for north the point
of each cone is up, and for south the point of each cone is down. The resemblance o the
double-cone topmarks for west to a wineglass may serve as a useful memory aid.

Cardinal marks carry topmarks whenever practicable, with the cones as large as
possible and clearly separated.

Black and yellow horizontal bands are used to color a cardinal mark. The position
of the black band, or bands, is related to the points of the black topmarks, thus:

North-Points up-Black band above yellow band.
South-Points down-Black band below yellow band.
West-Points inward-Black band with yellow bands above and below.
East-Points outward-Black bands above and below yellow band.

The shape of a cardinal mark is not significant, but in the case of a buoy , ill be
pillar or spar.

When lighted, a cardinal mark exhibits a white light; its characteristics are 'ased
on a group of quick or very quick flashes which distinguish it as a cardinal mar'e and
indicate its quadrant.

The distinguishing quick or very quick flashes are:
North-Uninterrupted.
East--three flashes in a group.
South-six flashes in a group followed by a long flash.
West-nine flashes in a group.

As a memory aid, the number of flashes in each group can be associated with a clock
.hco (3 o'clock-E, 6 o'clock-S, and 9 o'clock-W).

The long flash (of not less than 2 seconds duration), immediately follo, ng the
group of flashes of a south cardinal mark, is to ensure that its six flashes cc not be
mistaken for three or nine.
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rite )eriods of the cast, south, and west lights are, respectively, 10, 15, and 15
seconds if quick flashing; and 5, 10, and 10 seconds if very quick flashing.

Quick flashing lights at. the rate of either 60 or 50 flashes per minute: very quick
flashing lights at the rate of either 120 or 100 flashes per minute.

It. is necessary to have a choice of quick flashing or very quick flashing lights in
order to avoid confusion if, for example, two north buoys are placed near enough to each
other for or-i to be mistaken for the other.

Isolated Danger Marks

An isolated danger mark is erected on, or moored on or above, an isolated danger
of limited extent which has navigable water all around it. The extent of the surrounding
nay: ible water is immaterial: such a mark can, for example, indicate either a shoal
\01 ;z well offshore or an islet separated by a narrow channel from the coast.

On a chart, the position of a danger is the center of the symbol or sounding in-
dicating it; an isolated danger buoy will inevitably therefore be slightly displaced on the
chart.

A black double-sphere topmark is, by day, the most important feature of an isolated
clanger mark and, whenever practicable, this topmark will be carried, with the spheres
as large as possible, disposed vertically, and clearly separated.

Black with one or more red horizontal bands are the colors used for isolated clanger
marks.

The shape of an isolated danger mark is not significant, but in the case of a buoy
will be pillar or spar.

Whn lighted, a white flashing light showing a group of two flashes is used to
denote an isolated da-ngor mark. The association of two flashes and two spheres in the
tnpmark may be a help in remembering these characteristics.

Safe Water Marks

A safe water mark is used to indicate that there is navigable water all around
the mark. Such a mark may be used as a centerline, mid-channel, or landfall buoy.

Red and white vertical stripes are used for safe water ma-ks, -nd distinguish them
from the black-banded, danger-marking marks.

Spherical, pillar, or spar buoys may be used as safe water marks.
A single red sphere topmark will be carried, whenever practicable, by a pillar

or spar buoy used as a safe water mark.
When lighted, safe water marks exhibit a while light, occulting, or equal interval

(i .nIase), or showing a single long flash. If a long flash (i.e. a flash of not less than
2 seconds) is uIed, the period ,f the light will be 10 seconds.

Th association of a single flash and a single sphere in the topmark may be a help
in remembering these characteristics..

Special Marks

A special mark may be used to indicate to tei mariner a sp.ecial area or feature,

the nature of whi,h is al)l)arent from reference to a chart, sailing directions, or notices
to mariners. Uses include:

1. Ocean Data Acquisition System (ODAS). i.e. buoys carrying oceanographic
or meteorological sensors;

2. traffic separation marks;
3. spoil ground marks;

A'
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4. military exercise zone marks;
5. cable or pipeline marks, including outfall pipes; and
6. recreation zone marks.
Another function of a special mark is to define a channel within a channel. For

example, a channel for deep draft vessels in a wide estuary, where the limits of the
channel for normal navigation are marked by red and green lateral buoys, may have
the boundaries of the deep channel indicated by yellow buoys of the appropriate lateral
shapes, or its centerline marked by yellow spherical buoys.

Yellow is the color used for special marks.

The shape of a special mark is optional, but must not conflict with that used for a
lateral or a safe water mark. For example, an outfall buoy on the port hand side of a
channel could be can-shaped but not conical.

When a topmnark is carried it takes the form of a single yellow X.
When a light is exhibited it is yellow; the phase characteristic taay be any, other

than those used for the white lights of cardinal, isolated danger, and safe water marks,
i.e.:

North mark--Quick (or very quick) flashing.
East mark-Quick (or very quick) flashing (3) 10 seconds (or 5

seconds).
South mark-Quick (or very quick) flashing (6) + long flash 15

seconds (or 10 seconds).
West, mark-Quick (or very quick) flashing (9) 15 seconds (or 10

seconds),.
Isolated danger mark-Group flashing (2).

SOcculting I
Safe water mark Equal interval (isophase)

ILong flash 10 seconds.

New Dangers

A newly discovered hazard to navigation not yet shown on charts, or included
in sailing directions, or sufficiently i)romnlgated by notices to mariners, is termed
a new danger. The term covers naturally occurring obstructions such as sandbanks,
rocks, or man-made dangers such as wrecks.

A now danger is marked by one or more cardinal or lateral marks in accordance
with the System 'A' rules. If the danger is especially grave, at least, one of the marks
will be duplicated as soon as practicable by an identical mark until the danger has
oeen sufficiently promulgate(].

If a lighted mark is used for a new danger, it. must exhibit a quick flashing or
very quick flashing light: If is it a cardinal mark, it. must. exhibit a white light; if a
lateral mark, a red or green light. I.

The duplicate mark may carry a Racon, coded W (.--), showing a signal length of
I nautical mile on a radar display.

-. The above discussion of System 'A' is adapted from N P 735, IALA Afaritine
Buoyage Syshn 'A', Edition 1, 1976, published by the Itydrographer of the Navy,
Taunton, England.

!-
I-
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UNITED STATES SYSTEM

Fairways and Channels

PORT HAND STARBOARD HAND

Buoy:

MARKING:, Odd numbers, commencing from Even-numbers, commencing from
seaward. seaward.

LIGHTED Buoy: White or green, flashing or occulting; White or red, flashing or occulting; or,
or, when marking important turns, when markinc important turns,
quick flashing. quick flashing.

Middle Grounds
MAIN CHANNEL To RIGHT MF.,N CHANNEL To LEFT

Buoy:

MARKING: May be lettered. May be lettered.

LIGHTED Buoy: White or green, interrupted quick flashing. White or red, interrupted quick flashing.

Where channels are of equal importance, either of the above buoys is used, without regard to the uppermost band.
|

Mid Channel I

Buoy: I1.

MARKING: May be lettered.

LIGHTED BuoY: White, short-long flashing.

Wrecks or Other Obst-uctions

To BE PASSED ON PORT HAND To BE PASSED ON STARBOARD HAND

Buoy:

MARKIFG:, Usually lettered "WR." Usually lettered "WR." I
LIGHTED Buoy: Wh, e or green, quick flashing. White or ted, quick flashing.

Where wrecks or other obstructions may be passed on either hand, either Middle Ground buoy is used, vithout
regard to the vnpermost band.

I"
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I UNITED STATES SYSTEM

Miscellaneous

SHAPE: Optional.

COLOR: Quarantine -Yellow.
Anchorage -White.
Fish Nets -Black-and-while horizontal bands.
Dredging-White with green top.
Seadromes -Yellow-and-black vertical stripes.
Special Purpose -Whiteand.internaional orange horizontal or vertical bands.

MARKING: May be lettered.

LIGHTED Buoy: Any color except red or green; fixed, occulting : ow flashing.

UNIFORM LATERAL SYSTEM

Fairways and Channeizo

PORT HAND STAR3OARD HAND 9

ToI'MARK: VA

"T"-shaped topmark Diamond-sharped top-
not used at channel mark not used at
entrance. channel entrance.

Buoy:

In secondary channels only, yellow may be substituted for white in checkered buoys.

MARKING: Even numbers, commencing Odd numbers, commencingfrom seaward, from seaward.

-4LIGHT: Red, single flashing or occulting or group White, single flashing or occulting, orflashing or occulting, with a number of group flashi ng or occulting (3); or green,flashes or occultations up to four; or of a different character from wreckwhite, group flashing or occulting markings; or both white and green with
(2 or 4); both red and white with abo-:e the above characteristics.
characteristics.
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UNIFORM LATERAL SYSTEM

Middle Grounds

MAIN CHANNEL CHANNELS OF MAIN CHANNEL
To RIGHT EQUAL IMPORTANCE To LEFT

TOPMARK:,

Bifurcation UAA

Junction T+

Buoy:

LIGHT: Distincti.e where possible. Distinctive where possible. Distinctive where possib.

Mid Channel

ToPMARK: Shape optional, but not conical, cylindrical, or spherical.

Buoy: Shape optional, but not conical, cylindrical, or spherical.

COLOR: Red-and-white or black-and-white vertical stripes; topmark red or black to conform with buoy.
LIGHT: Different from neighboring lights.

Marking of Wrecks

To BE PASSED ON To BE PASSED ON To BE PASSED ON
PORT HAND EITHER HAND STARBOARD HAND

By Buoys

MARKING: "W" in whte. "W" in white. "W" in white.

LIGHT:, Ureerg, groun flashing (2). Green, single occulting. Green, group flashing (3).

By Vessels

~VESSEL:

MARKING:' "W"or"WRECK"in white. "W"or"WRECK"m white. "W"or "WRECK" inwhite.

LIGHT: Fixed green, corresponding in number and arrangement to shapes displayed by day.

BELL: Two strokes at intervals of Four strokes at intervals (f Three strokes at intervals of
not more than 30 seconds. not more than 30 seconds, not more than 30 second.
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UNIFORM CARDINAL SYSTEM

Danger Markings
NW NEN TOPMARK: A N

Buoy:

LIGHT: White. Preferably flashing
or group flashing, with odd
number of flashes; or occulting
or group occulting, with odd
number of occultations. A

TOPMAktK: AToPMAP.K:

Buoy: Buoy:

Danger
LIGHT: White. Preferably group LIGHT: Red, preferably, or white.

flashing with even number of Flashing or group flashing, pref-
flashes, or group occulting with erably, with odd number of
even number of occultations. flashe&, or occulting or group

occulting with odd number of
occultations.

TOPMAI1K V

LIGHT: Red, preferably. or white.
Group flashing, preferably, with
even number of flashes; or group
occulting with e'en number of

SW occu!tations. SE

Variations in Danger Markings

Northern Eastern Southern Weztern Northern Eastern
Quadiant Quadrant Quadrant Quadrant Quadrant Quadrant

A p
Note: The number of characteristic shapes employed for the Note: When spars only are used, it A-- "

buoy itself may be limited to two, the conical shape being may be advantageous in the
employed in the northern and eastern quadrants and the northern and eastern quadrants to
cylindrical shape in the southern and western quadrants, as reverse the positions of the dark
shown above. colors, as shown above.I ',;i
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UNIFORM CARDINAL SYSTEM

Marking of Wrecks

WESTERN QUADRANT EASTERN QUADRAN r

TOPMARK:

Buoy:j

MARKING: 14in white, if possible. "W" in whi'te, if possible.

LIGHT: Green quick flashing. Green, interrupted quick flashing.

~In the Uniorm Card; nal Sys tem, wreck buoys are not used in the northern or southern quadrant.

UNIFORM SYSTEM-LATERAL AND CARDINAL
(Common To Both)

Isolated Dangers

ToPMARK:* * *
= Buoy:

=LIGHT.- White or red, rhythmic.

Miscellaneous

ToPINIARK: Landfall-Shape optional, but not misleading.
Transition - Shape optional, batl not misleading.
Others- None.

BUOY: Shape optional, but not misleading.

COLOR:, Landfall -Black-and-white or red-and-white vertical stripes.
-~ Transition -Red-a nd-white or black-and-white spiral bands.

Quarantine -Yellow.
Outfall-Yellow above and black below. -

Military Practice Area-Whie, with two blue stripes ri, ing from the waterline and
inteicsecting at right angles on top of the buoy, and, optionally, lettering in the A
national !anguage indicating a danger area (e.g., in English, "D.A.").

LIGHnT: Landfall-Rhythraic.
Out fall -Optional, with due regard to other lights in the area.
Otherb-None.

A'
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IALA MARITIME BUOYAGE SYSTEM 'A'

CARDINAL MARKS

Topmarks are always fitted (when practicable)
Buoy shapes are pillar or spar

VQkFI

A A

VQkFI(9)10s Vk135

v vA A
A~~ PITv V

II~OF

INTRES

V~6+LF.10s-

rQkFI()+ LF115s

Lights, when f itted, are v. hite. Very Quick Flashing
or Quick Flashing: a South mark also has a Long

Flash immediately following the quick flashes.
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TALA MARITIME BITOYAGE SYSTEM 'A'

LATERAL MARKS
PORT HAND STARBOARD HAND

- 3 3 can conical& &
Topmark A
(always fitted*
if buoy is not

can or conical)H

N j pillar or spar

Exceptionally. black may
be used instead of green

Lights, when fitted, may have any phase characteristic
Exarnpe

Quick Flashing
Flashing-

Long Flashing
Group Flisshing-

I -

iSOLATED DANGER MARKS

Topmark0
(alwas fited)Light, when fittEd, is

white

A L Group Flashing (2)

Shape: pillar or spar 1GF()§

when practicable

-if%
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SAFE WATER MARKS

Topmark 0 Light. when fitted, isI(always fitted if buoy wht
is not spherical) Isophase or Occulting.

or Long Flashing everyI Shape: spherical ISO1
or IolII

pillar or spar

SPECIAL MARKS

Topmark 2Light, when fitted, is
(if f itted) '..?yellow

and may have any[
phase characteristic
not used for white lights

Shape: optional

Topmark Nuimiit Gp FA (4)Y

If these shapes are/
used they will indicate
the side on which the I
buoys should be passed -. =L

when practicable
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GENERAL REMARKS

This publication (CHART NO. 1) contains symbols and abbreviations that
have been approved for use on nautical charts published by the United States ,i
America. The buoyage systems used by other countries often vary from that
used by the United States. Charts produced by the Defense Mapping Agency
Hydrographic Center (DMA.HC) will show the colors, lights, and other
characteristics in use for the area of the individual chart. Certain modified
reproduction charts distributed by DMAHC will also show the shapes and other

distinctive features that may vary from those ilhustrated in this chart. Terms,
symbols, and abbreviations are numbered in accordance with a standard form
approved by a 1952 resolution of the International Hydrographic Organization

(IHO). Although the use of IHO-approved symbols and abbreviations is not man-
datory, the United States has cooperated to adopt many IHO-approved symbols
for standard use on U.S. nautical charts. Alphanumeric style differences in the
first column of the following pages indicate symbol and abbreviation status as
follows:

VERTICAL FIGURES indicate those items for which the symbol and abbre-
viation are in accordance with resolutions of the IHO.
SLANTING FIGURES indicate those symbols for which no IHO resolution
has been adopted.
SLANTING FIGURES UNDERSCORED indicate IHO and U.S. symbols
do not agree.
SLANTING FIGURES ASTERISKED indicate that no symbol has been
adopted by the United States.
SLANTING FIGURES IN PARENTHESES indicate that the items are in

addition to those appearing in the "Glossary of Cartographic Terms". I
SP No. 22. 3rd Edition, 1951. IHO. and subsequent revisions.

t All changes since the July 1972 edition of this publication are indicated by the -

dagger symbol in the margin immediately adjacent tG the item identifieatiou of
the symbol or abbreviation affected.
BUILDINGS. A conspicuous feature on a building may be shown by a landmark
symbol with a descriptive label. (See I 8b. 36, 44. 72.) Prominent buildings that
are of assistance to the mariner may be shown by actual shape as viewed from
above (see I 3a. !'. .17. 66), and may be marked "CONSPICUOUS".
BUOYS and BEACONS. On entering a channel from seaward, buoys on star-
board side are red with even numbers, on port side black with odd numbers.
Lights on buoys on starboard *de of channel are red or white. on port side f -

white or green. Mid-channel buoys have black-and-white vertical stripes.
Junction or obstruction buoys, which may he passed on either side. have "od-
and-black horizontal bands. This system does not always apply to foreign

5waters.
The position of a fi.ed beacon is represented by the center of the beacon sym-

bol or the circle at the base of the symbol. The approximate position of a buoy is
represented by the dot or circle associated with the buoy symbol. The ap- -

proximate position is used because of practical limitations in positioning and -
maintaining buoys and their sinkers in urecise geographical locations. These
limitations include. but are ,not limited to. inherent imprecisions in position :
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fixing methods, prevailing atmospheric and sea conditions, the slope of and thematerial making up the seabed, the fact that buoys are moored to sinkers by
'varying lengths of chain, andthe fact that buoy body and/or sinker positions are
not under contin'ious surveillance, but are normally checked only during
periodic maintenance visits which often occur more than a year apart. The posi-tion of the buoy body can be expected to shift inside and outside the charting
symbol due to the forces of nature. The mariner is also cautioned that buoys are
liable to be carried away, shifted, capsized, sunk, etc. Lighted buoys may be ex-tinguished or sound signals may not function as a result of ice, running ice or
other natural causes, collisions, or other accidents. For the foregoing reasons, a
prudent mariner must not rely completely upon the charted position or opera-
tion of floating aids to navigation, but will also utilize bearings from fixed ob-
jects and aids to navigation on shore. Further, a vessel attempting to pass close
aboard always risks collision with a yawing buoy or with the obstruction the
buoy marks.
COLORS are optional for characterizing various features and areas in the charts.
DEPTH contours and soundings are shown in meters on an increasing number ofnew charts and new editions; the depth unit is stated on all charts. 2
HEIGHTS of land and conspicuous objects are given in feet above Mean High
Water, unless otherwise stated in the title of the chart.
IMPROVED CHANNELS are shown by limiting dashed lines with the depth and

*date of the latest examination placed adjacent to the channel except when the
=,channel data is tabulated.

LETTERING styles and capitalization as indicated in Chart No. 1 are not always
rigidly adhered to on the charts.
LONGITUDES are referred to the Meridian of Greenwich.
OBSOLESCENT SYMBOLIZATION on charts will be revised to agree with the
current preferred usage as soon as opportunity affords.
SHORELINE shown on charts represents the line of contact between the land
and a selected water elevation. In areas affected by tidal fluctuation, this line of
contact is usually the mean high-water line. In confined coastal waters of
diminished tidal influence, a mean water level line may be used. The shoreline ofinterior waters (rivers, lakes) is usually a line representing a specified elevation-
above a selected datum. Shoreline is symbolized by a heavy line (A 9).
APPARENT SHORELINE is used on charts to show the outer edge of marine
vegetation where that limit would reasonably appear as the shoreline to the
mariner or where it prevents the shoreline from being clearly defined. Apparent
shoreline is symbolized by a light line (A 7, C 17).
U.S. COAST PILOTS, SAILING DIRECTIONS, LIGHT LISTS, RADIO AIDS,
and related publications furnish information required by the navigator that can- I -

not be shown conveniently on the nautical chart.
U.S. NAUTICAL CHART CATALOGS and INDEXES list nautical charts, aux-
iliary maps and related publications, and include general information relative to
the charts.

Some differences may be observed between Chart No. 1 and symbols shown on
certain reproductions of foreign charts and special charts. Foreign symbols may
be interpreted by reference to the Symbol Sheet or Chart No. 1 of the originating
country. A glossary of foreign terms and abbreviations is generally given on
charts on which they are used, as well as in th. Sailing Directions.

i\V

av.
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A. The Coastline (Nature of the Coast) (see General Remarks)

t7 Ajz,1rent horei nd mangrove IId Rock uncovers at sounding
t I Approximate shoreline (vegetation limit) datum (See A 3g)

high low ~_ _ - '

2 Steep coast (Bluff) 8 Surveyed coastline Sadl ndmu

_ _

2a Flat coast P9 Shoreline if Sand and gravel

3 Cl ifycoat 11 Chrt sundig dtum nc g Coral uncovers at sounding3 C/ffycoas t~ Chrt sundng dtumknedatum (See 0 /0)

11 Foreshorr
4 (Strand in general)

a Rocky coast 12BekraogasaeSe02)

4 Sandhills, Our-s 14 im'; of unsur veyed areas

5 Stony or Shingly shoreRubl

6 Sandy shore Ile Stones, Shingle, or Gravel
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fB. Coast Features C. The Land, (Natural Features)
i G Gulff__ _

2 B Bay___
ma) B Bayou 5d___ al

3 Fd Fjord, 15tae__n

4L Loch; Lough,.
Lake IContour lines (Contours) 5e Fi ao___

5 Cr Creek___

5a C Cove *16 Lagoon (Lag;)

6 In inlt ___ - 5f Casuarina
7 Sir- St'ais____
8 Sd sound .e

''9 Pass Passage; Pass 10 (E(Cotrr5S eenitreef - gbd

22 Cha Cael _

23d Pr aroonor

12 Deidoulwtdan

27 Rde Range Rodta

16a Vb alley - 10 - - --- Woodd

27 Pk Peaorlcirt onfru woln

33or lineLandin defintitn
18 TabIsland tra

- -- - 1 -~ to eih
20Ach clatau) TR

251 Rc Pe 4.isu' (ao8 Buhen datum) rall

Sb Coniarou
23 PromaPomnry

II' III) Sw Sc Pal tree 14 lntei-~ire t rem _ _________

24[d HaHaln tSaigs n'qen',n'--

25 P Pol71 Zprm
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D. Control Points F d Other W4'ds'
M Triangulation point (station) I t Great

1 2 lit little
laAstr-nnornic station 3 Lrg Large

2 fSee In) Fixed point (landmark, position acourat 5 s OuSmalr

(Da) mo (See /q) Fixed point (landmarkposition approx.) 6 In7ner
__7 mid Middle

3 wm2h Summit of height (Peak) 8 Old
(when not a landmark) 9 anc Ancient

(Db) fPeak, accentuated by contours 10 New
11 St Saint

(1k) 26Peak acecentuated by hachures 12 conspic Conspicuous

(Dd) Peak, elevation rot determined13Rmkal
14 0. Oestr Destroyed

(Deu) O2 ~Peak, when a landmark 15 Projected
16 dist Distant

4 Obs Spot Observation spot -17 abt About

*5BM Bench mark Is See chart
18a See plan

Viwpoint 19 lighted, Luminous
6 iw20 sub Submarineii7 Datum point for grid of a plan 21 Eventuat

8 Graphical triangulation point 22 AERO Aero',autical
23 -ihr

9 Astro Astronomical 23a Low~er
24 exper Experimentat

10 Tri Trie.-gu/ation 25 discontd Discontinued
(DO Co Eo

t ngners26 prohib Prohibited
Cops27 explos Leptosive

12 Great trigonometrical survey station 28 estab Established
1329 elec Electric

Trvrs tain30 prrv Private, Privately
14 Bd o or~r ouet31 prom Pr oinentl

BdyMo Pundryi~'luflnt32 std Standard

EEL g) 'if tionat boundary monument 33 subm Submerged
34 approx Approxuimate
35 Maritime
36 maintd Maintained

1 1 37 aband Abandoned
38 temp Temporary

E.U is39 occas Oxcasionat

41 Nas.gable7

tI hr. h Hour 19 ht: elev Height. leveation 4 oc oMrnr
m.trgn Miut (f im) 20 * ere(Fa) L N V. LocatltXi~tce to Mariners

t2 m.ti iue(rie ~ re43 Sailing Directions
t3 sec. s Second (of time) 21 Minute (of arc) 44 Lst of Lights

4 -m Meter 22 Second (oi' ac) (Fb unvend Unverl.rd
4a dm Decimeter 23 No Nuvmber (Fcj AUTH Auttorized

4b cm Centimeter t(Eis) St M. St Mi Statute mile (Fd) CL Clearance
4c mm Millmetr t(Eb)l pse.ps Microsecond (Fe) con Corner
4d m2 Square mieter (Ec) Hz Hertz (cpsj (Ff) concr Concrete
4e M3  Cubic meter (Ed) 11HZ 1610hertz (kc) ('FA) fl Me~At

(FA) -od Flooira
5 km Kilomrefter (Ee) MHz Megahertz (U.-) (F) bt euen
6 in Inch t (Ef) Cps. UiS Cycles/second (Hz) (Fj) 1st F irstI
7 ft Foot (Eg) lic Kilocycle (kHr) t(Fk) 2nd. 2d Second
8 yd Yard (Eh) Mc Megacycle (MfHz) t(FI) 3rd. 3d Third 4
9 fm fathom t(Eu') T Ton [US. short (F-m) 4th F'ourth

10 cbl Cable length t Z~ C0O ,l j (F.) DW Deep Water

til M, Mi. N Mi N0auticalmile (Fo) mir Minimum
12 11 Knt(Fp) max Mexmum

t (Fq) Nly Northerl,
ti2a t 

Torne (metriC ton=t() Sy So tr
2,04 15Jt (Fs) Sly Esotery

-1 2b cd Candela (new cadlt (Ft) W-ly sel
is lat Latitude, t (F.) Se stroke
14 long Longitude t (FY) Restr Restrited
Ala Greznwich
1.5 Pub Publ'icat,'
16 Ed Edition
17 Corn correction
18 alt Attitue
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G. Ports and Harbors
IAnch Anchorage (large vessels) 20 Berth

2 I ~~And, Anchorage (small veels

3 Hbr Harbor 2a (4)Anchoring berth
4 Hn Haven -

p ot20b t3T Berth number

6 g ----- Bkw Breakwater 21 .- Doi Dolphin

7:_22Bolr
Dike23 Mooring ring

7 Mole 24 ~_Craie
25 Landing stage

25a Landing stairs
8 Jetty (partly, below MH4M

____26 1 ~Quar Quarantine

S27 Lazaret
8~zSumegedjety *28 Harbor Master Harbormaster's office

(Ga Jety(smllscae) 29 Cos Ho Customhouse
Ira ey(til cl) 30 Fishing harbor

il ~31 Winter harbor
32 Refuge harbor

9 __Pier Pier 33 8 Heir Boat harbor

__ _ 3i4 _ S t randin rbo

___ Groin (partly below MfHW)___Dyck(tulsaeo
M__ Anhrg prhbie Fotidock (actual shape o

__ ilftl-tl (sree oplona) (ee in'0- o large-scale carts)

12a Anchorage reserved 38 Gridiro.7; Careening rid

39 Patent sl~p. Stipway.
12b c(~R~l!Th~ QUA Qurantne - ~Marine railway

13b W__4___ Spoil grun 40 =: Loca(pon upstream)

________ Dumping ground 42 Shipyard

180 3iu81 43 Lumbet yardw 9 JUPi.?(GO I CRms fr __$. I Disposal area 44 Health Office Health ovlfcer s office

- U45 -s=Hk Hulk (actual shape on

(Gd) 0 Pump-our facitip'es large-scale charts)

14 Fsh stks Fisher,es, Fisnn Stak-s 46'4 POtpb /re

l4al=F UM FsF trap, Fish werspptff R4RA(sre3niaJ
factual shape ijiarted, _

46a aq;Calling-in point for vessel
14b Duck blind 4atraffc control

tI
15 _ Tuna nets (See G /4J 47 Anchorage for seaplanes

48 Seaplane landing area

I~a ~ ys Ovs-er bed -' ne Work in progress

16 Ldg Lnding place, O) ndrcstuio
17 Wa1ig /c 5) Work projectei

?(:V)iis Submerged ruins
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H. Topography (Artificial Features)

_____ ~ o"13 Canal, Dich, Lock. Sluice (point upstreaml
I Road(Rdor Hghway (Hy)___

-- ---------- 14 BridgelOR) in general

3 Railway(Ry) (single or double track); Railroad ( RR)j -

_________________________ 14d Suspension bridge i same as H /1

~3a Tramway -

3b Railway station 15 Drawbridge (in general)

16 Swing bridge (sair-e as H 15)
3c Tunnel (railroad or road)

I ' 3d Embankment. Levee
,...nmw0 t,.i,-iit, -- ; 16a Lift bridge

3eC n

3f Causeway
-~ OVREAPOWER CABLE- 16b Weghbridge or Bascul bridge

- TOWER.. TOWER- -

4 Ove-rhead power cable Oov.D PWR CAB)

-_------_-- 17 Ponton kdoe

5 Power transmiS5ior line :, o t g 4 v-

5a Power transmission mast Is Transpor'er brdge t same as H /1

VERT C
6 Prominent telegraph or telephone line 18a Bridge clearance, vertical

7 Aqueduct, Water pipe -NOR CLSBHTJ-

SVfiduct- I 18b Bridfge clearance, horizontal

8 Viaduct r~ _

___ __ __ 19 Fery (F)

_ ~ ~ ~ (See H9j, L 59, _

9 Pile; Piling; Post (generally above MU1W) 03)(i)Cable ferry, J

(See H 9, L 59, 210 "Ord
.9a file, Piling, Post (abo-e sounding datum) 0 30-_ ___________________

i0 Highway !See HI 21 Dam -~
Sewr _______-, 2 ence

11 Se~r23 Training all

112 Culvert 1t24 Log boor- _______
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I.Buildings and Structures (see Genieral Remnarks)

City or Town (large scale) 26a Ave Avenue

(I) ~ -City or Town (small scale) 26b Blvd Boulevard

2 Suburb 27 Tel Telegraph -

3 VII Village 28 Tel Off Telegraph office

3. Buildings in general 29 PO Post office

4 CaS Castle 30 Govt Ho Government house

5 5 32 House 31 Town hall

6 ila32 Hosp Hosoital

7 Farm

8 Chrch33 Slaughtirhouse

34 Magz Magazine
8o 17-5? Cath Cathedral

S~b OS! Spe Spr:Sele34a Warehouse; Storehouse

9 Roman Catholic Church 35 die- ou'en

10 Temple 36 X1 Cw Cupola

1Chapel 37 RQ&Aj NOe Elevator; Li

12 YMosque (l)Elev Elevation. flevated

12a Minaret Se

(Ib) Moslem Shrine 49Zinc roof
13 tV- marabout 40 Ruins

* 14 -)E Pag Pagea 41 Oi 1Z Tower

15 Buddhis Temple, Joss-House (if) O~I~Ti1 Abandored lighthouse

15. Shinto Shrine 42 - ~ Windill

16 Monastery, ConventWtril

17 Calvary, Cross

17a Cemetery, Non-ChriWistiato
1844 Chimney, Stack

J1 __ Cemeterv, Christian E

18a ob4 (ij Water tower- Standpipe

19 Fort (actual shape charted) 46 W3~± Od ltank

20 Battery 47~ Facty Factcry

21 Barracks 48 Saw ill,

2-1 ____ Powder magazine 49 Brick kiln

23 c Airplane landing field 50 N_ Mine; Quarry

2 j4 Airport. large scale (See P.13) 51 u Well

(Ic, @ Airport. military (s mall scale) 52 Cistern

tld) ~Airport, civil (small scale) 53 1~ Q ~ Tn

25 M2'Mooring mast 54 Noria

26 ___ St Street 55Fountain
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II. Buildings and Structures (continUed)

61 Inst Institute 72 O A 046j~ Gable

*62 Estabishiment 73 wall

63Bathing establishment 74 Pyramid

64 Ct Ho Courthouse Is Pillar

6.5 * Scb School 76 Oil derrirk

HS Hig scoo (1) Ld Limited

(1a) Aapt Apartment

Sta Any ind fstto t13 Cap s-a ig t ati

-8 tH Lfeu i n Sti)Crp Croation

69 W.LSted Ca uar stati ) ~- Lnmannedosto ocanoraphiSe statio

-0o Telephen ()andmarkl 6 Unmanned 6;ongrisate(eD

71~~~Fa towerk asmee

J. ~ Rce sceatieon Staio siga

I OPEL SAn Pio station 22 ride Oignlsto

2 t Sig tation 14e)Stream Bellfm sland) n

13 Coa Sem ard statio (simila Haro I esintrantetiontrlos

11 S SgS~~~~a Stom ifsgnal Station, 6 J) 0 ~~I ~~ aieplc tt

12 Wathr sinalstaton 11f 9fltEOA sT'O ig at station

(Jb) wSG TA oa st eatrdrvc saigna 7stalandcangah tto

--
"

U ~ nandcaorpi tto

17 7ie bal
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K. Lightsjj
I 0 * Position of light 219 F F1 Awved and flashing light

2 U Light 30 F Gp F; fixed and groupo flashing light

(K ) ~ Riprap surrounding light 30a Mo Morse code light

a U Ho Lighthouse 31 Rot Revolving or Rotating light

= AERO *AERO Aeronautical ligh, (See F-22) 41 Period

4aMarine and air navigation light 42Evy

* B f Light beacon 43 With

6 Light vessel- Lightship 44 Visible (ra.-2e)

8Lantern f(Kb) M. mc N L- Nautical mile (See E.ll)

9 Street la,7, (KC) Mn fon Minutes (See E-2)

10 A RZ-F Reflector It0Cd) s. wec Seconds (See £-3)

11j. Ldg L, Leading lght
45 Al Flash

12 SerLih 46 0cc Occultation

13 ~~~Directionallight 46Ecie

47 Gp Group
14 Harbor hyhl

10 ish'r liht48 0cc Intermittentlight

16 riallight 49 SEC Sector I
EE17 Private light (maintain ed by

__private interests;- to be 50 Color of secto
used with caution)IF Fixedhliht a/ Ao. Auxiliary light

22 0cc Occ-;i,,g light 52 varied

23 Flashing light 61 v" 1Violet

23a Isophase hight j'erqal inter vall 62 Purple

24 (1k F. Quick flashing (scintillating) hth. 63 BU Blue
25 h% OkP Interrupted quick fleshing fight 64 G Green

65 or Orangu-

25a S P4 Short flashing ligh 66 t

-6 A,, Alternating light 67 w White

27 G: occ Group occulting light 67a AIM Amber

28 GP A; Group.flashing light 67b y Yellow I -

28a S-i. F Shorrisong flashing light 68 OBSC Obscureo' gt

28b Grovp short flah;ng light I68a ro D Fg detector light (See Nb)
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K. Lights- (continued)

69 Un watched light 79 Front light

7-0 0cc.. Ocs'nllht80 Yen Verhicalfig his

71 I,"eR Irregularlhght 81 H0, Horizontallights

72 0-Yw Pro visional light (XI') V8 Vertical beam

73 Ien~p Temnpoary liht(g) ROE Range

(Me) 0 Oesif Destroyed (1(h) Exper &xperimentalnlght

74 E'tig Eslinguished light (Xi) TRIS Temporarily-rplacedhb
lightedbuoy showing7 theI 75 aintlight same characteristics

76 Upper light (90) TRUB Temporarilyrepaced by

77 Lower ligqht (1(k) T LS Temporarylihed buoy
7it Rear light (Xi) Tu Temporary un lighted bety

L. Buoys and Beacons netaddsmos
(see 1eneral Remarks) t# P g e tnadsmos

I __ Approximate posito BA, buyM'Biuton btiv (RBHBJ

t2 i~ ( Light buoy tL8 J.-,f4. bucy (RBHBJ

t3&lbc9 Isawddanger buoy (RSHB)

__ =~B~ ~- -~ Wreckbooy

t~a ~ on boyt29 M (RBfB or Q

buoy t Zoa Obstruchonbuoy (RBHB iG)

ts O LC~ Can or Cylindrical buoy t21 v ~ Tlgahcbebo

W_ iring buoys never carried)

tz I~7L S~C, 'cal buoy 22i. Moorng

t~ ~S O -12Sp 4uo ooring buoy with telegraphu
___ Spa__ commun'ca.-ions

i~a &~P Pillar or buoy2 Af- --. , ooin buoy with telephon-
Alla orSprle uoycommunications

_ ~ ~~ Buoy -,,h topmark fba I) tZ3 ~ Wrigbo

_Barrel or To 4- 24 ___ Quarantine buoy
24a Acricearea buoy

&osvanchorage buoy

iLii) * faT~iOy FloatZt
tt~ _____ ice! nchorage buoy

13 ~Outer or Landfall buoy t7_

fish trap (aPrea) &uoy (B WHBJ

t& pV b~W fairws buoy (BWI.S')
f274

tlua Miochannel buoy (8WV1S)

_ #4- 9 ~- O~ Star board-ha nd boy (en terinmlcoae ~~a is

f*29r seaward Private aid to navigation (buoy)
1 t6 'W ', PrzJandbary enermin f f'm (intmairedby private ifnts

seaward) us thcutm
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I L. Buoys and Beacons (continued)
29 R Slarboard-band bacy

(t~ntJ(antering from seawardf)

I B Part-hand boy 55 Cardinal marking system

30 7en-oary 6-y (See X.ij _

30aj4nte boy56 Cb pass rdjusr.oner' beacon

t3l Vp w .Hrsnasrierbns 5 Topi-arks (See L 9. 70)

~H8
tl . 'tcit:STeerpcae(lnding)

vs 58 6eaco

_ Acte Ple-~ 6ee 0 3QH 9, 9#J

t33ou Dvag Diagonal bandsm; Sae

41 w W W4.te S.Sti f~~7p Se 0 30)

43~ 9- Re

-44 Y YellOw 6) 0CR MiM Caz,

- 1, -5 G Gec, 62 P~rdace

46 B8 P4 63 lit& pstincuae

(SCee D02)

47G pay Iqdj -0i Lindo-ark (cs-nao-

48 -64 Pf. Pe a--fo

48b or a ew ae'ipuesecv

I I~ ~70 fttec OPMARKS c,. b pWy endbcons Max
I * 5e shown on charts of foreign waters-

52 /A~ .~crThe abblreatlon for blacA- is no,

~ (U) shown adjacent to bosor beac-Ons

53 B ecn SeS~

54 T ~~
_________________________________ I ________________________________
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U Buoys and Beacon (cotinued)

beintvcdzf IA LA Buoyage System "As
Th(e combined Cardinal and Lateral System (Red to Port)

Fatom and Metric Charts
v - fo-ce. Syge. A t&io A--f.. ,j I.OK,-' ovI W tt- bvJ _D C se1IO :w Weso WC~ _W*1 svf% J-0I ~ ~Sh.4 C h.e' n .dncz 'I 0 -- or -#a

UNLIT MARKS ILIGHTED MARKS
iL~ ge- ea~ 9 no0kY M- * IUThW 0 Off 1dctao4

M e ,rHe je jt IbWgfAse
-W .- k (d rw,-- c n e

!=6 =*1'd sui As

I'rmi nrpe I4 t ~ kat*-
Tcprwkz ~~Th 2Vtvkw4 Tr- mm-

~soI~d d~qr. $ttme~

Al: k
tLw &f _c e

T~~b 2 ~AVn
Safe wA.

WC9 L~k Uwe
I ~e e:~z1 ~_____

uxaf nowf j:*

S~e~I.r~ ~Th t bwe3a
Wes:~

Oecnpo"Acn

ltp~wb 2b~xi-wwc

Saf w-eot L---m vk a;;



APPENDIX Z: EXTRACTS FROM CHART NO. 1 1339

M Radio and Radar Stations

I R Sta Radio telegraph station 12 R.Radar responder beacon

2 Radio telephone station13 -aRt RdrefcorSeLLf

1 3 ( s e ni a R e R a d i o b e a c o nit ~ e L L

3 n~ Rdobacn14 Ra (conspic) Radar conspicuous object

4 ®R h Circular radiobeacon M4a Ramark

fN ,.~ *~ c i ~ Dirrance filding tto
5 Drectional radiobeacon, isyn0hronze statin)

(~)ORadio r.ange 0 AERO -,R-S snhrnzd51niS

Rotating loop radiobeacon 16 392=- - Aei ondUt1Ca1 radobeacon

~ ~ RDE Radio direction finding station 17 A Dcca StA Vecca station

(0 LdrUSta
t(Au)l~ AK~N4A _ Tleety atena18 -0 veemce- Loren station (name)

TMNAiEF)_,.,

(Mb) OR AY AS Rai rly at190**_CNt2 Io Corsol 1~onsoian) station

("I) MICR Microwave tower (Md) AEFIO R Rge
''3& -~L Aeronautical radio range

IRRadio tower (Me)raton Bn Radar calibration beacon

IV LR1NAN
9a 0 T T Television mast; Television toiier (MO) 0 SORAN TRWID Lceran tower (name)

10 0 ~ adio broadcasting Stadi
_1090Kz (commercial) (Mu F- L'Vbstruction light

__ o t OTG radio station oaDm '0L~r

ii ada satin (MI Ohf Ultrahigh frequency

yj at(MJ) vhf Very high frequency

N. Fog Signais
1 Fog Sig Foig-signal staton 13 HORN Foghorn

2 Rdilo fog-sigrial station 13a HinON Electric foghorn7

3 GUN Eplosive fog signal B ELL Fog bell

4 Submarine fog signal 15 WHIiS Fog whistle

s SUB.BELL Submarine fog belt 16 HORN Reed tiori-
(action of waves)

6 SUB-BELL Submarine fog bell 17 GONG Fog gong
(mechanical)

coiaphonothesor
FogAUT un N) HONphon ~eI .,7

NA~ Sbmrie ocilaor18a ow Submarine sounds signal o

12 HORNv Fog trumpet
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0. ~~~Dangers ________

Weksoig/7 onof hull or ~ f5&tO

I Rok wichdoe no coer upestrctue ( vesounding datum) (0c) Fish haven (artificil fishing reef)

FP12Wrckwthony assvisible __

5L~ic~h24~ (above sounding datum)

________________________29 Wrecitage
apox) 7'9a Wreck remain7S (dangerous

t~ ~ ~ ~~___ 2-okwihcvr n noerWtWekawy atai submerged only for anchoring)

14 Sunken wi eck dangerous to surface SuF ie i'~j
3 Rok awsh a, (edr)leve ot navigation (less than 15 fathoms t30 Submerged pillng

chr oniqdtmover wreck) (See 0 6a) (See -9, 9a; L 59)

Doted ne mphsizs dnge to15 Wreck over which depth lb known &

143'LV joa, Snags;' Submerged slumps
to Rokaah(egh nnw) 1a Wreck with depth cleared by (See L 59)

wire drag
3)1Lse ephpsil

Dotted line emnphasizes danger to 
8 W

navoatlon 32 noDre(SeA0;02/)
tl5b Un4surveyedimreck over which the

exact depth is unknown, but is 33 CoyvC es(Se02 0
4Submerged rock (depth unknown) considered to have a safe 34 Uncov Uncovers

clearance to the depth shown (See A 10, 0 2 /0)

Dotted hine emphasizes danger to 4-

navigation - 16 Sunken wreck not dangerous to ~~~io8
surface navigation Reported (with date)

5 Shoal sounding on .solated rock ul- .Ejtk

t 17 Foul ground Foul bottom (fb) 35Rprtd(ihaean_ ae
6 Submerged rock not dangerous 3 eotd(ihnm n ae

to surface navigation (See 0 4) --' R'-6DsolDsooed(e 9

?Jk._ 18 Overfalls or S.i...-d , 37 Isolated danger
- _I :t2_j Obse- ide rips

6a Sunken danger 'vith depth cleared
by wir drag (In feet or fathoms Eddie - -- '- -- -

'~ef19 Eddies 38 Limitnq dange' line

7 Reef of unknown extent -- 'fa

39 Limit of rock area

Ci-~i~b vr 2 Kep eawed ,'.hol~1 41 PA Posiiton approximate

6' ubmrin vocan 2)Bk ink42 2D Position doubtful -

8. 2um evla o21 hI Shoal 43 E D Existence doubtful

2, Rf Reef (See A lid. /9g 0 /0) 45 p ouoston
( ) Dscol i/er23a1 Ridge ~0 Dutu

9 . cooe wtr24 Le Ledge 46 Unexamined

9 Ccolredwatr O, L D Least Depth

;0Coral reef detached 25coer BraeaSet 2 )Ci

sounding datum) ucvesa 26 Submerged rock (&e 0 4)

12 27 Obtuto (Of) Offshore platformt (unnamed)

~-bsro~l AvSubrn we//A--HR
Corat or Rocky reef~ covered atu

sondngdau (eeA-~, ~g (oiti ~R Sub ell 0oe) Offshore plaform (named)
_ _ _ _ _ __tu Se A161 /9 (uy ed _ _
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P. VariousLimits,_etc. _________________

I ~--~L. Leading Aine, Range Line lila Lim it of military practice areas
2 Transit 14 Z Limitofsovereg9nfy
3 __ _____In line with - (Territorial waters)

4 ~' * Liit ofsector 1 - - ~ Csonhudr
-A-16 "i International/boundary

- (also State boundary)
__________ Channel Course, Track Sra ii

5 recommended (marked by
buoys or beacons) (See P 21) 18 Ice limit

(Pa) Alternate course 19 Limit of tide

20 Limit of navigation
6 Aa Radar-guided track Course ofrec,nmended (not

SSubmarine cable (power, 21 markedh6y buoys or beacons)
7 telegraph, telephone, etc.) <(See P 5)

* i7a ~ 4 ,~iSb arine cable area District or province limit

7b b - Abandoned submarine cable Reservation hine(includes disused cable) 23
8 74 Submarine pipeline (Optfons)

8. Submarine pipeline area

t 8b Abandoned submarine pipeline 24 l Measured distance

9 Maritime lim it In gene,-a/

*(Pb) 7-a- Limit of restricted area 25hbie areat (See G 12 46)
257S-- -1-1~ED ,-o (Screen optional)

____ Limit of fishing zone
10 (fish trap areas)

(P,) USHro ie(Pd) =!fA(LR/4 Shipping safety fairway

11 L; Limit of dumpinyg round
_______ spoil ground (See P 9,-G 13) -------

12 ~ Ancorae lmit(Pe) Directed traffic lanes

LS ---- Limit of airport (See/ 23, 24) ___

Q. Soundings________ _____

I DDoubtffulsoundinci I0 l-/irne depth figures

Ai.2 No bottom found 10a t%- I9 Figures for ordinary soundings
3 Out of position Soundings taken from foreign
4 _ Least depth in narrow channels charts

an ~ Dredged channel (with5oton dept indicated),7 12 c ~ Soundings taken from older~surveys (or smaller scale chisJ

6. 2 4 ~ . Dredge area 13 f Echo soundings 7

14 s 9 Sloping figures (See Q 12)
7 Swept channel (See 0 9)

15 6I Upright figurcs (See 02 IOa)
ts Drying (or uncoveriq) heights

ab y car sondig atum 16 * Bracketed figures (See 0, 2)

7 Swept area, not adequately (SUdae sudn figur)
sounded(shown UndW I (eriedsudn fi 8)

119 green tint)
18 Soundings expressed in

2 2 fathoms and feet
Swept area aequatet,/ 22 Unsounded area9a 8  sounded (s -v~.pt by wre z

3_' 1  j~ drag to depth indicated) (0a) ~- sStreamo~i
IN -2.
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I R. Depth Contours and Tints(see General Remarks)
Feet Fm/Meters fWe Fm/Metors

0 0 _ _300 .50
61 -. 600 /00 ------ - - - ---

12 2 _ _ 1,200 200
18 3 MR - -mu . 1,800 300
214 4 -- - - - -- -- - -

30 52,400 400
36 6---------------6,000 1,000 - - - -

60 /0 ....... .l000 2,000 - - - -

/20 20 18.-- - - ,000o 3,000 --

180 30 .... -... Or contfinuou l5es (blue or I
240 40 with values blck)-1f*

S. Quality of the Bottom
I Grd Ground 24 Qys Oysters so spA Speckled

2 S Sand 25 MS Mussels 51 gty Gray

3 MMuds Mudcdy 26 Spg sponge 52 dec Decoyed
4 Oz ooze 27 K Kelp 53 fly Flity)

5 M/ Marl F d Saed 54 ga lca
28 Jd Saed.9a 

lca

6 Cl Clay i.Gis Grass 55 ten Teflacious

7 G Gravel 29 Stg Seo-tangle 56 wh White

8 Sn Shingle 31 Sol Spicules 57 bk Black

9 PPebbles 432 Fr Foraininifera 58 v" Violet
10 St Stones 33 GI Globigerina 59 bU Blue f
I1I ik, i-ky Rock, Rocky 34 D/ Diatoms 60 gn Green

lid B10ds Bould'ers 35 Rd Radolaria 61 yl Yellow

12 Ck Chalk 36 Pot Pt eropods 6 r Oag

12& Ca Calcareous 337 PO Polyzo 63 rd Red

13 Ox Quartz 38 Cit Cirripedia 64 hr Brown

13a Sch Schist 38 /f*Ucus 65 cA Chocolate

14 C coral 38b Ma A 'attes 66 gy Gray

(Sa) Co H-d Coral head 39 fne ine 67 It L~ght

15 Mlds Madrepores 40 crs Coarse 68 dk Dark

I16 Vot Volcanic 41 sft soft 4
(Sb) Vol Ash Volcanic ash, 42 hrd Hard 70 yard Varied

17 La Lava 43 stf Stiff 71 unev Un~even

18 Pm Pumice 44 smrl small (Sc) S/MI Su'kce layer

19 T Tufa 45 lrg Large and Underl.kver

20 Sc Scoriae 46 stk Sticky

-.- 21 Cn Cinders 47 brA Broken

21a Ash 47a grd' Ground(S hells) 76 j___ srnsi

22 Mn Manganese 48 rt Rotten I
23 Sh Shells A9 str Streaky
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T.Tides and Currents IU. Compamss
I 11W High water

la HHW Higher high water
2LW Low wafer 0

Toa) I WD Low-water datum

2a LLW Lower low water

3 MTL Mean tide, level i

4 MSL Mean sea level

4a Elavation of/mean sea level -

s Chart datum (datum far - 8 -

soundin7g reduction)

6ice aSe inin pwesanereswt

7aIndiAlan sigl water
8 HS eigh-water sprndihnge (vul

12 tIWAenlow water ulCnocanep ast os

13MLW Mean establishmenptnrt Thf thee poe 3r Sn South ad ereswt

1I, restablishment of he port) ot

14Unt f eiht4 W West
15 ~~~Equinoctial 5N otes

16 Quarter:, Quadrature 6 SE Southeast

17 Sir Stream 7 SW southwest

18 Current, general, with rate s NW Nor-thwest

19 4i Flood stream (current) with rdfe PNNrhr

2 Ebb Stream (current) with rate .9Norhn

21 Ct-i6Oce1 E Eastern

2 ~ev Tide gauge; Tidopole; 1SSuhr
Automatic tide gaulge 1 etr

23 ye
1  Velocity; Rate 1 etr

24 iii, Knots
25 hi Height 21bgBearing

Tie22 T True

27 Newimoon,2 akigec
28 Full moon 3mgMgei

29Orinry24 var Variation

VSyzygy 25 Annaal change

31 /1 Flood 2.5a Annual changenil

32 Ebb 26 Abnormal variation;-
33 Tidal stream diagram Maognetic attraction

Place for which tabulated tidal
stram at ar gien 27 deg Degrees (See E-20)

35 Range (of tide)
36 Paselag28 dev Deviation

(Tt,1 ~ j~ Current diagram, with

~~ exp lanatory note
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Index of Abbreviations

A Chan Channel B 10

aband Abandoned F 37 Chec Checkered (buoy) L 33

ABAND LT HO Abandoned lighthouse If CHY Chimney I 44

abt About F 17 Cir Cirripedia S 38

AERO Aeronautical F 22:K 4 Ck Chalk S 12

AERO RBn Aeronautical radiobeacon M 16 Cl Clay S 6

AERO R Rge Aeronautical radio range Md CL Clearance Fd

alt Altitude E 18 cm Centimeter E 4b

Alt Alternating (light) K 26 Cn Cinders S 21

Am Amber K 67a: L 48a Co Company II

anc Ancient F 9 Co Coral S 14

Anch Anchorage B 15: G 1.2 Co Hd Coral head Sa

Anch prohib Anchorage prohibited G 12 concr Concrete Ff

Ant Antenna Ma conspic Conspicuous F 12

approx Approximate F 34 C of E Corps of Engineers Df

Apprs Approaches Bg cor Corner Fe

Apt Apartment Ij Corp Corporation Im
Arch Archipelago B 20 Cov Covers 0 33

Astro Astronomical D 9 corr Correction E 17

AUTH Authorized Fc cps. c/s Cycles per second Ef
Aux Auxiliary (light) K 51 Cr Creek B 5

Ave Avenue I 26a crs Coarse S 40
- Cswy Causeway H 3f
E3 Ct Ho Courthouse I 64
B Bay B 2 CUP Cupola 1 36
B Bayou Ba Cus Ho Customhouse G 29
B. b. bk Black L 42:S 57

Bdy Mon Boundary monument D 14 -

BELL Fog Bell N 14 D Doubtful 0 45

bet Between Fi DD Deep Draft F n

B Hbr Boat harbor S 33 D. Destr Destroyed F 14: Ke I

Bk Bank 0 21 dec Decayed S 52 a

Bkw Breakwater G 6 deg Degrees U 27 3

81 Blast dev Dev;ation U 28

Bid. Bids Boulder. Boulders B 32: S 1 la Diag Diagonal bands L 33a Z

Bldg Building ! 66 DFS Distance findng station M 15

Blvd Boulevard I 26b Di Diatoms S 34

BM Bench mark D 5 DIA Diaphone N 9

- I Bn Beacon (in general) L 52.53 Discol Discolored 0 36

BR Bridge H 14 discontd Discontinued F 25

Br. br Brown L 46.S 64 dist Distant F 16

brg Bearing U 21 dk Dark S 6 I |

brk Broken S 47 dm Decimeter E 4a [
Bu. bu Blue K 63.1- 48:S 69 Dol Dolphin G 21

BWHB Black and white horizontal DRDG RGE Dredging Range

bands L 27 E • I

BWVS Black and white vertical E East, Eastern U 2. 10
stripes L 14.14a Ed Edition E 16

ED Existence doubtful 0 43

C elec Electric
C Can, Cylindrical (buoy) L 5 elev Elevation E 19

C Cape B 22 ELEV Elevator. Lift I 37

C Cove B 5a Elev Elevation. Elevated le i

Ca Calcareous S 12a Ely Easterly Fq i

Cap Capitol Ik Entr Entrance B 11

asCastle I 4 E int Isophase light
Cath Cathedral I 8a (equal interval) K 23a

cbl Cable length E 10 Est Estuary B 12

cd Candela E 12b estab Established F 28

C G Coast Guard J 3. J? Exper Experimental (light) Kh

ch Chocolate S 65 exper Experimental F 24

Ch Church I 8 explos Explosive F 27

%I 2I
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Abbreviations

Explos Anch Explosive Anchorage (buoy) L 25 H S h.,h School igExting Fxtinguished (light) K 74 ht Heigi E 19;T 25extr Extreme F 40 HW High water T 1

Hy Highway H 1
F Fixed (light) K 21 Hz Hertz Ec
Facty Factory I 47 I
Fd Fjord B 3 I Island B 18

iF F Fixed and flashing (light) K 29 I Qk. Int Qk Interrupted quick K 25F Gp Fl Fixed and group in Inch E 6
flashing(light) K 30 In Inlet B 6Fl Flash. Flashing (light) K 23. 45 Inst Institute I 61ff Flood Fg: T 31 Irreg Irregular K71fly Flinty S 53 ISLW indian spring low water T 10fm Fathom E 9 Is Islands B1fne Fine S 39 Iso Isophase K 23aFog Det Lt Fog detector light K 68a: Nb It Islet B 19

Fog Sig Fog signal station N 1
FP Flagpole J 19 K-- Fr Foraminifera S 32 K Kelp S 27
FS Flagstaff J 19 kc Kilocycle EgFsh stks Fishing stakes G 14 kHz Kilohertz Ed
ft Foot E 7 km Kilometer E 5Ft Fort I 19 kn Knots E 12:T 24
F TR Flag tower J 19a
Fu Fucus S 38a_ - Fy Ferry H 19 L Loch. Lough. Lake B 4

La Lava S 17G Lag Lagoon Bf:C 16G Gulf B 1 la*t Latitude E 13G Gravel S 7 LD Least Depth OdG. Gn. gn Green K 64:1 20.20a. 45:S 60 Ldg Landing. Landing place B 33: G 16GAB Gable I 72 LIdgLt Leadinglight K 11GI Globigenna S 33 Le Ledge 0 24glac Glacial S 54 Lit Little F 2GONG Fog gong N 17 LLW Lower low water T 2aGovt Ho Government House I 30 LNM Local Notice to Mariners FaGp Group K 47 long Longitude E 14Gp Fl Group flashing K 28 LOOK TR Lookout station. Watch tower J 4GpOcc Group occulting K 27 Irg Large F 3:S 45Grd. grd Ground S 1. 47a LS S Lifesaving station J 6Grs Grass S 28 Lt Light K 2
gt Great F 1 It Light S 67
gty Gritty S 51 Ltd Limited Ii-oGUN Explosive fog signal N 3 Lt Ho Lighthouse K 3
GUN Foggun N 10 LW Low water T 2Gy. gy Gray L 47:S 66 LWD Low water datum Ta . 4
H MHB Horizontal band- or stripes L 31 M.Mi Nautical mile ElI: KbHbr Harbor B 16:G 3 M Mud. Muddy S 3Hd Head. Headland B 24 m Meter E 4. d.eHECP Harbor entrance control post Jd m Square meter E4dHk Hulk G 45 m3 Cubic meter E4cHHW Higher high water T la m. min Minute (of time) E2:KcHn Haven B 16a:G 4 Ma Marsh BjHor Horizontal lights K 81 Ma Mattes S 38bHOR CL Horizontal clearance H 18b mag Magnetic U 23HORN Fog trumpet. Foghorn. Reed horn. Magz Magazine I 34Typhon N 12. 13. 13a. 16. Na mainto Maintained F 36Hosp Hospital I 32 max Maximum Fphr. h Hour E I Mc Megacycle Ehfhrd Hard S 42 Mds Madrepores S 15

1\
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Abbreviations

Mg Mangrove Bk Pag Pagoda 1 14
MHHW Mean higher high water T 8b Pass Passage. Pass B 9
MHW Mean high water T 7a Pav Pavilion I 67
MHWN Mean high-waterneaps T 8a PD Position doubtful 0 42
MHWS Mean high-water springs T 8 Pen Peninsula B 21
MHz Megahertz Ee PIL STA Pilot station J 8
MICRO TR Microwave tower Mc Pk Peak B 29
mid Middle F 7 Pm Pumice S 18
min Minimum Fo Po Polyzoa S 37
Mkr Marker Lc P 0 Post Office 1 29MI Marl S 5 P, Pos Position 0 44
MLLW Mean lower low water T 9b priv Private. Privately F 30
MLW Mean low water T 8c Priv maintd Privately maintained V 17: L 29
ILWN Mean low-water neaps T 9a Prohib Prohibited F 26

MLWS Mean low-water springs T 9 prom Prominent F 31
1.1m Millimeter E 4c Prom Promontory B 23
Mn Manganese S 22 Prov Provisional (light) K 72
Mo Morse code light K 30a Pt Point B 25
mod Moderate Fh Pt Pteropods S 36
MON Monument 1 35 pub Publication E 15Ms Mussels S 25 P F Pump-out facilities Gd
j.sec.,us Microsecond (one millionth) Eb PWl Potable water intake
MSL Mean sea level T 4
Mt Mountain. Mount B 26 Q
Mth Mouth B 13 Quar Quarantine G 26
MTL Mean tide level T 3 Qk FI Quick flashing (light) K 24
N Qz Quartz S 13
N North: Northern U 1.9 R
N Nun:Conical(buoy) L 6 R Red K 66:1 15,43
NM. N Mi Ndutical mile E 11 R River Bd
NAUTO Nautophone N 8 Ra Radar station M 11
NE Northeast U 5 Racon Radar responder beacon M 12
N'Ly Northerly Fq Ra (conspic) Radar conspicuous object M 14
NM Notice to Mariners F 42 RA DOME Radar dome Mh
No Number E 23 Ra Ref Radar reflector Lf; M 13 --
Np Neap tide T 7 RBHB Red and black horizontal
NW Northwest U 8 bands L 17. 18, 19.20. 20a
NWS National Weather Service R Red beacon 152

Signal Station ib B
R Bn Radiobeacon M 3.4. 16O Rd Radiolaria S 35

OBSC Obscured (light) K 68 rd Red S 63
Obs Spot Observation spot D 4 Rd Road. Roadstead B 14: H 1
Obstr Obstruction 0 27 RD Directional Radiobeacon.
Obsy Observatory J 21 Radio range M 5
Occ Occulting (light). RDF Radio direction finding station M 7

Occultation K 22. 46 REF Reflector K 10: L 64
Occ Intermittent (light) K 48 Rep Reported 0 35 -
Occas Occasional (light) F 39: K 70 Restr Restricted Fv
Off Office J 22 Rf Reef 0 23

- Or, or Orange K 65: L48b: S 62 Rge Range B 27
OVHD RGE Range Kg

PWR CAB Overhead power cable H 4 Rk Rock B 35
10%s Oysters. Oysterbed S 24:G 15a Rk.rky Rock.Rocky S 11

Ooze S 4 Rky Rocky Bh _ ,R MAST Radio mast N1 9
P Rot Rotating (light). Revolving K 31
P Pebbles S 9 RR Railroad H 3
P Pillar(buoy) L 8a R RELAY MAST Radio relay mast Mb
P Pond 3b R Ste Radio telegraph station,
P Port B 17:G 5 QTG Radio station MI. lOa

- -"PA Position approximate 041 RT Radio telephone station M 2
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Abbreviations

rt Rotten S 48 T Telephone 1 70: L 22c
R TR Radiotower M 9 T True U 22Ru Ruins I 40 T Tufa S 19RW TB T m oayb oBn Red and white beacon L 52 TTemporary buoy 130

Tel Telegraph 1 27: L 22bRv Railway H 3 Telem Ant Telemetry antenna Ma
S TelOff Telegraph office I 28Sand S 2 Temp Temporary (light) F 38; K 73S South; Southern U 3. 11 ten Tenacious S 55S Spar(buoy) L 8 Thoro Thorofare a 9Sc Scoriae S 20 Tk Tank I 53Sch Schist S 13a TR Tower I 41Sch School I 65 TRLB. TRUB. TLB. TUB Ki. j. k. ISd Sound B 8 Tri Triangulation D 10SD Sounding doubtful Q I TV TR Te!evision tower (mast) M 9a
SE Southeast U 6
sec.s Second (time: geo. pos.) E 3: Kd USEC Sector K 49 uhf Ultra high frequency M1
Sem Semaphore J 10 Uncov Uncovers; Dries 0 2. 32. 34S F1 Short flashing (light) K 25a Univ University Ihsft Soft S 41 unver Unverified FbSh Shells S 23 unev Uneven S 71Shl Shoal 0 22 lksec./ps Microsecond (one millionth) EbSig Sta Signal station J 9
SIREN Fog siren N 11 V" Sk Stroke Fu var Variation U 24S-L F! Short-long flashing (light) K 28a vard Varied S 70- Stu Slough Be; C 18 VB Vertical beam KfS'ly Southerly Fr vel Velocity T 23 jsml Small F4: S 44 Vert Vertical (lights) K 80Sn Shingle S 8 VERT CL Vertical clearance H 18aSp Spri, ig tide T 6 vhf Very high frequency MiSP Spherical (bouy) L 7 V1. v Violet K 61: S 68Spg Sponge S 26 View X View point O 6

Spi Spicules S 31 Vil Viilage 1 3S'PIPE Standpipe I 45 Vol Volcanic S 16
spk Speckled S 50 Vol Ash Volcanic ash SbS Sig Sta Storm signal station J 11 VS Vertcal stripes L 32St Saint F 11
St Street 1 26 WSt Stones S 10 W West. Western U 4. 12Sta Station J 1.2 W.wh White K 67:L 41:S 56std Standar. F 32 W W b L 5stf Stiff S 43 Bn White beacon 1 52Stg Sea-tangle S 29 Wd Seaweed S 28

stk Sticky S 46 Whf Wharf G 18St M. St Mi Statute mile Ea WHIS Fogwhistla N 15 1 =Str Strait B 7 Wk Wreck 0 15.28Str Stream Bc:T 17 Wks Wrecks. .treckage 0 29str Streaky S 49 WOr White and orange Le -
sub Submarine F 20 W'ly Westerly FtSUB-BELL Submarine fog bell N 5.6SSubm. subm Submerged F 33;0a,.30 Y. yl Yellow L 24. 44: S 61 -Al---
Subm Ruins Submerged ruins Gd yd Yard E 8
SUB-OSC Submarine oscillator N 7j Sub Vol Submarine volcano 0 8 1st First Fj
Subm W Submerged Well Ob 2nd. 2o Second FkSW Southwest U 7 3rd. 3d Third Flsw Swamp B 1 4th Fourth Fm L
T 

Degree E 20t Tonne E12a Minute (of arc) E 21T Ton Ei Second (of arc) E 22

.
- . - - -

- o ,
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-IAf / AIDS TO NAVIGATION ON THE INTIRACOASTAL Vwk AY

AS SEEN DE1RI FRW OMT AMD EAS-44ROCMMR TO SOUMh AW WtuF
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AIDS TO NAVIGATION ON WESTERN RIVERS

AS SEEN ENTOMG FROM SEAWAM

TO~ STFO ST POW.,

-urn ~ ~ ~ gu am n I L~Wu~

PASJG .0UA
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UNFR STATE WATERWAY MARKIN4G SYSTEM

STATE WATERS AMD DES!GIATM STAT E WATERS MOR POVATE AM TO NAViGATMO

_ Wno WA E

I~20 A LiS TO NAVIA1
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"A B C" Tables far Azimuth, Great Circle Aerial and Marin~e Navigation Tables, of
'lring, and Reduction to the Meridian; Gingrich ------------------------- 574

of Blackburne--------------------- 614 Aeromarine radiobeacon(c) ------------- 930
AMVER Bulletin, information in -------- 732 Aeronautical "';ht(s), on charts--------- 121

p ublication--------- -------------- 732 discussed -------------------------- 93
ANBRN-3 Radionavigation Set. of sat- Aeronautical radiobeacon(s) ------------ 930
cilite navigation, .iiscussed -------- 1027-1031 Ageton, Arthur A.; sight reduction tables

AN/PRR-14, Geocelver. accuracy of. 1045-1047 of ------------------------------ 575
design characteristics --------------- 1045 Agonic line, defined---------------- 124, 199
discussed ------------------------ 1045 Agulhas Current --------------------- 785
functional description --------------- 1045 Aid(s) to navigation, chart symbols for-. 118-122
status of ------------------------ 1047 defined--------------------------- 90

AN/SRN-9 integral doppler navigation, history of ----------------------- 14-15
discussed -------------------- 1055-1000 private, discussed------------------- 108

AN/SRN-9 Radionavigation Set, of sat- protection by lawy, discussed ---------- 108
ellite navigation, accuracy of..---. 1035-1030 visual and audible. introduction to ---- 90

development of ---------------- 1031-1035 Air Almanac, of Wee,-..'---------------- 40
status of ------------------------ 1030 Air Almanac, The; altitude corrections

AN/SRN-19 Radionavigation Set, of sat- by-------------------------- 430-431
ellite navigation, accuracy of..---. 1043-1045 arc to time table -n------------------ 474

discussed--------------------- 1040-1041 augmentation correction in ----------- 425
functional description------- ---- 1041-1043 described------------------------- 500
status of ------------------------ 1045 dip correction in---- --------------- 419

AN! WRN-5 Radionavigation Set, of sat- equation of time by ----------------- 484
ellite navigation, accuracy of..----. 1037-1040 extracts f rom ----------------- 1145-1163

design characteristics --------------- 1037 finding GHA and declination, of
discussed ------------------------ 1030 moon --------------------- 503-504
functional description ----------- 1030-1037 of planet--------------------- 504-505
status of ------------------------ 1040 of star ---------------------- 505-506

A-scope, of radar --------------------- 940 of sun----------------------- 502-503
A-trace, on Loran-A scope ------------- 1241 finding time, of moonrise and moon-
Abandoning ship, before lowering boats-. 0 94 set ----------------------- 509-513

estimate of situation ------ ------- 694-6095 of sunrise and sunset--------------- 507
Abbreviations ----------------- 1107-1111 of twilighL ---------------------- 508
Abeam, defined ---------------------- 272 low altitude corrections -------------- 434
Aberration, discovery of--- ------------ 26 parallax correction in---------------- 428

explained------------------------- 358 planet location diagram in ------------ 628
Abridged Nautical Almanac, The; historical 439 Polaris correction table in ------------ 553
Absolute motion, of celestial bodies, dis- publication of..------------------- 498"99

cussed------------------------- 341 refraction correction in--.------------ 422
defined------------------------ 341 semidianieter correction in ------------ 424

Absolute tenmperature, defined-------- 852-853 sky diagrams in -------------------- 636
Absolute zero, defined-------------- 852-853 star chart in ----------------------- 619
Absorption, and scattering, of radio tabulation of GHA and declination..- 501-502

waves-------------. _-----922-923 Airmass, defined-------------------- 871
Accelerating anode, of cathode-ray tube.- 928 types of-------------------------- 871
Acceleration error, of sextant---- --- --- 412 Air navigation, defined ----------------- 56
Accelerometer(s), in inertial navigation, Air temperature, altitude correction for,

defined ------------------------ 1076 discussed------------------------- 423
sensitive axis of--------------- 1078-1080 Alaska Current ---------------------- 784

Accuracy, of charts---------------- 110-111 Alesqio. A.; azimuth aiagram of --------- 615
of Consol -------------------- 1015-1018 Aleutian Current --------------------- 784
of Decca fix%------------------- 1012-1013 Alfonsine ab' ------------ ---- 24,39
defined------------- ------------ 1205 Algae, in seawater--------------748 a
of Loran-A fix- ---- - ------- -- -- 1245-1246 Almagest. of Ptolemy --------- 12, 23, 25, 36, 39
of Lorron-C fix-------- ------------ 1002 Alinanic~s), hiqtory of --------- ------ 39-40Additional Secondary Phase Factor, of introduction to ----------------- 498-499
Lorvn C signals--------1001-1002 fr!(ba aiain 9

Admiralt Li'staof Radio Signals (vol. 6)- 490 or.lotnvgto----- -- 09
Consoland Conoa proedre in - - ~ ------ ------------------ 500-0
Decca information in---------------- 1012 i~nc ~ptuz fZct-----3nlucantar, defined ------- -------- 37Advance, of line of positiomn------------ 448 A;hBta am aigto al
of vessel in turn, defined -------- ----- 295 AL

Advanced calculator(s) ---------------- 1254 The; of Goodwin ------------------- 564
use of----------------------- 1262-1203 Alt- zinzulh Tables, of Davis___-----579

Advection fog, formation of------------- 878 Alternating current, defined------------- 915
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Alternating fixed and flashing light, Light Anchoring, piloting procedure ------- 298-300

List entry for --------------------- 94 Anemometer ------------------------- 848 1Alternating light, defined --------------- 94 Aneroid barometer, described ----------- 845Altitude, of celestial body, defined ------- 379 discussed -------------------------- 846
computation of ------------------ 517-520 Aneroid capsule, of aneroid barometer-.... 846 1determination of, by graph -------- 600-602 Angle(s), of incidence ---------------- 391by map projection ------------- 605-A06 illustrated --------------------- 420by mechanical methods --------- 602-605 of reflection ---------------------- 391 1locating point on celestial sphere by - 373 of refraction, illustrated ....---------- 420
measurement of, in lifeboat -------- 701-704 Angular distance, defined -------------- 155

Altitude and Azimuth Almant, of Japanese Angular momentum, conservation of --- 1077
Hydrographic Office ---------------- 58; Angulr. relationship, correct, as desirable

Altitude and Azimuth Tables, of Aquino... 576 property of projection -------------- 64
Altitude azimuth, defined -------------- 612 Annular eclipse, of moon, defined ---- 369-370by intermediate calculator ----------- 1256 Anomalistic month, and tidal cycles ----- 768Altittude, Azimuth, and Geographical Posi- Anomalistic year, length of ------------ 358(ion; of Littlebales------------------43 Antarctic, features of ----------------- 669Altitude, Azimuth, and Hour Angle Dia- Antarctic airmass, source region of ------ 871

gram; of Littlehales-----------------601 Antarctic Circle, defined -------------- 362Altitude difference, defined ---------- 444, 510 Antarctic whiteout, described ----------- 672Altitude factor, defined -------------- 550-551 Antenna(s), characteristics of -------- 923-924 1discussed --------------------------- 560 height of, in radarscope interpretation. 951 -Altitude intercept, defined ------- 444, 516, 566 of radio transmitter ---------------- 927finding of-----------------------418 Anthelion, defined ------------------- 881 1Altitude intercept method, for line of posi- Anticrepuscular rays, described ------- 882-883 -tion --------------------------- 566 Anticyclone(s), defined ---------------- 874Altitude method(s), for line of position--- 566 description ot ------------------ 874-876perpendicular from body, formulas for Antiselene, defined ------------------- 881solution -f -------------------- 57-578 Aphelion, defined -------------------- 345
perpendi(ular from zenith, formulas for Apogean current ------------------ 773-774solution of ------------------- 571-575 Apogean tide(s) ------------------ 7- 765-766 0of sight reduction ------------------ 559 Apogee, defined --------------------- 345 1triangle not divided, formulas for solu- of moon, defined-..------------ 765-766, tion of ----------------------- 566-571 distance at --------------------- 351 _without use of navigational triangle-. 578-579 Apparent (rectified) altitude, obteining of. 429

Altitude or Position Line Tables, of Ball-._ 567 Apparent horizon, defined ------------- 377 -.Altitude Tables for Mariners and Aviators, Apparent motion, of celestial bodies,
of Tillman ------------------------- 578 discussed ---------------------- 341

Alto, meaning of -------------------- 855 due to, earth revolution --------- 357-358 K.Altocumulus clouds, described-------..-- 858 earth rotation --------------- 356-357 IfAltostratus clouds, described ------------ 859 movement of other bodies ---- 358-359Ambiguity, of loop antenna--.-----..--- 932 defined -------------------------- 341American Air Almanac, publishing of first 40 Apparent precession, of gyroscope, de-American n phemeris and Nautical Almanac, fined ------------------------------ 1077The; equatorial horizontal parallax in. 351 Apparent sidereal time, defined --------- 462
historical ------------------------- 39 Apparent solar (lay, defined ---- 343, 465-466Julian day listed in ------------------ 472 Apparent solar time --------------- 364, 470parallax correction in ---.----------- 428 measurement of ------------------- 466 -publication and contents of-----------498 Apparent sun ---------------------- 483 J-semidiameter correction in ----------- 424 defined ------------------------- 364 "stars listed in-------------------- 616 Apparent time, finding ------------ 483-484 1unificationwith TheAstronomical Ephem- Apparent wind, defined --------------- 849

American ---- Almanac,-The-develop- 498 Appendages, as cause of speed aensor
Nautical errors ----------------------------- 144ment of -------------------------- 39 Approach chart, classification of ------ - 110historical ------------------------ 498 Apron. defined ---------------------- 749 Tlunar distance tables, deletion of ------ 42 Apsides, line of, defined --------------- 345

Amplifier, radio --------------------- 927 Aquino, Radler de; sight reduction tablesAmplitude(s) in azimuth observations-- 557-558 of ------------------------- 576-577 f
for checking compass ---------------- 612 Arc, of marine sextant ---------------- 392defined ---------------------------- 557 and time, interconversion of-4-- 2-475
by intermediate calculator ------- 1257-1258 Artano del Mare, of Dudley ------------- 20of radio wave, defined --------------- 916 Archipelagic apron, defined ----------- 749Ampl1tude modulation, of carrier wave... 926 Arctic, features of ------------------- 669

Anabatic wind, defined --------------- 877 Arctic airmass, source region of----------871
Anchor ice, defined --------------- 806-807 Arctic Azimuth Tables (H.O. Pub. No. 66). - 613 !Anchorage(s), on charts --------------- 125 Arctic Circle, defined ----------------- 362description of in Sailing Directions (En- Arctic Ocean, features of .-------------- 669

-t- route) ---------------------------- 332 Arctic paths, of Omega signals ---------- 983holding quality of bottom- ----- 684 Arctic sea smoke, described ------------ 878 • ___
.in polar regions------------- 684-685 Arctic whiteout, described ------------- 672ade uacy of room for swing --------- 684 Arithmetical Navigation, of Addison ------ 20availability of, position determination. 685 Armed lead -------------------------- 151suitable exit ---------------- 684-685 Armillary sphere, origin of -------------- 35-36protection from wind and sea ------- 684 1 Arte de Navegar, of Pedro de -Medina.....- 19
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Artificial horizon, altitude corrections for. 429 Aurora borealis ------------------ 0 671

defined ---------------------------- 411 Auroral zone(s), effect on Omega signals.. 983
description and use of------------411-412 Automated Mutual-as"istance Vessel Res-

Artificial horizon sextant(s), altitude cor- cue System (AMVER), commaunica-
rections for --------------------- 429 tions network, discussed ------------ 732

described-------------------- 412-414 discussed ------------------------ 781-732
Ashton Philip- sight reduction tables of-. 587 participation in ----------------- 732-735
Asian charts ----------------------- 5-6 plot information ------------------- 736
Aspect, of radar target, effect on range. -- 950 uses of ----------------------- 736-738
Assumed latitude, selection of -------- 445, 515 Automated weather stations and buoy
Assumed longitude, selection of ------ 445, 515 systems, discussed ----------------- 861
Assumed position, in navigational triangle. 387 Automatic dead reckoning, discussed ----- 257

selection of ------------------------ 5!5 Automatic radio direction finder ----- 9 930-931
in sight reduction ---------------- 444, 516 Autumn (season) -------------------- 359

Asteroid(s), in solar system ------------- 343 Autumnal equinox, defined ------------- 359
Asero-Navigation Tables for the Common Average motion er.'or, described --------- 145

Tannent Method, of Benest and Timber- Away, sight reduction, defined ------- 445, 516
lake ------------------------------ 575 Axis, of rotation, of earth -------------- 57

Astrogeodetic datum orientation -------- 1305 Azimut-Tabellen, of Ebsen ------------- 614
Astrograph-time Stor Tables for Air Naviga- Azinuldiagramme, of German Navy ------ 615

lion, of Ashton -------------------- 587 Azimuth, and bearing ----------------- 62
A3trolabe, invention of ancient ---------- 27 ceputation of ------------------ 511-520
Astrology, pseudo science of ------------ 364 defined ---------------------------- 379
Astronomic latitude, defined ----------- 1298 determination of -------------- 611-612

illustrated ------------------------- 371 by intermediate calculator -- 125-1257
Astronomic longitude, defined- ------ 371, 1298 by tables-......------------------ 555-557
Astronomical day, defined ------------- 471 locating point on celestial sphere by. - 373
Astronomical distance, units of ------- 341-343 Azimuth and Hour Angle fir Latitude and
Astronomical Ephemeris, The; historical.. 498 Declination, of Shortrede ------------- 613

unification with The American Ephe- Azimuth angle, defined ---------------- 379
meris and Nautical Almanac ----------- 498 determination of, by graph -------- 600-602

Astronomical mean sun --------------- 467 by map projection ------------- 605-606
* Astronomical Navigation Tables (British by mechanical methods --------- 602-05

Air Pub. 1618) (11.0. Pub. No. 218)... 579 Azimuth circle, description and use of .... 163
Astronomical observatories, history of .... 35-38 Azimuth by Logs, of Purev-Cust --------- 614

F Astronomical rLcaction, defined --------- 421 Azimuth Diagram, of Weir -------------- 615
Astronomical triangle, defined ---------- 387 Azimuth diagram(s), discussed ---------- 615
Astronomical twilight, defined ------- 357, 507 Azimuth instrmnent ------------------ 163
Astronomical unit, defined ------------- 341 Azimuth method(s), for line of position... 589
Astronomical year, length of ------------ 358 Azimuth table(s), discussed --------- 612-615
Astronomy, defined ------ ------------ 341 Azimuthal equidistant projection, defined- 80

history of ------------------------ 20-22 features of ---------.....---- - 65, 80-82
modern, history of ---------------- 25-26 Azimuthal orthomorphic projection, de-

Atherton, J. W.; azimuth and great circle fined ------------------------------ 80
tables of -------------------------- 612 Azimuthal projection(s), bearings on-.- 78

Athwartship degaussing coil, described-.- 243 defined --------------------------- 65
Atlantic Neptune ---------------------- 8 featurei of ------------------------- 78
Atlantic Ocean, currents in ---------- 779-783 Azimuthal radionavigation system ------- 968
Atmosphere, circulation of ---------- 864-866 Azimuths of Celestial Bodies (Pub. No.

of earth -----------------------. 63-864 261) ------------------------------ 614
and radio waves ------------------- 883 Azimuths of the Suit (Pub. No. 260) ------ 613Atmospheric electricity, types of -------- 883 Azimuts (Table 902), French azimuth

Atmospheric noise, in *radio, defined ----- 923 table ------------------------------- 615
Atmospheric pressure, defined ----------- 845 Azimuty Sveti, of Yustchenko ----------- 614

measurement of ---------------- 845-846
Atmospheric pressure correction, of sex- B-trace, on Loran-A scope -------------- 1241

tant altitude, discussed -------------- 423 Back sight(s), altitude corrections for .... 437
Atmospheric refraction; defined --------- 421 defined ---------------------------- 437
Atmospherics, in radio, defined ---------- 923 method of taking ------------------ 398
Atoll, coral, appearance on radarscope. -- 954 Backing wind ------------------------ 9 06
Atom(s), defined----.---------------- 915 Backrush, of waves ------------------ 793
Atomic clock, basic principle of --------- 463 Backstaff, invention of ----------------- 28

k Atomic second, defined ---------------- 463 Backstays of the sun, defined -------- 882-883
Atomic Time, basis of ---------------- 463 Backwash, of waves------------------ 798
Attenuation, of ocean waves ------------ 787 Baguio, in western North Pacific -------- 891

-of radar beam -------------------- 946 Baily's Beads, defined ---------------- 369
of radio waves, defined -------------- 922 Baker, T. Y; sight reduction methodAudio frequency, defined -------------- 917 of ------------------------------ 607-608[

Au.mentation, altitude correction for Ball, Frederick; sight reduction tables of-. 567
A. tdiscused --------------------------- 425 Ballistic damping error, of gyrocompass,

defined -------------------------- 351, 425 discussed ------------------------ 179
Aureole defined -------------------- 882 Ballistic deflection, defined ------------- 178
Auroras), described ------------------ 883 Ballistic deflection error, of gyrocompass,

due to sun spots ------------------- 347 discussed ----------------------- 178-179
Aurora australis -------------------- 671 Band(s), of radio spectru .------------- 917
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Broftropical cyclone ------ --------- 902 Board of Longitude, establishment of.--- 32
Baorpdescribed --------------- 846-848 Boat compass------- ---------------- 156
Baoeeatmospheric pressure meas- Boat sheets, projection used for ---------- 76uigdevice---------------------- 845 Bobbing a light, process of ------------- 338

Barometer readings, adjustment of------ 848 Belide, mecteor as --------------------- 352
Baoercleveling, in geodetic surveys-.- 1302 Bombing practice area(s), on charts ------- 125
Baoercpressure, defined ------- 85 B ,dfnd----------- 77

Baeln, ndistance-difference measure- Borderland, defined------------------- 749
------------------- ------------------- ---------- 968-970 Borc, tidal-----------------------7i64-765

survys------------1300 defined -------- --------------- 794-795
Baeieextension, in distance-difference Bottom profile, by echo sounder --------- 748

Loranmen - - ------------ 13 Botto c ntpiorctin described----- 293-294
Baic calculator(s), use of-------------- 1254 Bottom relief, of oceans------ ------- 748-750
Basin, of ocean ---------------------- 748 Boun~ary layer, of water along the bull- 144

defined------- ----------------- 749 Bot Y'dm ry waves, creation of ------------ 795 jBathymetric chart(s), described--------- __115 Bo,.: P:,d beam bearings, defined -------- 2t2
Bathymetric Data Requirements (chart Powditch, Nathaniel; biography of --- ii

5103)------------ ---------------- 730 B~oxing the compass, defined - ----------- 157
Bathythermograph, defined_------------741 Braga, rtomeo; sight reduction tablesofoL-..568
Bayer's name, for stars------------- 616-617I Brazil Current ------------------- 782-783iBeach, appearance of on radarscopec------954 IBreaker(s), defined- .----------------- 791
Beach sediments, dsued------800 features of ----- ------------------- 798Beaching of lifeLoat--------------- 709-710 formation of ----------------------- 798
Beacon(s), discussed --------------- 103-104 introduction to---------------------797
Beam compasses arid dividers, defined - 137 Breaking, of waves ------ _------------- 791
Beam width, of radar------------------ 951 Breve de la Spera y de la Arte de Navegar,3
Bearing(s), and azimuth-------------- 62 of Cortes-------------------------- 19

on charts_-------------- ---------- 124 Bridge(s), marking (;!-------- ---------- 94
defined ---------------------- 61-02, 272 Brief C'elestial Navigation Table (Japanese
discussed ---------------------- 272-274 H.O. Pub. No. 602) ---------- 57
in polar regions.--------- --------- 683 Brieve Compendio del Arte del INcvigar, of

FEE Bearing angle, defined ---------------- 61-62 Rossa -------------------------- 8
Bearing bar, compass sighting device- - 163 Bril!, Alfred; sight reduction device of---.. 609 !
Bearing circle, description and errorb of __ 163 British Admiralty, Astronomical N~avigation W
Bearing line, defined--------------- 273-274 Tables (Britishi Air Pub. 1618)--------- 579 3 --
Beaufort scale, of wind speeds ------- 852, 1267 British thermal unit, defined ------------ SoB53
Bedell, A. L.; sight reduction instrument Brown-Nassau, "Navigational Comn-

Of------ ------------------------- 611 puter"----------------------------- 605~
Beehier, W. H.; "Solarometcr" of --------- 611 Bidngscatefiioof----- 122 3

BcjK Hldn; igtreduction diagram Bummock(s' ------------------------ 834 5
FOf ---------------- 0-0 uysa i ordrnavigation ------- 960

Bees, . .;sihtreduction tables of- 572 Buoye geunera direction-of--ystem--A'- 13

Beti, auic; igtreduction diagram local direction of system 'A'----------- 1313

slie rle f ---------- -------- 64 Bidiood Jon; zimthtables of----613
Beet dnerof n olrregions -------- 684 Buys Ballot's Law, statement of --------- 874 1

Bias gyCoe alier-------------------------181
eiarro ers---------------------22-1 Calndatime discions ------------ 135

B .inbnaclgescribed--------------5,-12 CaSLiratin radib.co.n229-------------932
Blrac bus,in oag system----------1703 Caclratio table, f diobeargs-
Blakan buors, in bo-dmesi na 10 Cealir Curren-------------------78
Blakro- oetpak~ s f. 1142 Calorie, ofihet defiind--------------- 385~

Black dublt4e-spere toparks se iof. 131 Calvbin of cbrgs------------inde--- -9380
Bicbre .8;aiuhtbe f 64Cn buoyg shstpe of--------------10 Cairto dobans) -------------- 3
Bight bucts;,ion toaleste f----------563 Canibayo tablre,------------------- 782 .3

Black a uto rad i----- -----------92 Canyforna drened------------------- 8

Blicund eo, 11. r.aarscope delofie-------958 Cape born Currentf---------------7--- 83

Blink, of Loran-A signals -------------- 1245 Cardinal mark(:,), defined-------------- 1312
of Loran-C signals ------------------ 992 use of--------------------------- 1314 U

Blizard deine-------------------- 878 Cardinal points, of compass--_---------15
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Cardinal system of buoyage --------- 102, 1310I Chart(s)-Continued
Cargo considerations, of ship weather ot other agencies--------------- 1252-1253

routing.----------- -------------- 655-656 projection, defined------------------- 64
Carrier wave, of radio transmission, reprint of------------------------- 113

defined -------------------------- 920 stowuge of -----------.---------- 133
Casa de Contratacidn ------------------- 6 use of --------------------------- 133
Cassini, M.; sight reduction tables of. ---- 562 Chart datuma sounding, defined ---------- 116
Cathode, of cathode-ray tube, defined.-.- 928 Chart Information in Sailing Directions
Cathode-ray tube, principles of-------- 928-929 (Biroute)------------------------- 330
Cat's paw, defined -------------------- 878 Chart No. 1, extracts from--------- 1325-1353
Celestial body (bodies), identification of, Chart numbering system, described--.- 128-132

introduction to--------------------- 616 Chart/Publication Correction Record Card
Celestial coordinates, in lifeboat naviga- (DiMAIIC 8660/9) ------------------ 133

tion ---------- --------------- 700-701 Chart sounding datum -------------- 768-769

Celestial equator sys~eni of coordinates, Chevalier, Roberto; sight reduction tubles

described.....................---374-377 of---------------------------- 581-586
Celestial horizon, illu,,trat'd ------------ 377 Chiesa, Stefano; sight reduction tabl]" of. 570
Celestial latitude, w', coordinate of ecliptic Chimney, chart definition of ------------ 123

system------------------------- 373 Chinook, defined --------------------- 877
defined.........................---380 Chip log----------------------------1I1

Celestial longitude, as coordinate of eclip- in lifeboat nav'igation---------------- 699 Z
tic system---------------------- 373 speed measurement dlevice............-143

defined. ------------------------- 380 Chlorinity, of seawvater----------------- 743
Celestial mechanics, history of---------- 23-24 Chronometer, hi3tory of-------------- 32-35
Celestial meridian, formation of --------- 372 Chronomieter -=ror, dlefined ---------- 415, 479
Celestial navigation -------------------- 1 Chronometer rate, defined----------- 415, 479

and dead reckoning ----------------- 453 Chronometer Tables, of Percy L. H.
defined--------------------------- 56 Dqvis---------------------- 44, 503, 579
mon mehatthds of-----------------45 (6 Choomtr-i----------- -------- 4-415
inde higeltituds-of------------------68 Chronometuser time-------------------- 41-130

-Celestial Navigation Computation Tables use of AM and Pis----------------------471
(Japanese H.0 Pub. No. 601) --------- 509 Circle(s), altitude measurement by- ---- 701-702

Celestial observation(s), lines of position of equal altitude, as circle of position.. 442-443
from--------------445-446 discussed -------------------- 441-443

686---------- -68 lzto f-------
in polar regions ---------------- ---- -o eq68 ulzangion three---pon fx-----43430

Celestial Navigation Observation Table (Jap pfeulagenroa-ilint 12x----3-217
anese 1.0.P. No. 351)............-579 of equivalentprbilt-----12327

Celestial Navigation Tables, of lIochne.... 580 of latitude, defined ------------------ 380
Cclestia Navigator for Aviators, of True.-- 605 of longitude, defined----------------- 380
Celestial pole(s), location of ------------ 372 of position, ais circle of equal altitude.. 442-443
Celestial sphere, defined and discussed --- 341 of earth------------------------- 57-58

elmnts of-----------7-373 Cirula error probable, in twvo-dimen-
Celestial trianigle, defined--------------- 387 sional crrors--------------------_1225
Celsius temp 'r'ture, defined ------------ 852 Circular probab~le error ---------------- 1213 I
Centering error, of sextant-------------- 407 in two-dimensional eriors---.--------- 1225
Centerline, in distance-difference measure- Circular radioheacon(s), defined --------- 930

meat ------------------------- 968-970 Circulation, of atmosphere, modifications
Centerline controlling depth, defined- 721 of---------------------------- 870-871
Centigrade temperature, defined.........-852 Circumborizontal airc, defined ----------- 881
Centimeter wave band, radio wave prop. Circurapolar celestial bodies, denined-__ 356

agation of------------------------ 925 Circumscribed halo, defined-------------881
Central computing center, of navigation Circuizenithal arc, de~fined ------------- 881

satellites -------------------- 1021-1022 Cirripeda, (defined -------------------- 116
Ceres, described--------------------- 350 Cirrocumulus clouds, described ---------- 856
Certain Errors in Navigation Detected and Cirrostratus clouds, describer!--------856-857j-

Corrected, of Wright -------------- 8, 16, 20 Cirrus, meaning of----- --------------- 855
Cesium beam atomic clock, frequency of.. 463 Cirrus clouds, described ------------- 85585
Chain, Decca, discussed --------------- 1008 Cities;, onl charts---------------------152

numbers of--------------------- 1012 Civil (m--------------------------------. -

LrnA----------- 239 Civil tw'light, defined ------- --- 57, 507
Loran-C, discussed ------------------ 992 Clanip screw, use of ---------- 9

-- of iadionavigation stations ----------- 970 Clump screw vernier sextant, described. 3 9-396 1
Channels, use of in radio ------------ 925-926 Climate, definet. ------------- ----- 7-86
Chart(s), advance preparation of --- 132-133 and ocean currents ------------- -78

classification by. scale --------------- 110 Clocks, and tlimekeeping ---------- 5-6
dates, on, discussed---------113 Close pack, coiseentration of ice --------- 811

first edition.....................-- 113 Cloud(s), height ieasuriniento 0-- 860-861O
revised print --------------------- 113 types of, described--------------- 85-5-860

defined--------------------------- 064 Clutter, on radarscope--------------- 95297
history of------------------------ 4-8 Coaltitude, illustrated--------------- 37
for lifboat navigation -------------- 693 Coarse lane, Omega, defined ---------- 47
lighting of ----------- ------------- 133 identification of-------------------- 97

maintaining of --------------.----- 133 Coast chart, description of..........-- 110
new editions of ------------ I1 Cos lpilot~s, and cuirrents ------------ 777
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Coast Pilots, correction of ------- 332 Compass course ------------- 61
projerts depths in------------------- 721 Compass directionis, defined------------- 202
subjects included ------------------- 332 Compass error, defined----------------- 202unverified information in --------- 722 Compass north, defined---------------- 202Coastal current, dfnd-------778 Compass rose(s), on charts ------------- 124Coastal Features information on in Rail- on position plotting sheet ------------- 86
ing Directions ?Enroute) -------------- 332 usc of in plotting---------------- 251-252

Coastal retraction, of radio waves- --- 919, 933 Compasses (plotting instrument), defined - 137
Coastal Winds and Currents, as depicted in desceription-and use of-------137

Sailing Directions (Eu foute) ------- 330-332 Complete Coastal Navigator, The; of
Cocked hat fix, formation of --------- 278--279 Charles H. Cotter ------------------ 288
Code of Federal Regulations ------------- 722 Composite group flashing light, Light

time zones in ---------------------- 486 List entry for----------------------- 90
Code of Federal Regulations (33 CPR 70), Composite radionavigation systcmn------- 968

protection of aids to navigation------- 108 Composite sailing, defined-------------- 259
Codeclination, illustrated ------- ------- 387 discussed---------------------- 269-270Coding delay, of Loran-A-------------1243 Composition frdrtrgt feto
Coefficient(s), A, defined--------------- 210 range---------- ----------------- 950

B,-efne----------------------- 210 Coxnpressib-lity, of seawater-.-------74
C, defined------------------------ 210 Computation algorithms, of satellite
of compass deviation, approximate navigation ------------------- 1060-1064

values of --------------------- 226 Computed altitude, of celestial body--418
discussed--------------------- 210-211 in sight reduction------------------- 516

D, defined------------------------ 211 use of--------------------------- 444
E, defined ------------------------ 211 Computed and Observed altitudes, com-
J, defined ----------------- ------- 211 paris~n of ------- ----------------- 516

Coercive force, defined----------------- 195 Coiric, L. J.; sight zeduction tables of-. 574-575
Coercivity, defined-------------------- 195 Conceintration, of pack ice-------------- 811
Colatitude, illsistrated----------------- 387 Conductor, electrical ------------------ 915
Cold irmas------------------------ 871 none, defined----------------------- 749
Cold front, defined ------------------- 873 Conformal projection, cha uacterih-tic ol. -- 64

Cold low I defined------------------ 874 Conformuslity, o3f polar pzcC~'ctior.---------894 I
Cold wall, of tGulf S&ream-------------- 781 Conic projection(s), feature: -)f---------- 73
Collins, Elmer B.; s'ght reduction tab~es with two standard paralles,'dfned_ 75

of----------------------- -------- 574 Conjunction, of planet, expl-ined -------- 366
Collins, Oliver C.; sight redaction method C'ornaissance des Ternps, first ifficial
Color, of seawater------------------ 748 Conning aid, in horizontal ungles------307
Cn'ma (head), of comet, formation of--351 Consol-------------------------------- 53
combined Ti'me and Alt itude Azimuth Table, discusqed------------------- ----- 1013Iof .Johnson----------------------- 614 method oi use ---------------- 1-1015
Comet(s), described ------------------ 351 operational range of --------- ----- 1018

'.nd meteors, discussed------------ 351-353 inplrrgions --------------- ---- 686
in solar system--------------------- 343 sinal of---------------------- 1013-1014

Command, establis hing, in lifeboat------- 6941 Consolar------ -------------------- 1013 [
Commercial radio broadcasting statioiifi), Consolidated pack, concentration of ice--. 811on charts ---------------- -------- 124 Onitan, P.; azimuth graph of ---------- 615
Common establishment. - ------- 763 Constant error, defined --------- 276-277, 1206
Common log (speed indicator)----------- 11 Constant of th,. cone, defined --------- 675-677
Common quadrant ----------- -------- 27 Constellation(-), defined---------------- 354
Common year, defined ------- ------ --- 466 names,_ meanings. pcsitions of --..- - 1178-1179

length of----------------- ------ -- 358 Continental borderland, defined --------- 749
Communications, in ship weather routinq- 666 Continental drift --------------------- 742
Compact pack, concent ation of ice-------811 Continental margin, defined ------------ 749
Comparing watch, described-_------- 436-417 Continental rise, defined --------------- 749
Comparison frequ~ency, of Decca signals-- 1609 Continental shelf, defined- 648, 748, 749, 750
Compass, history of ------------------ 9-10 Continental slope, defined-------- 648, 748, 750

kinds of ------------------------ 156 Continuous radionavigation system,
for lifeboat navigation--------------- 694 Decca as_------------- ---------- 1008 -
location of, effect on deviation--------- 211 defined ------------------------- 968
U.S. Navy -5-inch, described ------- 158-160 C;ninou wae(frdo3rnmsin. 26

- ~-U.S. Navy 7%-inch, described --------- 158 Contours, on charts ------------------- 122
variation of, latitude determination by.. 707 Contrary name, of declination and lati-

longitude'determination by --------- 708 tude, defined---------------------- 385
Compass adjustment, defined------209 CotrvamLieinubN.22 51

discussed ------------- -------- 208-209 Control center, of navigation satellite,,%-l1 2 1-1022
procedure for, preliminary steps- 229-230 Cotolndehf) end- ---- 72 I

9-underway ------------------- 230-232puros o----------------38 determination of ------- ------------ 115
22 discusseot------------------ ------- 721Compass bearing, defined----------------- tiuaos of2ncars72-----2

Compss crd, 57-1.58
Comas caddesried...-------1 ~ Cont ention on aiety ofr Life at Sea -------- 731history of-- - - - - - - - - - - -

of tmgnetic compas.,------------ 5127 Convergence, oif wave energy------------ 797
Compass compenttior, defined --------- 209 Convergence zone, defined-------------- 805

A'degaussing ------------------------ 240 1 Convergency, defined -------- 675-677



I"EX 16

bearngs ---------------------- 96 Cusorof plan position idctr--- 4 -4
Coordinate(s). determination of from C usps, of moon, defined ---------------- 367

chart-------------------------- 251 Cy in, development of-------------- 49-50
in geodesy, discussed ------------ 1298-1299 Cycle, defined----------------------- 916

Codnt.systems, on celestial sphere-- 373-374 Cyclone~s) defined -------------------- 874
sumr of------------- 30 d .it of------------------- 874-876

CodntdU niversal Time, origin of- - - 463 in South Indian Ocean-----------891
Crilrdefined -------------------- 749 in Southwest Pacific aud Australia-891

Coilsacceleration ------------------ 1083 yclonic storm, in North Indian Ocean--- 891
Corolq oredefined-------------- 864-866 Cylindrical projections, features of---65-66

to Crne relecoras aid to radar naviga- Cvtac ---------------------------- 50-51
Corna,; azimuth graph of -------- 1 aeof ionosphere --------- 919

Cornadeine ----------------- 88 DalyMenzarandurn, discussed ------ 716
of undefned---------------- 36 chrtmaintenance items ------------- 133

of unormondiscussed ------- 82 seilwarnings in --------- 1
Corosat St.Elm'sfire) ------------- 883 Daily rate, defined---------------- 415, 479
Cretdestablishment-------------- 768 Damp haze, defined------------------- 878
Corecin, o cmpsserror, defined--205 Danger(s), chart symbols for, described- 117-118

Cosnehavrsneformula, historical use of- 44 Danger angle ------------------------ 292

Cosogrphi, o Poley ----------- ,23 Danerbearing, use of----------------- 292
Cottr. hares f.;TheConilet Costa Dagersounding, use of ------------- 292-293Martato oL------------------- 288 Dangerous semicircle, defined -------- 905-906
Couterurent dfind ----------- 78 Drktraze tube ---------------------- 929
Couterlo, dfind -------------- 3.3 Dteline, defined -------------------- 475
Couse~),of dvnce dfind -------- 61 oriinof..-------------------------- 475

on charts - - - - - - - - - - - - - - 1 4 u eo -- - - - - - - - - - - - - -- 475
and course angle---------------- - -61-62 Daturis), geodetic, prsferred------- 1305-1307
defined------------------------- 61, 253 Datum com'ection, geodetic, discussed- 1305
made good, defined_-------------- 61, 255 Daivies, Thoi. as D.; sight reduction tables
over ground, defined-------------- 61, 25.5 of---------------------------- 588-589
symlbol used for.-------------------- 61 Davis, John E.;- azimuth tables of------- 613

Course angle, and course -------------- 61-62 Davis, Percy L.H.; Alt-Azimuth Tables of- 568
defined---------------------------61i azimuth tables of------------------- 614
symbol used for--------------------- 61 Chronometer Tables of---------------- 563

Course line, celestial, defined------------ 446 Requisite Tables of--------------- 566-567

defined------------------------- 61, 253. Dawn orbit, of navigation satellite ------- 1025
MElabeling Of------------------------ 253 Day, dlefined--------------------- 364, 471

plotting of------------------------ 253 lnt f latitud, dletermination by~ -- 707Course recorder, described ----------- 191, 257 D.Ivbeacon(s), in buoyage system------- 103Creuscla risdescribed ---------- 882-883 on charts ------------------------- 119Crecetofmonexplaine ------------ 367 defined-------------------------- 103Cretofraiowaedefined ------ 91 Dalgtsaving time.----- 4741,7of ate wae, efiel --------- 77-79 wthtidal predictions---------------- 320Criica rageof o~aA aves-------- 1244 Dayrnark, described ---------------- 103-104Crqssetinpaer i:ifeboat naviga- Days ork, described ------- --------- 644tion---- ---------- -------- --- 9 )e-Colong deflector, described ---------- 240Cros-stffdesripio,) o ------------ 2 DeJonge, Joosqt 11. Kiewiet; sight reduc-Crose lop ntein------------- 93-93 tonmethod of-------------------- 591Cubista, lent undito rciin -------- D Principifs Astronmomiae, of Frisius= --- 19Cubt. lngh ni, riinof -------------- 12 De Rerolutionibus Orbium Coelestium, ofCugeChrle I.;azimuth tables o-6415 Nicholans Copernicus--------- 2Cule Tc-MnueAzimnuths ------ 64 Da reckoning ----------------------- 1 Agulmnatin, efind ------------ 375 andcelestial navigation-------------- 453Cumeld, etr; sihtreduction table of- 575 defined ------------------------ 1;;, 250Cumloimbs lousdescribed --------- 860 importance of, in lifeboat navigation.- 696Cumuus, eanng o ------------ 5.5 introduction to ----------------- 250-251keping of, in polar regions ----- --- 68

Current(s), on charts of------polar--regions Dead Reckoning Attitude and Azimuth Table
defned----------------- 5477177 (HO.Pub. No. 211), of Ageton---- 577

discsse ---------------- 54-56,54 eadreckonirg equipment, discussed - --- 257
observattions of--------------------191-193
in ola reion ---------------- 82 Dead rckoning position, defined --- 56, 250

Preicio of -- ------------- 314 determination of-------------- ----- 446
isufzn------------ 798-800 Dead reckoning tracer, principles of- 19 1-193, 257

variation of, across estuary ----------- 776 Da water----------------------- 79
wih eth----------------- 776 Dec-rae; azimuth tables of ----------- 613

Curntdaras ueo----------- 324-325 Decc ----------------------------
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Decca Navigator Operating Instructions and Pg Depth of wae, defined --------------- Pa313I Marine Data Sheets, The; of Decca Desert devil, defined ------------------ 878
Navigator Company --------- 1008, 1011 Deviation, adjustment for. induced mag-accuracy and coverage diagrams in'--1012 netism in asymmetrical horizontalDecca Navigator System, coverage of-.1012-1013 roft iron ------------------- 222-223interehain fixing ------------------- 1012 induced magnetism in symmetricalintroduction to ---------------- 1002-1008 horizontal soft iron ----------- 220-222principles of------------------ 1008-1010 induced magnetism in vertical softDecca Track Plotter, discussed---------- 1013 iron---------- ------------ 215-217December solstice, defined-------------- 362 permanent magnetism-----------21 2 11Decibar, unit of pressure measurement. -- 745 analysis of --------------------- 226-229Deck ice, discussed ------------------- 884 nature of---------------------- -226Deck log, in lifeboat navigation---696-697 purpose of---------------------- 226K ~Declination, defined--------------- 372, 374 apt,lication of ------------------ 204-206as latitude on celestial sphere --------- 374 defined -------------------------- 202

magnetic, defined------------------- 198 finding the, placing vessel on desiredof moon, finding by almanac ------- 503-504 magnetic heading.------------ 232-234of planet, finding by almanac---504-5O5 by azimuth of celestial body -------- 234 16! of star, finding by almanac -------- a50-506 by bearing of distant object --- 233-234of sun. finding by almanac--------- 502-503 by gyrocompass --------------- 232-233
Declination increment, defined--------- 523 by magnetic compass -------------- 232
Decometer(s) reading of -------------- 1011 history of ------------------------- 10I Deduced reckoning, defined ------------- 56 by magnetic bearing or azimuth--236237Deep, on lead line -------------------- 151 by magnetic headings---------------- 236in ocean, defined ------------------- 750 by a range--------------------- 237-238Deep scattering layer, ma'cho sounding-154-155 by reciprocal bearings---------------- 238 Aof seawater----------------------- 804 Deviationi table, use of------------- 202-204Deep sea lead, description of ------------ 151 lDew, defined ----- -- ---------------- 854

origin of-------------------------- 13 IDcw point, explained - - --------------- 854 aDeep sea sounding lines, discussed -------- 727 D~iagram, on plane of celestial meridian.Deep souni' zhannel, defined--------- 804-805 discussed -------------------- 380-3S7 1*Deep-water layer, of seawater ----------- 802 illustrated ----------------------- 381Defense Nlap.~ing Agency Ilydrographie Diagrammi Altazimutali, of Alessio -------- 615 1
Centr, s~bishnentof----------17 1)iaphone(s), sound signal -------------- 10Defense .Mapping Agency Hydrographic 1)iapbragmi horn(s), sound signal --------- 105 jCenter publication~s), Puib. No(s).: Diatom, defined------------------ ---- 116 E229, Sight Reduction Tables for Marine D)ifference, of laiue1. pand-----5

AVovigaf ion --------------------- 579 of longitude, explnined -------------- 59-60
249, Sight Reduction Tables for Air D)ifferential leveling, in geodetic surveys.._ 1302

Navigation-------------- -------- 586 D~ifferential Omega ------------------- 983260, Azirnuths of the Sun (Schroeder and Diffraction, of radar beam-------------- 946Southerland) --------------------- 613 of radio waves--------------- 921-922 S261, Azimuths of Celestial Bodies ------- 614 Dill, abnormal, in polar regions-----88-689LDeflection of the vertical, cause of -------- 371 of horizon, altitude correction for.---- 418-420
discussed_ ------------------- 1297-1298 front lifeboat --------------------- 705

Deflector, compass adjustment byv--------239 short of horizon. Iby basic calculator -- 1255 1principles involved ------------- 238-239 D)ip needle, as vertical force instrument- 224
defined-_----------- 238-239 1)ipole antenna. --------------------- 924

Degaussing, defined_----- ------240 1)ipsey lead, description of ---- --------- 151
priofiples of 240-241 Direct current, defined ---------------- 915

Degaussing coils, types of ----------- 241-243 Direct mot ion, of planets, defined-------- 367 1
Degaing decribestin nfcmas_2426 Drc avigatioefned--------------- 918

Degusin nstmsecuring the --------- 243 in ice ---- ---------------- ------- 682
Deinos decried --------------- 34 niasuemet"'fonchart --------- 251-25,2Delrac ----------------------------- 53 at radio receiver_------------- 931-933

Demodulation, of radio signals ---------- 926 by sound----------------------- 801 1Density, of seawater--------------- 745-746 D~irection finder error, dlefined--------- 934Density differences, currents related to-- - 779 Directional light, dlescrib~ed------------- 93 1
D)eparture. defined ----------------- 5-60 Directional radiobeacon(s), defined-----93

position of, defined------------------ 253 D~ispersive ionosphere, defined ---------- 1053Deg-trture time, adjustment of, in ship Disposal areas, defined----------------- 20
weather rauting -------------------- 665 Distance. (lefined -------------- ------- 60Deperming, described.-------------- 243-244 on earth......................---60-6

Depot des Cartes, Plans, Jourmaux et inl ice--------------------------- 682
Memoi., Rlatif a ] Naviatio; inlifeboat navigation ------------- 698-699 J

origin o-------------- 16 measurement of, on chart ---- 252-253 -
Deprsse pol, dfind ------------ 37 toanl ohi,.ct--------------- -------- 142
Deph s),onchats . -- -- - ------- 16 bysounJ_-------------------------801

mirimum for underwater log calibration- 1264 to new course, turning method --- 296-298
units of-------------------------------- of an object, byv two bearings"----- 291-292

Depth contour(s), defined hI ---- 1-15 i1its of -------------------------- -1Depth curves, defined ------------------- 1l1 use of in piloting -------------------- 274Depth measurement, importance of ------- 151 by vertical angle -------------------- 312
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Distance-difference measurement, in radio- Dynamic water pressure, speed measure-
navigation systems -------------- 968-970 ment by --------------------- 149-150

Distance finding station(s), chart symbol Dynamical mean sun, defined ----------- 467
for ----------------------------- 121 Dyne, unit of force, defined --------- 845-846

use of ------------------------- 937-938
Distance off, determination of, from life- E layer, of ionosphere ---------------- 919

boat ---------------------------- 708-709 E-link, described -------------------- 222
Distance, speed, and time; relationship EM log, described ----------------- 145-149

of ------------------------------ 140-141 Earth, magnetic field of, effect on Omega
Distance traveled, measurement of ------ 143 signals ----------------------- 982
Diurnal circle, defined ------------- 356, 372 measurement of ------------------ 198
Diurnal current --------------------- 772 as a planet ------------------- 347-348
Diurnal libration, of moon ------------- 351 shape of --------------------------- 57
Diurnal tide, defined ----------------- 764 discussed ------------------- 1296-1297
Divergence, of waves ----------------- 797 historical ---------------------- 22-23
Diversion, in ship weather routing ------- 665 size determination, by Eratosthenes.... 4
Dividers, defined -------------------- 137 Earth rate, of gyro ------------------ 1 67

description and use of --------------- 137 Earthshine, on moon, defined ----------- 367
D'Ocagne, Mauric,3; altitude-azimuth East, as direction of measurement ------- 59

graph of ---------------------- 600-601 East Australia Current ---------------- 784
Docking aid(_), doppler as ------------ 1066 East component, earth's magnetic field,
Doldrums, weather in ---------------- 866 defined ---------------------------- 198
Dome, chart definitioh, of ------------- 123 East Greenland Current ------------ 782, 785
Doniol. R.: sight reduction tables of -_- 570-571 Easterly wave, of tropical cyclone ------- 898
Doppler (lead reckoning, described ------- 257 Eastern North Pacific, tropical cyclones
Doppler effect, defind --------------- l66 in -------------------------- 891
Doppler sonar navigation, basic design origin, season, frequency ----------- 891

considerations ---------------- 1070-1071 Eastern standard time ---------------- 477
development of expressions for the yes- Ebb, of current, discussed ------------- 772

sel's speed in the fore and aft and strength of, defined ----------------- 771athwartship directions -------- 1071-1075 Ebsen, Julius; azimuth tables of --------- 614
introduction to -------------------- 1066 Eccentricity, of earth's orbit ------------ 344
operational errors in ------------ 1067--1069 Eccentricity component, defined -------- 467
problems associated with beam go- Echo, radar, recognition of unwanted__ 957-960ometry -------------------------- 1070 Echo sounder, description of .-------- 151-155

Doppler sonar navigator(s) ------------ 1066 development of -------------------- 46
Doppler sonar speed log(s) ----------- 1066 in polar regions ------------------- 686
Double altitudes, longitude determination Echo sounding, origin of --------------- 14

by. . . ..----------------------------.589 Echogram, use of, for records -------- 728-729 -
Double high water ------------------- 765 Eclipse(s), of lights ------------------- 94
Double low water ------------------- 765 longitude by ----------------------- 31 -
Double-second difference, defined -------- 526 of sun and moon, explained -------- 369-371 -  

- -
Double star, defined ----------------- 354 Eclipse year, length of-------- - 371
Doubling angle on bow, defined ------ 291-292 Ecliptic, discussed .---------------- 359-362
Dozier, Charles T.; sight reduction method as primary great circle--------------380

of --------------------------- 591-592 obliquity or, defined ---------------- 359
Draft, ship's, in underwater log calibra- Ecliptic poles, defined ---------------- 380

tion ------------------------------ 1264 Ecliptic system of coordinates, described-. 380Drafting machine, description and use Eddy current, defined ----------------- 778
of ------------------------------ 139-140 Eddy viscosity, of seawater ------------ 746

Drag circle, construction of ------------ 649 Eightcenth century navigation, history of- 3
Dreisonstok, J. Y.; sight reduction tables Ekman spiral, defined -------------- 778-779

of -------------------------------- 564 Ekman wind current, defined ---------- 778
)rift, of current, in celestial navigation__ 453 Electric current, defined --------------- 915

defined ---------------------- 254, 778 Electric psychrometer, described -------- 855
discussed ---------------------- 772 Electrical conductivity, of seawater ------ 747 -

Drift angle, of vessel in turn, defined ---- 295 Electricity, history of --------------- 45-46
Drift current, defined-----------------778 Electromagnetic radiation ---------- 915-916
Drizzle ---------------------------- 78 Electromagnetic spectrum, defined ------ 917
Dry-blbtempeature..indication....o .- 878 Electromagnetic underwater log, de-
Dry-bulb temperature, indication of 854-855 scribed -------------------------- 145-149 - -

Dry-bulb thermometer --------------- 8,54-8-5.5 Elecron(s) -------------------------- 915
Dry haze, defined ------------------- 878 Electron gun, of cathode-ray tube, de-
Duct, of radio waves --------------- 918-919 fined ------------------------------ 928
Dummy log ------------------------- 147 Electronic aids, other, in polar regions.-- 686
Dumping grounds, defined ------------- 720 Electronic interference, appearance on
Dusinberre, 1I. W.; sight reduction method radarscope ------------------------- 958

of ----------------------------- 610 Electronic navigatior, defined ----------- 56
Dust devil, defined ------------------ 878 Electronics, application of to navigation.- 46-47 _-N

Dust whirl, defined ------------------ 878 defined -------------------------- 57
Dutchman's log, history of ------------- 10 history of ----- ------------------- 46

in lifeboat navigation ....----------- 699 in piloting -------------- - ------- 300 I -
speed measurement device ------------ 144 Elemnlts of Nlatgatiou, of Robertson-__ 20

Dynamic pressure, of water ------------ 149 Elevated pole, defined ---------------- 378

[ I'
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Page Page
Ellipsoid(s), and geoid, fit of ----------- 1297 Ex-meridian altitude(s) ------------- 550-551

orientation of --------------- 1304-1305 defined and discussed --------------- 560
of revolution --------------------- 1296 Ex-meridian observation ----------- 550-551

earth as ---------------------- 347-348 discussed ------------------------ 560
Elliptical orbits, Kepler's laws of -------- 25 of sun, in latitude determination ------ 30
Elongation, of planet, explained---------365 Exact coefficients, defined -------------- 211
Endless tangent screw vernier sextant, Excelsior Azimuth and Position Finding

described -------------------------- 396 Table. The; of Blackburne ------------ 563
Engine revolution counter ------------- 150 Exercises, of Blundeville ---------------- 20

origin of --------------------------- 12 Expendable bathythermograph, de-
sleed measurement by -------------- 150 scribed --------------------------- 744-745

Ephemeris second, defined ------------- 463 Experimental Air Navigation Tables, devel-
Ephemeris Time, defined ------------ 463, 484 opment of -------------------- 586-587
R.icenter, of seismic sea waves ---------- 793 Heard's modification of ------------- 587Epicycles, plan of ------------------ 23 Ezplanatory Supplement to the Astronomical
Epistola de Magnete, of Peregrinus de Ephemeris and to the American Ephemeris

Maricourt -------------------------- 9 and Nautical Almanac, publication and
Epitome of Navigation, of Norie ---------- 20 contents of----- ----------------- 499
Equal area(s), as desirable property of Extragalactic nebula, defined ----------- 354

projection ---------------------- 64 Extratropical anticyclone(s), defined --- 876
Kepler's law of --------------------- 25 Extratropical cyclone(s), defined -------- 876

Equal interval light, defined ------------ 94 Extremely high frequency, radio wave
Equation of time ---------------------- 483 propagation of -------------------- 925

defined -------------------------- 364, 466 Eve. of hurricane, described ------------ $97
discussed --------------------- 466-470

Equator, defined --------------------- 58 F layer, of ionosphere ---------------- 919
Equatorial airmass, source region of ----- 871 F-Tafel, of German Navy -------------- 574
Equatorial Azinuth- Table, An; of Good- Face, of cathode-ray tube -------------- 928

win ------------------------------- 614 Facom, development of ---------------- 50
Equatorial Countercurrent, in Atlantic Fading, of Loran-A waves ------------ 1244

Ocean ------------------------- 779-781 of radio waves -------------------- 921
in Indian Ocean ---------------- 784-785 Fahrenheit temperature, defined --------- 852
in Pacific Ocesn ------------------- 783 Falkland Current ------------------ 782-783

Equatorial curent, in oceanic circulation- 779 Fall wind, defined ----------- ----- 664, 877
tidal ------------------------ 773-774 False echo, radar, cause of ----------- 957-958

Equatorial cylindrical orthomorphic pro- Fan, defined ------------------------- 749
jection ------------------------- 66 Fast ice, defined ---------------------- 812 3

defined -------------------------- 64-65 Fata morgana, defined ---------------- 880 fl_
Equatorial horizontal parallax, defined.-- 427 Fathom --------------------------- 13

A of moon, tabulation of -------------- 351 origin of --------------------------- 12
quatorial projection, defined------------64 Fault lines, in earth's surface ----------- 742

Equatorial tide ----------------------- 767 Fav, L.; sight reduction diagram of-- 601
Equinoctial, formation of -------------- 372 sight reduction method of ------------ 608
Equinoctial year, length of ------------- 358 Federal project depth, defined ---------- 721
Equipotential ellipsoid, defined --------- 1308 Feeder current --------------------- 800
Equipotential surface, of geoid, defined.. 1296 Fetch, effect on sea state ------------- 1268
Equisignal, of Consol- -------------- 1013 of wave, defined ---------------- 787-789
Error(s), adjustable of sextant ---------- 408 Fictitious equator, of transverse and

of collimation -------------------- 410 oblique Mercator projections-----------70
combinations of --------------- 1208-1210 Fictitious graticule, of transverse and
defined ---------------------- 1204-1205 oblique Mercator projections ---------- 70
of inertial navigator, eighty four and Fictitious meridian (parallel), of transverse

four tenths minute Schuler oscilla- and oblique Mercator projections ---- 70-71
tion --------------------------- 1094 Fictitious pole(s), of transverse and

gyro bias ------------------------ 1098 oblique .Mercator projections ---------- 70-71
stand-off ------------------- 1098-1099 Fictitious rhumb line, on polar grid ------ 675
twenty four hour oscillation -------- 1094 on transverse and oblique 'Mercatornonadjusta ble of sexta nt - - - - - -- 407 projections ------- ................ 71 =

nonrandom sources, in satellite naviga- Fidelity, of radio receiver, defined- 927-928

tion ----------------------- 1053-1055 Field, of magnetism ------------------ 915
random measurement, effect of on satel- Final diameter, of vessel in turn, defined.- 295

lite navigation --------------- 1050-1053 Fine lahe, Omega, defined ------------- 977
of three-point fix, causes of --------- 309 Fireball, meteor .------------------ 352

Escarpment, defined ----------------- 749 Firing danger areas, discussed ----------- 722
Establishment, of the port ----------- 768 Firing practice area(s), on chart --------- 125,Estimated position, defined -------- 56, 250, 446 First differences, Pub. No. 229 interpola-- -

as equivalent of most probable position- 447 tion, defined ---------------------- 523
establishment of---------------44-448 First estimate, of zone time ------------ 552
in piloting ------------------------- 294 First-order (primary) triangulation, in

Eu erian motion, defined--------------358 geodetic surveys -------------- 1300-1301
Eurean Datun, gdeti-------- 358 First point of Aries, defined ------------ 362

Europan--a-. 1305-1307 as eferonce hour circle -------------- 372Evasion, in ship weather routing -------- 665 First quarter, of moon, defined----------367Eis quarter star donedeindi......Evening star, defined-----------------367 First-year ice --------------------- 808-810
Evening twilight, defined -------------- 357 Fish havens, defined ------------------ 720

- i -
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Pae at e
Fishtrap areas, defined ---------------- 720 Galactic latitude, coordinate of galactic

Five-digit numbers, of chart numbering system ---------------------------- 373system -----------------------... 128 Galactic longitude, coordinate of galactic
Fix, adjustment of for constant error__. 280-282 system ---------------------------- 373celestial, plotting of, discussed ----- 148-451 Galactic nebula, defined --------------- 354

formation of -------------------- 274-275 Galactic system of coordinates ---------- 380
labeling of ------------------------ 253 Galaxy (galaxies), described ------------ 355
by nonsimultaneous observations. _. 282-286 Gamma, measurement of intensity, de-
types of, discussed --------------- 274-276 fined ------.---------------------- 197

Fixed structures, lights on, on charts_..... 118 Gap, defined ----------------------- 749
Flagpole (staff, tower), chart definition of. 123 Gauss, magnetic unit, defined ----------- 240
Flamsteed's .umber, for stars ----------- 617 Gaussiu error, defined ---------------- 230
Flashing, described ------------------ 244 Gee, development of ------------------ 47
Flashing light, defined ----------------- 94 Gegenschein, defined ----------------- 353
Flashlight, in lifeboat navigation -------- 694 General chart, description of ------------ 110
Flattening, of ellipsoid, ratio of ------- 1296 General precession, of equinoxes, defined- 362
Flinders bar, description of ------------- 215 Geocentric latitude, defined ------------ 1299

determination of length- --------- 217-219 illustrated ---------------------- 371-372
origin of ------------------------ 1 0 Geocentric parallax, defined ------------ 425

Floating aid(s), buoys as --------------- 99 of moon, defined ------------------- 351
Floating ballistic, of-gyrocompass- 180-181 Geodesic, defired ---------------------- 57 L
Flood, of current, defined -------------- 772 Geodesv, defined -------------------- 1296

strength of, defined ---------------- 771 Geodetic control stations ------------- 1300
Florida Current ---------------------- 781 Geodetic datum, discussed ------------ 1304
Flyback, of cathode-ray tube ----------- 929 horizontal ------------------------- 1304
Foam line, of rip current -------------- 800 vertical --------------------------- 1304
Focusing anode, of cathode-ray tube --- 928 Geodetic errors, in inertial navigation 1102-1104
Foehn, defined ----------------------- 877 Geodetic latitude, defined --------- 1298-1299
Fog, defined ----------------------- 855 illustrated ------------------------- 371

navigation in ------------------- 649-651 Geodetic longitude, defined --------- 371, 1299
types of --------------------------- 878 Geodetic surveys, discussed -------- 1299-1302

Fogbow, defined -------------------- 881 Geographic latitude ------------------ 371
* " Fontura da Costa, A.; sight reduction defined ---------------------------- 1299

table of ------------------------- 577 Geographic longitude-----. ------------ 371
Foot, length unit, origin of ------------- 12 defined-------------------------- 129
Foraminifera, defined ----------------- 116 Geographic range, of a light, defined - -334
Forecastle degaussing coil, described.__ 241-242 Geographical mile, defined -------------- 60
Force log, description of ------------ 149-150 Geographical position, of celestial body, in
Foreign charts, use of ------------- 721-722 navigational triangle -------------- 387
Form lines, on charts ----------------- 122 defined ------------------------- 441 IFour-digit numbers, of chart numbering Geoid, defined --------------------- 1296

system --------------------------- 128 and ellipsoid, fit of ---------------- 1297Fourth-order triangulation, in geodetic ourientation of --------------- 1304-1305
sur-e ------------------------ 1301 Geoidal heights, defined -------------- 1297

Fox, Charles; sight reduction method of- 590-591 Geoidal horizon, illustrated ------------ 377
Frectional scale, of charts -------------- 109 Geoidal separations, defined ----------- 1297
Fracture(s), in earth's surface ---------- 742 Geoidal undulations, defined ----------- 1297

of ice ------------------------- 811-812 Geomagnetic latitude, defined ----------- 198
Fracture zone, defined ---------------- 749 Geomagnetic longitude, measurement of.. 198
Frame, of marine sextant -------------- 392 Geomagnetic meridians, defined --------- 198
Franklin Piloting Technique, discussed- 280-282 Geomagnetic midnight, time of --------- 198
Frazil ice, described ------------------ 808 Geomagnetic noon, time of ------------- 198
Free gyro --------------------------- 167 Geomagnetic poles, defined ------------- 198
Free gyroscope, described -------------- 167 Geomagnetic time, defined ------------- 198
Frequency, in doppler sonar navigation-- 1070 Geometric dilution ------------------- 972

_ radio, regulation of use ------------ 925-926 Geometric projection, defined ---------- 64
of radio waves, units of -------------- 916 Geometrical horizon, illustrated -------- 377and radio wave propagation ------- 924-925 Geophysical errors, in inertial naviga-
use of in radarscope interpretation- 952 tion --------- ------------ 1102-1104

Frequency modulation, of radio signals--- 927 Geostrophic wind, defined ----------- 864-866
Frequency range, of radio receiver, de- German Navy, azimuth diagram of ------ 615

fined -------------------------- 927-928 Ghost(s), on Loran-A scope ------- 1241-1242
Friendly ice, defined ------------------ 834 in radar--------------------------953
Frigid zones, defined ----------------- 362 Gibbous, phase of moon, defined ---- 367-368
Front(s), defined ------------------ 871-872 Gigahertz, defined ------------------- 9!6

discussed --------------------- 871-874 Gimballing error, of gyrocompass, dis-
Frontal surface, defined ------------- 871-872 cussed ---------------------------- 181
Frost, defined ---------------------- 854 Gingrich, John E.; sight reduction tables

of-----.------------------------574" i, ~~~Frost degree day, defined -------------- 813 Glacier decrbd-............-0-[
deed83 lair, described -------------------- 807Frost smoke, defined --------------- 671-672 Global radionavigation system, defined.-- 968described ------------------------ 878 Globigerina, defined ------------------ 116

Fucus, defined ----------------------- 11 Globigerina ooze, defined -------------- 1 16Full moon, explained --------------- 367-368 Globular cluster, of stars, defined -------- 354
Fuss, V. E.; sight reduction tables of - 576 Glory ------------------------------ 881

U.
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Page Page
Gnomonic projection, defined ---- ------- 65,78 Grid coure 8......................... 1

features of --------- ..---- .......... 78-80 G rid d irection, defined ---------------- 675
of Tha!es -------------------------- 4 Grid variation, defined ------------ 198 675

Godfrey, Hugh: azimuth diagram of- 615 Grivation, defined ----------------- 198, 675
Goniometer, direction measurement de- Ground, as part of radio transmitter ----- 927

vice ---------------------------- 932-933 Ground conductivity, effect. on Omega
Goodwin, H. B.; azimuth table of ------- 614 sign.ls ------------------------- 982

sight reduction tables of ------------- 564 Ground log, described ---------------- 144
Gradient(s), defined ------------------ 423 1 Ground swell, effect of upon ship -------- 791

in hyperbolic radionavigation systems.- 971 Groundwave, defined ----------------- 920
Gradient wind, defined ------------- 864-866 Group flashing light, Light List entry for-. 94
Graduation error, of sextant ------------ 407 Group repetition interval, of Loran-C.. 992
Graphic scale, of charts ------------- 109-110 Group velocity, of waves ----------- 789-790Graphique d'Azimut, of Cornet ----------- 615 Growler, defined-.............-808
Grass, on Loran-A scope-------------- 1245 Guide to Marine Observig and Reporting
Graticule, defined ----.......--. 65 (Pub. 606), publication -------------- 725
Gravitation, defined ----------------- 1297 Guide to Meteorologieal Instruments and

universal law of -------------------- 25 Obserring Practices (WMO No. 8. T.P.
Gravity, defined -------------------- 1297 31) ------------------------------- 841
Gravity anomoly. defined ------------- 1103 Guinea Current --------------------- 782
Gravity error, of mercurial barometer .... 848 Gulf Stream ----------------------- 781
Gravity waves, formation of ------------ 787 Gust, of wind, defined ---------------- 878
Grazing angle, of radio waves -------- 917-918 Guyot, defined -------------------- 293, 750
Grease ice, formation of --------------- 808 Gyro ------------------------------- 167

Great circle(s), defined-------------- 57,260 Gyro bias, defined------------------- 1081as desirable property of projection ----- 64 Gyro error, defined --------------- 174-175
on polar projections ----------------- 84 Gyro repeaters, accessories for ---------- 190
in sailing ----------------------- 259-260 Gyrocompass, desirable charaeektics of. 182
solutions of, by intermediate calcu- discussed ----------------------- 169-174

later ------------------------ 1258-1262 errors of ----------------------- 174-175 i
Great-circle chart(s), gnomonic projec- history of ----------------------- 10

-- tion as------------------------- 79, 262 models of---------------------- 123-189
Great-circle distance, defined ----------- 61 in polar regions ---------------- 68-682
Great-circle sailing, by chart --------- 261-262 repeaters for -------------------- 189-190

defined --------------------------- 259 undesirable characteristics of ------- 182-183
discussed ---------------------- 260-261 ue of in polar regions ------------- 181-182
history of ------------------------ 16 Gvrosccpa, =awvt;al t a viator --------- 1076
by Pub. No. 229 ---------------- 263-269 principles of -------------------- 164-167
by table --------------------- 262-263 Gyroseopic compass ------------------ 15-

Great-cirele !rack, altering to avoid Gyroscopic inertia, defined ---------- 165, 1077
obstructions -------------------- 269 Gyroscopic precession, defined ------- 165-166

defined -------..... ... . 61 260 Gyrosphere, illustrated ....-------------- 169 -

Great Lakes ice, discu-sed ----------- 835-836
Grea Lakes Pilot, publication, discussed.- 332 Hagner, Fred; "Position Finder" of ------ 611
Greatest elongation east, of planet, de- Half-power point, of radar, defined.-..---- 944

fined ------------------------------ 365 Half pulse repetition rate delay, of Loran-
Greatest elongation west, of planet, de- A -------------------------------- 1243

fined ----------------------------- 365 Half-tide level ---------------------- 769
Greek alphabet -------------------- 1112 Halo(s), cause of ------------------- 881
Green flash, described ---------------- 882 types of ------------------------- 881
Green moon, occurrence of ------------- 880 Hamilton, W.; sight reduction tables of.-_ 575
Greenland Current ------------------ 782 Hand-held digital calculator(s), introduc-
Greenwich apparent time, finding ------- 483 tion to ---------------------------- 1254
Greenwich hour angle ---------------- 485 Hand lead, description of -------------- 151

as angular distance ----------------- 373 history of ------------------------- 13
defined -------------------------- 374-375 Handle, of marine sextant -------------- 394
of moon, finding by almanac ------- 503-504 Harbor chart, description of ---------- 110
of planet, finding bv almanac ------- 504-505 Hard iron, magnetic characteristics of.- 194-195
of star, finding by almanac -------- 50.5-506 Harmonic analysis, of tide observitions._ 770
of sun, finding by almanac --------- 502-503 Harmonic constants, of tide predictions.-.- 770

Greenwich mean time -------------- 470-471 Harmonic tide plane ----------------- 769 [
finding -------------------------- 475-476 Harvest moon, defined ---------------- 369
UT 1 as -------------------------- 462 Haze, described --------------------- 878

Greenwich Royal Observatory, history of. 36-37 Head, of feeder current ------ -------- Soo
Greenwich sidereal time, defined - 484-485 Heading, and course ------------------ 61
Greenwich time-----. ------------ 470-471 discussed -------------------------- 61

reference for ---------------------- 365 Heard, John F.; sight reduction tables of--. 587
Gregorian calendar ------------------ 466 Heat lightning, defined ---------------- 883

defined------------------------- 358 Heeling adjuster, described ------------- 224
Grey ice, described ---------------- 808-810 Heeling error, cause of ------------- 223-224
Gre -white ice, described ----------- 803-810 defined ------------------------- 223
Grid(s), defined- -------------------- 89 Heeling magnet, positioning of ---------- 224

purpose of ------------------------ 89 Height(s), on charts ------------------ 117
types of---------------- ---. 89 of radar target, effect on range -------- 950

Grid bearing, defined ----------------- 272 of wave, from ship ----------------- 792
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Height error, of barometer-------------- 848I Hummock, of ice ----------- 811
- Height of eye correction, defined --- 418-419 I Hurmocked ice, dfed-------81!

Height of tide, defined----------------- 313 1 Hunt, of compass, defined -------------- 155
Heliocentric parallax, defined--------- 342, 354 Hunter's moor, defined---------------- 369

of stars, defined -------------------- 425 Hurricane(s), defined --------------- 890,898
Hertz, defined-------------------- 459, 916 in eastern North Pacific-------------- 891
Hestia, defined-------------------- 24 formation of --------------- ---- 895-896
112velian halo, defined-----------------8981I in North Atlantic------------------- 891
HI-LO SURPIC, example of ------------ 736 portrait of --------------------- 896-898
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Mistral ---------------------------- 2 atmospheric prcssure correct:on in- 423
defined ---------------------------- 877 augmentation correction in -----------. 25

Mixed current ---------------------- 772 described ----------------------- 499-500
Mixed layer, of seawater ------------- 802 dip correction in ------------------- 419
Mixed tide, defined ------------------ 764 equation of time in ---------------- 483
Moat, defined ------------------------ 749 equatorial horizontal parallax in ------- 351
Mock moon, defined ----------------- 881 extracts from ------------------ 1128-1144
Mock sun, defined -------------------- 881 finding GHA and declination, of moon- 503
Modification des Tables d'Azimuth de of planet ----------------------- 504

Thomson, of Kortazzi -------------- 613 of star -------------------------- 505
Modified facsimile chart(s), discussed .... 126 of sun --------------------------- 502
Modified Lambert conformal projection, finding tip of moonrise and moon-

defined ---------------------------- 82-83 sOt -------------------------- 508-511
Modulating wave, radio --------------- 92G of sunrise and sunset ------------ 50-507
Modulation, of radio transmission ------- 926 of twilight -------------------- 507-508
Modulator, radio -------------------- 927 historical -------------------------- 498
Molfino; azimuth diagram of ----------- 615 irradiation correction in--------------424
Monsoon, features of -------------- 870-871 for lifeboat navigation --------------- 693
Monsoon airmass -------------------- 871 low altitude corrections by --------- 433-434

- _. Monsoon Current ----------------- 784-785 parallax correction in --------------- 428
Moon, age of, defined ---------------- 368 phase correction in ----------------- 425

altitude coiTe, ... by Nautical Al- planet diagram in------------------628

manac -------------------------- 430 Polaris correction tables in ----------- 553
altitude corrections of ------------ 431-432 publication of --------------------- 498
discussed ---------------------- 350-351 refraction correction in ------------ 421-422
observation of with sextant ----------- 397 semidiameter correction in- --------- 424

Moon dog, defined ------------------- 881 star charts in ------------------- 617-6i9
Moon pillar, described -------------- 881 stars listed in --------------------- 616
Moonbow, defined ------------------- 881 sunrise, sunset, and twilight tables in.-. 506
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Nautical Almanac-Continued Navy Navigation Satellite System, con-
tabulation of GHA and declination ..- 501 figuration of -------------------- 1024
time of meridian transit by -------- 551-552 development of -------------------- 54
v correction'in --------------------- 501 discussed ------------------- 1019-1022

Nautical Almanac and Astronomical equipments of -------------------- 1027
Ephemeris, The; historical ----------- 498 launching of ------------------ 1022-1023

Nautical astronomy, defined ------------ 341 memory organization ----------- 1026-1027
Nautical Astronomy, with New Tables; of packaging techniques----_----- 1025-1026

Symonds ---- ------------------ 614 power system and thermal design ---- 1025
autical chart(s), defined -------------- 64 stabilization of --------------- 1024-1025
introduction to.-------------------- 109 timing of -------------------------- 1027
miscellaneous features of, discussed-- 124-126 Neap current ------------------- 773-774

Nautical chart abbreviations, discussed.. 722 Neap tide(s) ---------------------- 765-766
Nautical chart symbols, discussed ----- 722 defined ------------------------- 762
Nautical Chart Symbols and Abbreviations Neatline on charts -------------------- 68

(Chart No. 1), and chart numbering Nebula, defined --------------------- 354
system -------------------------- 128 Neck, of feeder current --------------- 800

extracts from ---------------- 1325-1353 Negative altitude, of celestial body, de-
publication ---------------------- 113 fined --------------------------- 379

Nautical day, defined------ ... ... 471 Neptune, described ------------------ 349
historical -------------------------- 559 Net bottom clearance(s), discussed .... 720-721

Nautical mile, defined ------------------ 60 Neutron(s) ------------------------ 915
origin of --------------------------- 12 Ndv6, defined ---------------------- 815

Nautical twilight, defined ----------- 357, 507 New Altitude and Azimuth Tables, of
Nautilke Tablice, of Cumbeli6 --------- 575 Ogura -------------------------- 572
Nautische Tafeln, of Rose -------------- 570 New American Practical Navigator, The; of
Navaglobe, development of ------------- 50 Bowditch, first publication of ------- 20
NAVAREA Warnings, discussed -------- 717 purchase of copyright of -------------- 17
Navarho, development of --------------- 50 simplification of lunar-distance method
Naregagio Moderna, of Newton and Pinto- 573 in ------------------------ ----- 32, 42
Navigable semicircle, defined --------- 905-906 New and Accurate Method of Finding a
Navigate, derivation of --------------- 56 Ship's Position at Sea by Projection on
Navigation, defined ------------------- 56 Mercator's Chart, A; of Sumner ---- - 43

history of, from art to science --------- i New danger, defined ----------------- 1316
background ----------------------- I New Line of Position Tables, of Weems_.. 575

early celestial discoveries ---------- 24-25 New sea ice, formation of -------------- 808
epic voyages --------------------- 1 Newton, J. A.; sight reduction tables of. 573
piloting and dead reckoning, back- Newton's laws of motion -------------- 345

ground ------------------------- 4 Ney's projection, defined -------------- 82-83
obstructions to, artificial ----------- 720 Night effect, on radio bearings -------- 933
in poiar regions, discussed ------------ 669 on radio waves -------------------- 921
at sea, discussed ----------------- 644-646 Night order book, contents of ----------- 646
of small craft ------------------- 651-652 Nuns, ice development ---------------- 808

Navigation accuracy, discussed ---- 1210-1223 Nimbostratus clouds, described --------- 859
Navigation kit, emergency ------------- 692 Nimbus, meaning of ----------------- 855
Navigation log, use of for records ---- 729-730 Nipped, defined --------------------- 833
Navigation manuils, history of --------- 19-20 Nocturnal, description of------------28-29

after sixteenth century ------------- 20 Nodal period of moon, as tidal cycle --- 768
Navigation system accuracy, discussed. 1230-1231 Node(s), of moon's orbit, defined -------- 371
Navigation "Tables for Mariners and Aria- Noise, radio, causes of ---------------- 923

tors (H.O. Pub. No. 208), of Dreisonstok_ 573 defined -------------------------- 923
Navigational astronomy, defined-------- 341 Nominal range, of a light, defined ------- 334

introduction to ------------------ - 341 Nomograma degli Azimut del Sole, of Mol-
Navigational buoys, large, de,;cribed ---- - 99 fino ------------------------------- 615
Navigational compass, desirable character- Non-saturable radionavigation system,

istics of ------------------------ 155-156 Decca as ----------------------- 1008
Navigational coordinates, table of ------- 1127 defined .--------------------------- 968
Navigational errors, clarification of termi- Nontidal current, defined -------------- 771

nology -.. ..------------------- 1223-1230 discussed -------------------------- 771
conclusion to ---------------- 1236-1237 effect of ------------------------ 774-775
definitions of ---------------- 1204-1205 Noon orbit, of navigation satellite ------- 1025
introduction to -------------------- 1204 North, as direction of measurement---- --- 58

Navigational Handbook with Tables, of North American Datum, 1927; geodetic.. 1305
. Hickerson ----------------------- 578 North

Navigational planets, named ------- - 347 orAtlantic, tropical cyclones in------- 891
Navigational safety, introduction to- ----- 715 origin, season, frequency-----------891
Navigational stars, identification of.. 1170-1176 North Atlantic Current ------------- 781-782

names of, pronunciations and meanings 1177 North Cape Current ----------------- 782
Navigational triangle, components of.. 387-388 North component, earth's magnetic field

defined -------------------------- 387 defined ---------------------------- 198

description of --------------------- 40-43 North Equatorial Current, in Atlantic
Navigator, inertial ------------------ 1076 1 Ocean --------------------------- 779
Navigator's chart, discussed ------------ 64 in Indian Ocean ----------------- 784-785
Navigator's notebook ----------------- 250 in Pacific Ocean ------------------- 783

.- -.
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Page Page
North Indian Ocean, tropical cyclones in- 891 Odor(s), as sign of land---------------- 708

Nor.jin, season, frequency ----------- 894 Oersted, measurement of intensity, de-
ME ~~orth magnetic pole, of earth..------195-196 fined---------------------------- 19

North Pacific Current ---------------- 783 Offshore current, defined--------------- 778INorth pole, ox magnet----------------- 195 Offshore light station(s), described-------93
Northeast Drift Current, in Atlantic Offshore oil-well structures, discussed-- 719-20I Ocen-------------------71-78 0gma(, Sinkiti; sight reduction tables of~ 7

Northeast trades --------------------- 866 Ot~) defined-------------------- 811
Northeasterlies, of Arctic--------------- 869 Old ice,'defined ---------------------- 811

Norway Current --------------------- 782 Omega lane, defined - ----------------- 976 INote(s), on charts -------------------- 124 Omega Navigation System, characteristicsJNotebook, for lifeboat navigation-0 92-693 of, propagatica -------------- 980-982
Notice to Mariners, chart, new edition transmission --------------------- 979 1

date in----------------------- 113 geophysical parameters of ------------ 982 1
reprint date in ------------------- 113 identification of signal----------- - 979-980Iicontrolling depths in----------------- 721 introduction to------------ --------- 972

corrections to, charts by--------------1il1 lane identification ---------------- 976-977
Coast Pilots by ------------------- 332 lanes in ----------------------- 975-976
Light List and List of Lights by------ 333 principles of ------------------- 972-974

danger areas in - ---------------- 125, 722 signal format ---------------------- 979
date of latest---------- ---------- 133 stability of propagation----------- --- 983
discussed ---------------------- 715-716 station locations and coverages--977-979
NAV AREA Warnings in ------------- 717 Omega plotting chart(s), discussed--987-988
oil-well information in --------------- 719 Omega Propagation C'orrection Tables_ 982, 987
special warning sin------------------ 718 discussed ---------------------- 9S4--9E5
submarine cables and pipelines in------ 720 Ominidirectional beacon---------------- 930 1
use af, in advance preparation --------- 642 One-digit number(s), of chart numbering

Nouvelles Tables Destintes & Abriger lea system--------------------------- 128
C'alculs Natuiques, of Perrin ----------- 61" On Finding the Latitude and Longitude in

Nouvelles Tables PouT le Cakcul de la Droite Cloudy Weather, of Johnson ------------ 44
de Hfauteur a Partir du Point Estime, of Ooze, defined ------------------------ 115
Ilugon ------------------------- -- 69 Open cluster, of stars, defined ----------- 354

Neva, defined ------------------- 354 Open pack, concentration of ice --------- 811
Nucleus, of atom --------------------- 915 Open water, concentration of pack ice --- 811

of comet, described------------------ 351 Opposition, of planet, explained --------- 366
Null ------------------------------ 931 Optimum Track Ship Routing, de-
Numerical scale, of charts -------------- 100 scribed------------------------ 654-655
Nun buoy, shape of-------------------- 99 Orbit, of celestial body----------------- 343
Nutation, defined -------------------- 358 Ordnance Survey of Great Britain 1936

discovery of ----------------------- 26 Datum, geodetic---------- --------- 13 07
Orthographic projection, defined ------- 658

Oblate spheroid, defined --------------- 57 features of-------------------------80jt
earti as ---------------------- 347-348 origin of--------------------------- 4

Obli"que conic projection, defined --------- 73 Orthomorphic projection, characteristics
Oblique cylindrical orthomorphic projec- of --------------------- ---------- 64 -

tion, defined ---------------- 64-65, 70. 71 Oscillating circuit -------------------- 915
Oblique Mercator projection, defined- 64-65, 70, 71 Oscillator, radio------------------ ---- 927 l

discussed ----------------------- 70-71 Oscillatory errors, defined -------------- 145 -

use of -------------------------- 71-72 Oscillatory- wave, defined--------------- 790 1
Oblique projection, defined --------- ----- 64 IOscilloscope (scope), cathode-ray tube as- 925
Oblique sphere, illutstrated ------------- 357 1 Outer Dangers, description of in Sailing
Observed altitude, of celestial body, de- j Directions: (Enroute)-_!---------------- 332 1

fined-------------------------- 418 Outer plqnets, defined----------------- 347
defined-------------------------- 444 Overhead power cable, appearance on
insih reduction------------------- 510 radarscope------------------------ 960

observed latitude, defined-------------- 446 Overlapping charts, note on----------- 12
Observed longitude, defined------------- 446 Oyashio------------------------- 783-784
Occluded front ---------------------- 874
Occulation, of planet by sun ------------ 365 1Pace, length unit, origin of -------------- 12
Occulting light, defined ---------------- 94 Pacific Coast Pilot, ol 1889 -------------- 17
Ocean(s), introduction to -------------- 741 Pacific Ocean, currants ini ------ 783-784

origin of------------------------- 742 Pack ice, defined ----- --------------- 819
Ocean current(s), causes of ------------- 778 Padr6n Real ------------------ ---- 6

and climate-------------------- 785-786 Palm trees, appearance on radarscope__. 9.54 -

defined-------------------------- 778 Palomar Mountain Observatory,' founmd- -

introduction to----------- ------- 778 ing of---------------------------- 38
Ocean waves, introduction Vi ----------- 787 Pampero, defined ----------- 877 1
Oceanic circulation, dics~-- ------ 79 Pancake ice, described -------------- 808-810
Oceanic ,oundings, introduction to ------- 723 Parabola, comet's orbit a~s------ ------- 351
Oceanographic cheinistry, discussed------ 743 Parallactir angle, defined--------------- 387 5
Oceanography,' defined -------- -------- 741 Parallax, altitude correctior for, dis-

exploration---------- ---------- 741-742 cuseed -------------------- 425-428
history of --------------------- 741-742 from lifeboat-------------------- 705

- .Octant (0nstniment) ------------------ 4111 of moon, variance of----------------- 351
of Hadley ------------------------- 30 I 1arallax in altitude, defined--------- 351,427

1



T_ -------

IMEX 1375
Page Page

Parallel(s), of altitude, defined ---------- 379 Phosphor, on cathode-ray tube face ------ 928
of declination, defined-----__ ... 372, 374 Phosphorescence, of cathode-ray tube... 928
defined --------------------------- 58 Physical libration, of moon ------------- 351
cf latitude, defined ---------------- 58, 380 Picture tube cathode-ray tube as ------- 928

Parallel rulers, description and use of.- 137-138 Pierce, M. R.; sight reduction diagrams
Parallel sailing, defined --------------- 259 of ------------------------------ 606

early importance of ----------------- 31 sight reduction method of --------- 599-600
origin of -------------------------- 16 Pilot, defined ----------------------- 271

Parallel sphere, illustrated ------------- 356 Pilot waters, defined ----------------- 271
Parallelism, of sextant mirror and hoi;zon Pilotage ---------.------------------ 271

glass, adjustment for ----------- 40. 3 defined -------------------------- 56
of sextant telescope, adjustment for_.. - ) Piloting ----------------------------- 1,271

Parameter(s), defined -----------------. .J demed -------------------------- 56, 271
P, defined ------------------------- 210 electronics in --------------------- 300
Q, defined ------------------------- 210 in high latitudes ------------------- 683
R, defined ------------------------- 210 introduction to -------------------- 271
of ship's magnetic field, discussed.... 209-210 practical --------------------- 300-301

Paranthelion, defined ----------------- 881 preparation for ------------------ 271-272
Parantiselene, defined ---------------- 881 safely without a fix -------------- 292-293
Paraselene, defined ------------------ 881 use of sextant in, evaluation ---------- 312
Paras, anic circle, defined -------------- 881 introduction -------------------- 302
Parhelic circle, defined ---------------- 881 Pinto, J. C.; sight reduction tables of... 573
Parhelion, defined ------------------- 8A1 Pipelines, danger from- ------------ 720
Parsec, defined ---------------------- 342 Pitch, of ship's screw ----------------- 150
Partial eclipse, of sun, explained------- 369 Pitot pressure, of water, defined --------- 149
Parts Around the World, of Pytheas. ... 8 Pitot-static log, description of ----------- 149
Passive radionavigation system, Decca as-. 1008 development of -------------------- 12

defined ---------------------------- 968 Pitot tube. dynamic pressure measuring
Peak, of radio wave, defined ------------ 916 device ---------------------------- 149

ut.dersea feature, defined ------------- 749 Pivot point, of vessel in turn, defined-. 295-296
Pedestal, on Loran-A scope ------------ 1242 Plain, defined ----------------------- 749
Pelorus, description and use of ------- 190-191 Plan position indicator, principles of.---- 941
Pelorus, pilot of Hannibal -------------- 9 Plane sailing(s), described ------------- 259
Penteado, F.; sight reduction table of...., 77 histor of ------------------------ 15
Perigean current ----------------- 773-774 by intermediate calculator ----------- 1262
Perigean tide(s) ------------------- 765-766 Planet(s), altitude correction.s by Nadical
Perigee, defined --------------------- 345 Almanac ------------------------- 430

of moon, defined --------------- 765-766 altitude corrections of ------------ 432-433
distance at --------------------- 351 defined ---------------------------- 347

Perihelion, defined ------------------- 345 features f . .----------------------- 347
Period, of wave, from ship ------------- 792 names o, pronunciations and meanings. 1177
Periodic current, defined --------------- 778 observation of with sextat---....... 397-398
Periodic error, defined ---------------- 1208 other aid minor, described -------- 348-350
Perplus, of Scylax ------- 2, 8 in solar system -------------------- 343
Pormafrost, debned ------------------ 669 Planet diagram, discussed ---------- 628-629
F-rmanent current, defined ------------- 778 Planet location dia'ram, in Air Almanac-- 628Permanent magnet- .................. 194 Planetary configurations, defined.---- 367

Permanent magnetism, deflned ---------- 194 discussd- ..--------------------- 365-367:parameters of -----------............ 219 Planninf route, defined -------------- 664-665
Permeability, magnetic, defined --------- 195 Plateau, defined --------------------- 749
Perpendicular lines of position, sight reduc- Plotter(s), description of .......- 139

tion method ---------------------- 96 for lifeboat navigation -------------- 693
Perpendicularity. of sext,,.t horizon glass, Plotting, of celestial line of position, in

adjustment for --------------- 408-409 polar regions ------------------ 689-690
of sextant index mirror, adjustment for- 408 on polar charts -------------------- 677

Perrin; azimuth tables of -------------- 613 of position ------------------------ 251
Personal correction, t sextant altitude, Plotting equipment, in lifeboat naviga-

need for--..---------- ------------ 418 tion ---------------------------- 693
Personal equation, in sextant obser- Plotting materials, for lifeboat navigation_ 693

vations ------------- ------- 402-403 Plotting sheet(s), definition and use of.-. 86
Personal error, in sextant observat)ns.. 402-403 for lifeboat navigation -------------- 693
Perspective projection, defined ---------- 64 Plunging breaker, defined -------------- 798
Peru Current ----------------------- 784 Pluto, described --------------------- 350
Phantom, of gyrosphere --------------- 169 Point(s). of compass, defined ----------- 157
Phantom bottom, in echo sounding 154-155, 804 Polar airmass, source region of ---------- 871
Phase(s), of moon, defined ------------- 367 Polar axis --------------------------- 57

discussed -------------------- 367-369 of earth --------------------------- 57
of radio wave --------------------- 917 Polar cap absorption, defined ---------- 982

Phase anomoly, sudden, defined --------- 982 Polar cap disturbance, effect on Omega-
Phase comparison system(s) ------------ 967 signals ---------------------- 982-983
Phase correction, for sextant altitudes, Polar charts, adequacy of ----------- 674-675

discussed -------------------------- 425 coverage of ------------------- --- 674-675
Phase ;ocking, of Decca signals --------- 1009 inaccuracy of ----------------------- 674
Phase synchronized (coherent), defined. 972-974 lack of detail on ------------------- 674
Phobus, described ------------------- 349 Polar circles, defined --------------- 361-362

= o-
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Page Page

Polar currents ---------------------- 785 Predictability, defined ...... 1230
Polar distance, defined ---------------- 374 Predictable accuracy, defined ------- 1230-1231
Polar front, defined ------------------ 869 Pressure, of seawater ----------------- 745
Polar geography, discussed ------------- 669 Pressure gradient, defined -------------- 866
Polar grid, description and use of ---- 675-677 Pressure gradient force, defined ---------- 88
Polar horizontal parallax, defined -------- 427 Pressure ice, formation of -------------- 811
Polar jet stream winds, defined ---------- 864 Pressure tendency, defined ------------- 873
Polar motion, defined -------------- 358, 462 Prevailing westerlies, defined and dis-
Polar navigation, defined --------------- 56 cussed 869

p!anning of ------------------------ 691 Primary, of celestial body, defined ------- 343
Polar Operations, of MacDonald --------- 835 Primary radar ---------------------- 940
Polar projection(s), defined ------------- 64 Primary seacoast light, defined ---------- 90

features of ------------------------- 82-84 Prime meridian, defined ---------------- 58
selection of ------------------------ 84-86 establishment of ------------------- 35

Polar regions, introduction to ----------- 669 Prime vertical, defined ---------------- 379
knowledge of ------------------- 690-691 direction from, in lifeboat ------------ 697
meteorological effects in ----------- 671-672 finding time on ------------------ 565-566
miscellaneous information ------------ 673 Prime vertical circle, defined ------------ 37V
natural landmarks in --------------- 683 Prime vertical observation, sight reduction
summary of conditions in ------------ 673 method ------------------------ 595-596

Polaris, direction from, in lifeboat ------- 697 Priming the tides -------------------- 762
latitude by --------------------- 553-555 Principal vertical circle, defined -------- 378

in lifeboat ------------------ 706-707 Prismatic error of sextant ------------- 407
Polaris correction table in Air A lmanac. - 555 Pritchard, H. 6.; sight reduction method
Polarization, of electromagnetic field --- 917 of -------------------------------- 607

of radio waves -------------------- 917 Private aid(s), on charts --------------- 121
Polarization error, of radio bearings ------ 933 Probable error, defined-.. 1207-1208, 1210-1211

of radio waves -------------------- 921 in one-dimensional errors ------------ 1224
Polyconic projection, defined ----------- 65, 76 Programmable calculator(s) ------------ 1254

features of ------------------------- 76 use of ----------------------- 1262-1263
Polynya(s), in ice, defined ----------- 811-812 Progressive waves ------------------- 794
Polyzoa, defined ---------------------- 116 Project depth, on charts --------------- 115
Poor, Charles L.; slide rule of ----------- 603 Projection(s), for nautical charts -------- 109
Port hand mark, described ------------ 1313 polar_---------------------------6746
Portolan charts ---------------------- 6 selection of----------------------- 64
Portolano Rizo ------------------------ 8 types of -------------------------- 64-65

* Position(s), dead reckoning, in lifeboat Propagation, of radio waves, in polar
navigation -------------------- 699-700 regions ---------------------------- 685

on earth, discussed ----------------- 58-60 P-onagation correction(s), of Omega
labeling of ------------------------- 253 gnals -------------------------- 985-987
from observation of two or more Propagation prediction, of Omega sig-

bodies ----------------------- 590-595 nals --------------------------- 983-984
plotting of, on chart -------------- 251-253 Propeller speed, in underwater log cali-
of ship, in lifeboat navigation --------- 694 bration ---------------------------- 1264
from single-body observation ------- 595-599 Proper motion, of celestial bodies, de-

Position angle, defined ---------------- 387 fined --------------------------- 359
Position Line Tables, of Smart and discovery of --------------------- 26

Shearme --------------------------- 572 of stars, defined ------------------- 355
Position plotting sheet, defined ---------- 86 Proton(s) ---------------------------- 915
Position reporting systems, introduction Protractor, defined ------------------- 139

to ------------------------------- 731 description and use of --------------- 139
Position Table- for Aerial and Surface Province, defined -------------------- 749

Navigation (H.O. Pub. No. 209), of Pseudo random noise modulation, ac-
Pierce ----------------------------- 577 curacy of ------------------------ 1049

Potential flow field, of water velocity. 144 described -------------------------- 1047 (.
Power loss error(s), in doppler sonar navi- functional description ----------- 1048-1049

gation ----------------------------- 1069 in navigational satellites --------- 1047-1048
Power sup ply, radio ------------------ 927 status of -------------------------- 1049
Practical Celestial Air Navigation Tables, Psychrometer, described ------------ 854-855

of Hoehne ------------------------- 580 Psychrometrie tab!es, use of --------- 854-855 4'
Practical Tables for Navigators and Avia- Pteropod, defined -------------------- 116

tars, of Rust ---------------------- 563 Ptolemy, Claudius; world map of -------- 5
Pre-Christian navigation, history of ------ 1-2 Publication(s), of other agencies- 1252-1253
Precession, in declination, defined ------- 362 Puddles, freshwater from ----------- 813-814

of the equinoxes, d-fined ------------- 362 Pulsating current, defined -------------- 915
discovery of --------------------- 24 Pulse duration, defined --------------- 40

gyroscopic, defined ------------------ 077 Pulse length, defined ------------------- 940
input axis of-------------------- 1077 P1 dt fd - -970

output axis of ------------------- 1077 Pulse modulation, of radio waves-..--- 927, 940
in right ascension, defined ----------- 362 Pulse repetition (recurrence) rate(s)_. 940-941, 1

Precipitation, effect on sea state --------- 1271 1240
Precision, defined -------------------- 1205 basic, defined -------------------- 1240
Precomputation, defined---------------541 specific, defined ----------------- 1240-1241

for sight reduction --------------- 541-542 Pulse width, defined ------------------ 940
Precomputed altitude, defined ---------- 541 Pumice, defined ---------------------- 1 16
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Pumping, of mercurial barometer ---- 846, 902 Radiobeacon(s), on charts ------------- 120
Purey-Cust, H. E.: azimuth tables of.. 614 discussed ------------------------ 930-931

factors affecting maximum range ---- 933-934
Quadrant (instrument) ---------------- 411 Radiolaria, defined ------------------ 116

of Godfrey ------------------------ 30 Radionavigation, defined --------------- 56
Quadrantal correctors, defined ---------- 221 Radionsvigation systems, introduction
Quadrantal deviation, defined ----------- 210 to -------------------- ------- 967-968

- Quadri-ntal error, of gyrocompass, dis- Radius SURPIC, example of ----------- 736
cussed ----------------------- 179-] 81 Radius vector, of planetary orbits ------ 345

of radio bearings ---------- -------- 933 Radux, development of -------------- 51-52
Quadrature, of planet, defined_.--------366 Radux-Omega, development of --------- 52-53
Quarter-power point, of radar, defined--- 944 Rafting, of ice ---------------------- 811
Quarterdeck degaussing coil, described. -241-242 Rainbows, types of ---------------- 880-881
Quartz crystal marine chronometer(s), de- Ram(s), of icebergs, defined ------------ 808

scribed -------------------------- 415-416 Ramark ---------------------------- 961
Quilter, E. S.; sight reduction method of-- 589 Ranaom errors, discussed --------- 1206-1208
Quintant (instrument) ---------------- 411 normal curve of ------------------- 1207

Range~s), bearing, defined ------------- 274
Racon ---------------------------- 960-961 on charts -------------------------- 121
Radar, development of -------------- 46-47 of daybeacons -------------------- 103

minimum and maximum range ---- 948-951 defined --------------------------- 237
in polar regions ---------------- 685-686 in piloting ------------------------- 271
principles of ------------------ 940-945 radio signal ...-------------------- 924
storm detection by ----------------- 861 of tide, defined ------------------ 762-763

X -dar beacon(s), asaid to navigation- - 960 in piloting ---------------------- 313
Radar beam, principles of ----------- 943-948 variations in ------------------ 765-767
Radar horizon, distance to ------------- 946 undersea feature, defined-- --------- 749

by basic calculator --------------- 1255 Range light(s), described-- ------------ 93
, Radar navigation ----------------- 961-966 Range line, defined ------------------ 274

aids to -------------------------- 960-961 Range-Range, in hyperbolic radionaviga-
defined --------------------------- 56, 940 tion systems. --------------------- 972
introduction to -------------------- 940 Ranging mode, of hyperbolic radionaviga-

Radar Navigation Manual (Pub. No. 1310). 940 tion systems -------------------- 972
Radar shadow ---------------------- 955 of Loran-C ------------------------ 1002
Radarseope interpretation- ------- 951-955 Ranging radionavigation system -------- 968Radial Prror, in two-dimensional errors--- 1229 Rankine tem,-prature, defined --------- 852-853|

Radial motion, of stars, defined ----- 354-355 Rapid Navi ;on Tables, of Myerscough
Radiation fog, formation of------------878 and Hamilto - ..-------------------- 575
Radio, for lifeboat navigation ----------- 694 Ra Naligation Tables for Mariners, of
Radio bearing(s), accuracy of ----------- 933 yerscough and Hamilton ----------- 575

errors of --------------------------- 933 Rate, in Loran-A, defined ------------- 1241
use of-----------------..... -935-936 Rational horizo- celestial horizon as --- 377Radio direction finder. ---------------- 930 Receiver, radio, defined --------------- 927
first utilization of ------------------- 46 discussed --------------------- 927-928
in----- ---------------------- 686 IReciprocal bearings, treatment of ------- 933ipolar regions ........... 66Recommended trackline(s), on charts. .... 125

Radio direction finder station(s), functiono
Recovery time, of radio receiver --------- .948of direction-finding-introducti6.. -937 Rectangular error, defined ------------- 1208Radio direction finding, introductio:i to-- 930 Rectangular projection, defined --------- 72Radio horizon, discussed -------------- 918 use of ----------------------------- 72-73Radio Navigational Aide (Pubs. Nos. 117A, Red and black horizontally bandpd

11TB) ----------- n-------- 333,490,494 buoy(s), in buoyage system ----------- 102
aeronautical radiobeacons in ---------- 931 Red buoy(s), in buoyage system -------- 103
Consol and Consolan procedures in ...- 1014 Red nun buoy(s), in buoyage system- 102
Decca information in --------------- 1012 Reduction tc the meridian, process
genera information in --------------- 717 of -------------------------- 550-551, 560
ice patrol information in ------------- 722 Reef, defined ----------------------- 749
oil-well information in --------------- 720 Reference direction(s), discussed -------- 155
radio direction finder information in. -- 934 true north as --------------------- 202
sector of calibration in -------------- 936 Reference ellipsoids, in geodesy and

Radio propagation factors, discussed --- 489 mapping, listed ------------------- 1302 _
Radio spectrum, defined --------------- 917 Reference station, defined ------------- 770
Radio stars, defined ------------------ 354 of tide tables -------------------- 314

discovery of ------------------------ 26 Reflected wave, radio -------------- 917-918
Radio tower (mast), chart symbol for, de- Reflection, of radio waves ----------- 917-918

fined--------------------------- Reflection binnacles -------------- 161
926 123 Refraction, abnormal, in polar regions 688-689Radio transmission, kinds of altitude correction for, from lifeboat-. 705

Radio wave(s), and the atmosphere ------ 883 defined --------------------------- 420
defined -------.-------------.... -- 915-916 discussed ----------------------- 420-423
and the ionosphere --------------- 920-921 of ocean waves -------------- 791, 797-7b8
source of ----------------------- 915-916 of radio waves ------------------ 918-919
terminology of ------------------ 916-917 Refractive index, of seawater ----------- 747

Radio wave propagation, and frequency 924-925 Regiment of the Pole Star, TU.e; of Wakeley_ 612
Radioactivity, of seawater ------------- 747 Regimento do eesroiabio e do quadrane------ 19

-- -
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Page page
Regression of the nodes, moon's, defined.. 367 Rotating loop radiobeacon, description
Regulatory buoy(s), color of ------------ 107 of ---------------------------- 938
Reltive accuracy, defined ------------- 1231 use of------------------------- 938-939
Relative bearing, defined--------- 62-63,-272 Rotation, of celkstial body, defined ------- 3
Relative humidity, defined ------------- 854 Rotator, of taffrail log----------------- 143 U
Release, of tangent screw, on marine Rotten ice, described------------------ 815 Z

sextant --------------- ----------- 392 Rough log, origin of-------------------15s
Relief, on charts --------------------- 122 Round of sights, dcfined------------- 9448
Rernanence, defined------------------- 195 Route, selection of, in lifeboat ------- 695-696
Repeatability, defined----------------- 1230 Rudoiphine Tables, of K~epler et al------9
Repeatable accuracy, defined ------ 1230-1231 Rule of Sixty, stated ------------------ 276
Repeater, of radarscope---------------- 943 Rules for Ice Strengthening of Ships, of the
Requisite Tables, of Davis --- ------ 44-45, 568 Board of 'Navigation-------------- __831
Residual deviation, determination of-202 Rules of the road. on charts ------------ 124

of properly adjusted compass --------- 209 Runnn fix, from celestial observa-
Residual magnetism, defined ------------ 194, tions -------- --------------- 451-453
Resolution, in bearing, defined ---------- 951 defined -------- ------------ 282-283,286

explained----------------------- 951 discussed ---------------------- 286-291
in range, defined-------------------- 951 Rust Armistead: azimuth diagram of ---- 615S

explained----------------------- 951 sight reduction tables of ----------- 563-564
Resolution error, defined--------------- 1208 Rutters----------------------------- 8
Retentivity, defined------------------- 195
Retire, line of position----------------- 448 Saclidle, defined ---------------------- 749
Retrace, of cathode-ray tube-.---------- 929 Safe water mark(s), defined------------- 13 12

on Loran-A scope ------------------ 1241 use of ----------------------- --- 1315
Retrogade motion, of planets, defined..- 367 Sailing(s), history of----------------- 15-16

e Rvring current -------------------- 771 introduction to --------------------- 259
Reversing thermometer, on Nansen bottle- 744 various kinds of-------------------- 259 -

Revolution, of celestial body, defined--- 343 Sailing chart, description of------------- 110
Revolver, in horizontal sextant angles, Sailing direction(s), and currents --------- 777

defined -------------------------- 309 foreign charts referred to ------------- 721
Rho-Rho, in hyperbolic radionavigation format for------------------------ 327

systems------------------------ 972 history of ---------- -------------- 8-9
Rhumb line(s), defined -------- 60-61, 259-260 introduction to --------------------- 327

as desirable property of projection--- 64 modern---------------------------- 9 -

on nautical chart ------------------- 252 for polar regions -------------------- 685 U
in sailing ---------------------- 259-260 during Renaissance ------------------ 8

Richer, Jean Francisco; mechanical device unverified informationx in ------------- 722
of ------------------------------ 603 Sailing Directions (Enroute), of Defense

Ridge, of ice, defined-.---------------- 811 Mapping Agency Hydrographic 32
undersea feature, defined ------------- 749 Center---------------------- 2

Ridging, of ice---------------------- 811 contents of ------------------ 329-332
Right ascension, defined------------ 372-373 Sailing Directions (Pla-nning Guide), of
Right (dangerous) semicircle, avoiding Deftense Mapping Agency Hydro- 32

storm center, Northern Hemiisphere--- 908 graphic Center --------------- 32
Right (navigable) semicircle, avoiding contentsof ------------------- 327-399l

storm center, Southern Hemisphere ---- 909 Istudy of, in advance preparations- - ---- 641
Right sphere, defined - ---------------- 356 Salinity, of seawater ------------------ 743
Right triangle, altitude measurement ISalinomecter, conductivity measuring in-

by --------------------------- 702-704 IAtment ------------------------- 743
Rigidity in space, defined-------------- 1077 Same name, of declination and latitude, ~

described------------------------- 165 defined------------------------ 384-385 j
Rip current------------------------- 800 Sand dune, appearance on radarscope --- 954
Ripples, defined ---------------------- 787 Sandspits, appearance on radarscope-__954
Rise, undersea feature, defined ---------- 749 Santa Ana (Wind), defined-------------- 87
Rising(s), direction from, in lifeboat--- 697-698 Sargasso Sea ---------------------- 78

of sun and moon, almanac time of--506 Saros, defined----------------------- 371 1-
at moving craft------------------- 514 Satellite(s), in solar system------------ 343

Roads, on charts --------------------- 122 Satellite navigation, basic doppler naviga- -

Roaring forties------------------- - tion principle -------------------- 1050
Rockls, appearance on radarsclc::_ t954 defined--------------------------- 56
Rocking the sextant, defined --------- 396-397 development of--------------------54 1
Rollet do l'Isle; sight reduction diagram introduction to -------------------- 1019

of ------------------------------ 601 Satellite navigation system, design con-
Roman mile, length unit --------------- 12 siderations ------------------ 1049-1050

~ Rmanvsk, A A: aimuh nmogamSaturable radionavigation system, defined- 968
Rof-----------------------------615 Saturated magnetic field.---------------194

of a er----------------24 Saundecid--------------------26549 L
Root mean square error, in one-d n Saturn, fcrbe ---pe ---------------- 3

int-dmnional errors ------------- 1229 Scale, of. chart, defined----------------- 109 ERnose -d ighmection tabes of----12512 constant, as desirable property of 6Ros, .: igt edutin tbls f ----- 570 projecto ---------------------- 6
I.-Ressel Current---------------------- 784 of nautical charts, discussed-------- 109-110

PRotary current, described -------------- 771 representative fraction of------------- 109
Rotating loop anterna-------------- 932-933 variation of, on polar projections------- 84

t
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Scarp, defined ------------------------ 749 Sense antenna ---------------------- 932
Scattering, and absorption, of radio Sensible horizon, illustrated ------------ 377

waves --------------------- 922-923 Sensitivity of directior, finder receiver-. 933-934
of radio waves, defined -------------- 923 of radio receiver, defined ---------- 927-928

Schist, defined ----------------------- 116 September equinox, defined ------------ 362
Schuler oscillation, described ----------- 1088 Sequenced radiobeacon(s), described --- 930
Schuler tuned, defined --------------- 1082 Serrated range rings ------------------ 959
Schuler tuning, purpose of ------------- 1087 Set, of current, in celestial navigation .... 453
Scintillation, of star ------------------ 616 defined ----------------- 254, 772, 778
Scoria, defined ---------------------- 116 Setting(s), direction from, in lifeboat.- 697-698ISea ------------------------------ 787 of sun and moon, almanac time of--506

color of, as sign of land -------------- 708 at moving craft ------------------ 514
conditions for underwater log calibra- Sextant(s), adjustments ------------ 406-411

tion ------------------------- 1264 altitude measuring device ----------- -418
and wind-852 care of - ----------------------- 404-406

Sea and Air Navigation Tables, of Aquino-_- 576 history of ------------------------ 20-30
Sea breeze, described -------------- 876-877 invention of ---------------------- 29-30
Sea ice, discussed ------------------ 808-812 for lifeboat navigation -------------- 693

problem of ----------------------- 806 observational skill, developing ---- 401-404
thickness of ---------------------- 812-813 optical principles of, discussed - 391-392

Sea-Ice Nomenclature (WMO No. 259. TP. reading the --------------------- 399-401
145) ---------------------------- 8940 selection of----------------------- 411

Sea level pressure, defined ------------- 848 use of --------------------------- 396-399
Sea-man's Practice, The; of Norwood----- 20 Sextant altitude, defined ------------ 397,418
Sea quadrant, invention of ------------- 28 in sight reduction ------------------ 516

Sea return, defined ---------------- 950-951 Sextant altitude correction(s) ----------- 418
effect on radar range --------------- 949 in lifeboat navigation --------------- 705

Sea smoke, defined --------------- 671-672 need for --------------------------- 418
Sea state, effect of night observation --- 1272 order of applying ------------------ 4 129

introduction to -------------------- 1268 summary of ----------------------- 428
Sea tangle, defined ------------------- 116 Shade error, of Sextant ---------------- 407
Seachannel, defined ------------------ 750 Shade glasses, on inarine sextant -------- 393
Seaman's Secrets, The; of Davis .... 20, 28,30, 35 Shadow, of radio waves ------------- 921-922 a
Seamount, defined ------------------- 750 Shadow sector, on radarscope, defined-... 958
Seaquake, waves from ---------------- 793 Shallow water, effect cn sea state -------- 1271
Seasonal current, defined -------------- 778 and waves------------------------- 791
Seasons, cause of -------------------- 359 Shallow water effect, described ---------- 144
Seawater, physical properties of --------- 743 Shape. of radar target, effect on range .... 950
Secant cone, defined ------------------ 65 true, as desirable property of projection. 64
Secant conic projection, defined --------- 75 Shchetkin, N. 0.: sight reduction method
Secchi disk, defined ---------------- 747-748 of -------------------------------- 599
Second(s), unit of time ------------ 472-473 Shearme, F. N.; sight reduction tables
Second differences, Pub. No. 229 inter- of ------------------------------ 572-573

polation, defined ------------------ 523 Shelf, defined ------------------------ 750
Second estimate, of zone time---------- 552 Shingle, defined ---------------------- 116
Second-order triangulation, in geodetic Ship, appearance on radarsope --------- 954

surveys --------------------------- 1301 Ship considerations, of ship weather
Second-trace echoes, appearance on radar- routing -------------------------- 655-656

scope ----- --------------------- 958 Ship Inertial Navigaiion System, develop- 5
Second-year ice, defined --------------- 811 nent of --- ----------------------
Secondary coding delay, of Loran-C-.....992 Ship log ----------------------------- 11
Secondary li ht, defined --------------- 99 Ship weather routing, benefits of -------- 666
Secondary Phase Factor, of Loran-C conclusion ---------------------- 666-667

signals-_ ------------------- 1001-1002 defined ---------------------------- 653
Secondary radar -------------------- 940 development of ----------------- 653-655
Secondary station, of radionavigation sys- environmental factors ------------- 656-657terns ---------------.--------.... 968-970 introduction to ---------------------- 653

Sector(s), of calibration, of radio direction recommendations and advisories --- 664-665
finder station --------------------- 936-937 special weather and environmental con-in lights, discussed --------------........ 96 sidcrations ---------------------- 662-64 -

of uncertain calibration, of radio direc- synoptic weather considerations --- 657-662tion finder station ---------------- 936 S1M pboard Wind Plotter, use of -------- 849-850

Sectoring, appearance on radarscope --- 959 Ships course indicator ---------------- 189
Secular change, of magnetic field -------- 197 Shoal, defined ---------------------- 750
Seiche(s), and standing waves ----------- 794 Shoaling, defined--------------------791

o dSeismic sea wave ---------------- 793,910-911 Shooting stars, described of------------- 3-52

Selectivity, of direction finder receiver -- 934 Shoreline, on nautical charts ------------ 114
of radio receiver, defined ---------- 927-928 Short, Accurate, and Comprehensire Alii-

Semicircular deviation, defined ---------- 210 tude-Azimuth, Tables, of Johnson------ 614
Semidiameter, altitude correction for, Short range radionavigation system, de-

discussed ------------------- 424-425 fined ------------------------------ 968
from lifeboat --------------------- 705 Short range warnings, radio navigational- 717

Semidiurnal current ------------------ 772 Shortrede, Robert; azimuth tables of --- 613
Semidiurnal fide, defined ------------ 315, 764 Shuga, ice formation ----------------- 808
Semipermanent highs and lows ---------- 870 Side error, of sextant, defined ---------- 408
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Side-lobe echoes, appearance on radar- Sky diagrams, in Air Almanac, described.. 636

scope -------------------------- 958 Sky map, described -------------- 827
effect on radar range ---------------- 949 Skylight(s), defined ------------------ 834

Sidereal, rotation and revolution elassi- Skywave(s), avoiding contamination infication -- --- -- - -- -- ---- 343-344 Loran-C -----------............ 993-995
Sidereal day, beginning of ------------- 471 defined -------------------------- 920 |

defined --------------------- 462, 465-466 Skywave correction, in Loran-A tables._- 12 45
reference for ---------------------- 365 Skywave Long Baseline Loran, develo-

Sidereal hour angle, defined ------------ 372 iopment of------------------------49
as longitude on celestial sphere -------- 374 Skvwave Synchronized Loran, develop-

Sidereal month, duration of ------------ 350 Inent of --------------------------- 48
Sidereal noon, defined -------------- 462, 471 Slack water, defined ------------------ 771
Sidereal time, defined -------------- 462, 470 in piloting ------------------------- 313

discussed ----------------------- 484-485 Slave station, of radionavigation s-stens_. 968-90
reference for ---------------------- 365 Sling psychrometer ---------------- 854-855

Sidereal year, length of --------------- 358 Slip, of ship's screw ------------------ 150
Sight reduction, by combined sextant Slope, undersea feature, defined --------- 750

and computer ------------------- 611 Slush, ice formation ------------------ 808
comparison of various methods, intro- Small area investigation, parallel method- 727

duction to -------------------- 559 radial method -------------------- 727
summary of -------------------- 615 Small area plotting sheet, construction of_ 86-88defined-- -------------- ------ 515 Small boat(s), as aid to radar navigation. - 960

graphical and mechasnical solutions. - --- 600I Small circle, defined ---------------- 5
by intermediate calculator ------- 125.5-1256 Small craft charts, use of -------------- 134
introduction to -------------------- 515 Small-scale chart, defined -------------- 110
kinds of methods ------------------ 559 Small's light, historical significance of --- 42-43
in lifeboat ---------------------- 705-706 Smart, W. M.; sight reduction tables of- 572-573
modern inspection tables ---------- 579-589 Smog, defined ---------------------- 878
in polar regions ------------------- 689 Smooth log, origin of ----------------- 15
unique situations, use of ----------- 599-0 Snapper, bottom sampler --.----------- 753

Sight reduction tables, defined ---------- 515 Snell. Willebrord; law of -------------- 421
Sight Redudion Tables for Air Narigation Snow blink, described ---------------- 827

(Pub. No. 249) ------------------ .586 Soft iron, magnetic characteristics of.- 194-195
description and solutions using - -29-533 magnetism of --------------------- 196
extracts from ---------------- 1200-1203 Soft iron correctors and nearby magnets, in
star identification by --------------- 636 compass adjustment ------------- 225-226

Sight Reduction Tables for Marine Naviga- Solar activity, effect on Omega signals --- 982
lion (Pub. No. 229) --------------- 579 Solar day, defined ------------------- 364

description and use of ------------ 520-522 Solar eclipse, defined ----------------- 370
extracts from ---------------- 1194-1199 Solar parallax, defined -------------- 427
interpolation --------------------- 523 Solar prominences, illustrated ----------- 370

near the horizon ----------------- 539 Solar system, bodies of ------------- 343, 616
of negative altitudes ----------- 539-540 Solar tide ------------------------- 764
when second differences are re- Solar time, defined ------------------- 470 A

quired ------------------- . 526-527 discussed ----------------------- 465-466
near the zenith ------------- 540-541 Solar year, length of ----------------- 38 

Interpolation Table, described ---- 523-525 Solar zenith angle, effect on Omega signaLs. 982
and Nautical Almanac, complete solu- Sonar, in polar regions --------------- 686

tion using -------------------- 528-529 I Sonne -------------------------------- 53
triple interpolation of azimuth angle -- 555 Souiilagouet, F.: sight reduction tables

Sighting vanes, described -------------- 163 of ------------------------------- 571-572
Sigma, in one-dimensional errors- ------ 1224 Soule, C. C.; sight reduction tables of..- 564
Sill, defined -------------------------- 750 Sound, attenuation of ---------------- 805
Simple conic projection, defined -------- 65, 74 sources of, in the ocean -------------- 801

discussed ------------------------ 74-75 speed of, in seawater ------------- 801-804
Simplified Celestial Obserration Table (Jap- S ound buoy(s), in buoyage system ------- 102

anese 11.0. Pub. No. 603) ------- 581 Sound signals, discussed --------------- 105
Simultaneous Altitudes and Azimuths of limitations of ---------------- 105-106

Celestial Bodies (H.O. Pub. No. 201)-.... 568 Sound signal apparatus, on charts------- 121
Single astronomical station datum orien- Sound transmission, in doppler sonar

tation -------------------- ------ 1305 navigation------------- ------ 1070-1071
Single-axis normal distribution ---- 1210-1211 Sound waves, reflection of, underwater.. -- 804
Single-degree-of-freedom gyroscope, de- refraction of, underwater ---------- 804-805

scribed -------------------------- 1077 Sounding(s), discussed ---------------- 725
Single red sphere topmark(s), use of - 1315 equipment for ------------------- 725-726
Sinking, of mirage ... .. ... --- - 879-880 evaluation of results -------------- 726-727

Siren(s), ound signal ---------------- 0.5 history of ------------------------ 13-14 -5

Sirocco ------------------------------ 2 investigation of small areas --------- 727
Sixteenth century, navigation manuals of. 19-20 in polar regions ----------------- 683-684 _ -
Sixteenth century navigation, history of.. 2-3 use of in piloting ---------------- 293-294
Size of radar target, effect on range --- 950 Sounding datum, on charts, discussed. - 116-117
Skip distance, of radio waves ----------- 920 Sounding machine, origin of ------------- 13
Skip zone, of radio waves ------------ 920 Sounding reports, records of --------- 727-730
Sky, appearance of, as sign of land-......-708 South, as direction of measurement ------ 58

coloring of ------------------------- 880 South Atlantic Current ------------- 782-783
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South Equatorial Current, in Atlantic $ poking, appearance on radarseope -- 958
Ocean ------------------------- 779 Spot elevations, on charts -------- 122

in Indian Ocean ---------- S4-785 ISpring (season) --------- 359
in Pacific Ocean -------------------- 7S3 Spring current------- ------------- 773-.774

South Indian Ocean, tropical cyclones in- S91 Spring-driven marine chronometer, de-
origin, season, frequency--------- 894-895 scribed------------------------ 414-415

Soth magnetic pole, of earth -------- 195-196 jSpring speed(s), of tidal current --------- 323
South pole, of magnet -- - - - - - - - - - - - - - - - 195 S Sring tide(s). ------------------- 765-766
Southeast Drift Current, in Atlantic defined -------------------------- 762

Ocean------------------------- 781-782 Spur, defined------- --------------- 750
Southeast trades --------------------- 866 Sputnik --------------------------- 54
Southeasterlies, of Antarctic ------------ 869I Squall, defined----------- ------------ 873
Southwest Pacific and A.ustralian area, Squall line, defined -------------------- 873

tropical cyclones in------------------ 891 S~quare root, by basic calculator--1254-1255
origin, eason, frequency--------- 89. Squat, correction for ------------------ 721

Southernl IHsemisphere, -,hip weather rout- St. Elmio's fire, described ----------- 883W, 923
ing in------------------------- 665-666 Stnbility, of radio receiver, defined - --- 927-928

Space motion, of celestial bodies -------- 349 Stabiltzution loop, in inertial navigation,
defined------------------------- 343 function of ------- ----------- 1090-1093Iof stars, defined----------------- 354-353 Stabilized scope pr sentatioii---- - 1-443

Span, length unit --------------------- 12 Stable platform, defined --------------- 1094
Spar buoy(s), in buoyage system-------- 102 Stack, chart definition of--------------- 123
Spatial and (lispersive correlation, effect IStadimeter, description and use of --------- 12

on Omega signais ----------- 983 Stand, of tide----------------------- 313
Special mark(s), in huoyage system, de- defined------------------------ 762-763

fined----..------------------- 1312 Standard, defined----------- --------- 1205
usef- -f-------------------------- 1315 Standard atmosphere, defined ----------- 946

Special Notice to Mar iners Paragraphs, j structure of -------------------- 863-864
inforination in--------------------- 716 Standard compass------------------- 156

Special purpose buoy(s), in buoyage Standard deviation, defined -------- 1207- 1208
systemn-------------------------- 103 in one-dimensional errors------------- 12243

Special Warnings, radio navigational- 718i in two-dimensional eror ------------ 122 5
Specific Advance, example of------------ 736 Standard error, defined ------------ 1207-120%
Specific gravity, of seawater ------------ 745 'Standard lapse rate, defined --------- 863-86

Seific heat, of seawater ---------- ---- 46 JStandard Loran, development of ---------- 48
Spectrumr, of colorz ------------------- 880 Standard meridian---------------- 470-471
Speed, of advance, adjustment of, in ship ,Standard parallel, defined --------------- 73

weaither routing ------------ ---- 665 Standard time ----------------------- 477
defined------------------------- 61 legal basis of ------------------------ 486

of current, relationship to range of tide.. 776 lime metidian for----------------470-471
defined--------------------------- 61 IStandard time brcadcasts, discussed-----490
made good, defined--------------- 61,.25 Standing -waves, and seiches ------------ 794
over ground, defined-------------- 61, 2355j Standpipe, chart definition of ----------- 123
measurement of ---------------- 143-144 Star(s), altitude corrections by Nautical
of wave, from ship ------------------ 793s Alman01ac------------------------- 430

= ~ peedl-couse-latitude error, of gyrocom- altitude corrections of---------------- 433
pass,, (discussed----------------- ---- 175 des-cribed ---------------------- 354-355

Speed error, of gyrocompasi, discussed- 17!i-177 location of, in vicinity of Cygnus ------- 626
Speed line, celestial, defined ------------ 446 in vicinitv of Orion --------------- -22
Sphere, developable property of--------- W in vicinity of Pegasus-------------- 620I ,sight reduction by ------- -------- 610-C11 in vicinity of Ursa Major ----------- 6 24undevelopable property of -------- ---- 64 navigational-.------------------ 616-617
Spherical hyperbola, in distanct-difference observation of with sextant -------- 397-398

measuremjent ---------------------- 970 Star Air Yar-igation~ Toblcs, of Hoehne--- 580
Spherical triangle, defined -------------- 3S7 Star Attitude Cuncs. of Weemns--------- 43, 607
Spherical Triangle NYornograrn, of WVim- Star catalog number------- ----------- 61.7

penis-------------------------- 600-601 Star charts, dliscussed-------------- 617-619
Spheroidal hyperbola, in distance-dif- Star clouds, defined ------------------- 355

ference measurement ----------- 970 Star finder(S) ------------------------ 398
Spicules, of ice, dSciOd--------0 discussed ---------------------- 629-636

of marine sediment------------------ 116 use of astrolabe as ------------------ 27
Spieghel der- Zeeiaced (The M.Nariner's 'Mir- Star globe------------------------- 617

ror), of Waghenaer ---- _--------------8 Star identifleation, by computation. - --- 636-638
Spilling breaker, defined---------------- 798 Star Sight Reductio'n and Identification
Spillover, in Loran-A receiver-indicator - 1242 Tabics, of Davies ------------------- 589

in radlio receiver -------------------- 92S Star Tables for Air :;arigat ion----------- 5S6
Spin axis, of gyroscope----------------- 165 Starboard hatnd mark, described--------- 1313
Spire, chart definition of-------------122-123 State of Sea Pholographs for thec Beaufort
Spitsbergen Current------------------- 782 Wind Scale--------------------- 1268-1295

Isplit fix, defined --------------------- 307 Static, in radio, defined---------------- 923
in horizontal sextant angle obrserva- Static electricity --------------------- 91a -

tions -------------------------- 307 effect of on radarnscope ---- ---------- 959
Splitting, of Loran-A signals------------ 1244 Static presssure, of water ------- -------- 149

Spi rason charts ---------------- 125 Station buoy(s), in buoy.g system ------ 103
defined -------------------------- 720 discussed ----------------------- 9S99
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Statio latedeie--------
Static-n :err efie ~-------------- 1298 Super high frequency, radio wave props-
Sttemldfned ---------- 60 Super-refraction. effect on radar ra&--- 94F

origin and length of ---------- 12 of radio wae ---------- 918-'43
Sten gcopaz -------------- 156 Superior ai-~-- --------- 7iiStellar parallax, defined --------------- 4235 Superior conjuncf ion. aletlred ------- ---- 365 -

Stereographic projection, defined-------- 65,80 Siuperior mirage, defined ------------- 7 1
features of------------------------8go Superior planets, defined---------------341
origin of --------------------------- 4 Suipernova, defined!-------------------- 34

Stooping, of mirage ---- ------ -------- 879 ISupersaturation, of air ---------- 84 1
Storm center. maneuvering to avoid_- 90.5-90 Surf, breaking on reef, appearance on
Storm nirges--------------------- -- 794 -adarseopc ---------------------- 954

Storm tidets), described --------- 794t 910-911 de.:ned-------- ----------------- 701
Stcrxn track; on. ahead of renter. avoidinR featur;es of-------------------------798

in Northern !fcmiphere ---------- 908! itroduction to --------------- 9
avoiding in s-outhern Hemisphere -- 909 1sound of, as Zign of land -------- S0on, Ibehind center, avoiding in nrtherni I Surf zane'__ ------ 91Hernisphet '------------------ -- vs Surface current. &,fi,.!A --------- 4(
avoidinu in) H&-izuispnere -- 909 Jurface nuvigation. defined------ 5

r..'m wave, oeCfincd--------------- <,10-911 1 Surface radio uuct, effect on rad.nr mys . 48
Straight line of positin, adjustment of. -. Z37 ISurface ter.!on, of seawater. ------- 747
Stratocumulus clouds. described --------- .59 Sturge, of tro nical cyclone ------ -- 1
Stmmtsphere------------------------8S3 Surging breaker, defined --- 0_---- 52
Stratus,, in-aning of..------------------Sweat, defined--------- -------------- 8554
Stratus clouds, described---------------~ 59i Sweep. of cathode-ray tube- 928
Stray line------------- ----------- 1 JSwl apprnce o sMnofI d-_ ;0
Stream current. defined---------------778S d-finci ------------------------- 7-
Sub.-refraction, effect on radar rays------ 948 effect or e st ate ------------------ 127 1

Sulua ipo*nt-------------------------------U-Swing ship. praed'urt- for ------------ 23

Subnmrine cables. danger from ------ 720 Swinger, in horizontal sextant angles,
Sbriae-ttodefined------------ -770 .. odne 0 -------------------- 0

Subpolar regions, defined ----- -- 69 Signg the are, defined ------------ 396-3977
Subsatellite point ------------------------- Slh-cell, of ancroidbuaronmeter ;
Subsolar pcint---------------------------- of87 Sybols.ao bodies_ ---- 1113
Subseellar point ---------------------- 387- niatheinatical..................-- 111
Subsurface current. defined -------------- 778 miscellaneous--------------------- 1114
Subtropical anticyclonels) -------------- 876 I fer navigational positions --- --------- 1113
Surna de Geogra pAin. of kneis---------- 19 j .u.a-- ------- --------------- 1113

FTI
Sumn ar Ji of osit ions off D'efesBe , ap Synd~ers, in spee esome------ 64

T.inc (1.. Pu. Nydogra. 203, ner 20) o vtniic roks .4 isc uta----- -2-10
Lifoeation--------------------- 16 ct-i-------------- 4-4

--------------------- ---- of-----------------------2 133 TvrAi c: motrations of --o--e-------502
aitude c(etion.dsrof--'--------------- Tabl !da! c-iu - - ------- of---b------- 6

Sun featurstie defined------------- 3594 l~etc;hr.o ehr------- W
Rbsrva-tiome- it sexta.77 Siotc c:ng-npy fsued-------~ '74r3 oaicAiua.o

Sumnr lne,&-fned -------- ---- 44 11F, te ---------- o Ln-------------6i1 L

ic solr0 s us Ks 0,4.o ystem--ce-rs icusd---------------Tbe92Aim s:Fnc zmt 2.t 12 6
Sun dg, dled ----------- Ta56on.dfrd---------a
Su------ rai wtrdeid-----------42-----* Tablesdu Plesoinrare of oillaou --.-56

Sun pillar, 0 ----------------------- S~ f47orle* Caeuatng Aolt iture Azimuth o
Supsprtots d iscusse------------- 396-397 ioCestaBoiofoemur------- 63I ~ ~ ~ ~ ~ ~i Sunda ytme----------------------49 fo ailftA,$.nzrtMehda
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Tables of Computed Altitude and Azimuth Three-arm protractor, description and

(Pub. No. 214) ------------------ 579 use of ----------------------------- 139
azimuth determination ------------ b56-557 Three-bearing plot, discussed -------- 278-279Ad solution --------------------- 534-535 Three-digit number(s), of chart number-
ad and At solution --------------- 535-536 ing system ------------------------- 128
Ad, At, and aL solution --------- 536-537 Three-point fix, strength of ---------- 307-309
description of ------------------- 533-534 Three-point problem, of horizontal sex-
extracts from ----------------- 1187-1193 tant angles__ 302-303Tables of Logarithms, of Martelli --------- 562 solution of ------------------- 303

Tables of Sunrise, Sunset, and Twi- without three-arm protractor --- 303-305
light . .- ..-------------------- 506, 513-514 Three Star Position Tables for AerialTables of Sun's True Bearing or Azimuth, Navigation, of de Jonge -------------- 591
of Burdwood ----------------------- 613 Thunder, described ------------------ 883Tables of the Sun, of Newcomb ------ 463 Tidal box, on charts ------------------ 125

Tables to Facilitate the Practice of Great Tidal current .------------------- 313
Circle Sailing, of Towson and Atherton. 612 defined ---------------------- 754, 771

Tables to Find Altitudes and Azimuths, of discussed ------------------------ 771
Fuss ----------------------------- 576 features of -------------------- 771-772Tablette de Point Sph~rique, of Bertin --.- 572 finding speed of by table ---------- 321-323

Tdboas de Alturas, of Braga ------------ 568 typ s of --------------------- 772-773
Tabuas de Altura e Azimute, of Fontoura in underwater log calibration --------- 1264

da Costa and Penteado ------------- 577 variations and cycles------------773-774
Tabulac Prutenicae, of Reinhold----------39 Tidal current char ------------------ 777
Tabular iceberg, defined---------------- 812 discussed---------------------- 323-324Tachometer, speed measurement by- .--- 150 Tidal current diagrams --------------- 777
Tactical diameter, of vessel in turn, described -------------------------- 324

defined ---------------------------- 295 Tidal current predictions, for reference
Taffrail log, description and use of ------- 143 stations ----------------------- 320
Tail, of omet, fornation of------------.351 for subordinate stations ---------- 320-321Taking dcarture, defined ----------- 253, 644 Tidal current tables, contents of - 320, 777
Tangent are. defined ----------------- 881 extracts from ----------------- 1183-1186
Tangent latitude error, of gyrocompass, and other sources of informatior ------- 777

discussed ----------------------- 177-178 Tidal datum(s) defined ---------------- 768Tangent screw, on marine sextant ------- 392 discissed ----------------------- 768-769
Tank (r ,-, oil); chart definition of ------- 123 Tidal day ----------------------- 315, 768
Target ,eight of, in radarscope inter- defined -------------------------- 470

pretation ---------------------- 951 Tidal effects, discussed ------------- 313-314
reflecting quality of, i, radarscope Tidal phenomenon, discussed ----------- 754

interpretation ------------------- 952 Tidal stream ------------------------- 754Tovole H (1.I. 8113), of Italian Navy Tidal wave(s). ---------------------- 0794
Hydrographic Institute -------------- 575 described -------------------- 793, 910-911

Tavole nautiche c Tavole dei Semiseuoversi, Tide(s) ------------------------------ 313
of Chiesa -------------------------- 570 age of ----------------------------- 765

Tehuantepecer, defined ---------------- 877 causes of ----------------------- 754-762
Telescope, invention of ---------------- 36 cycles of -------------------------- 768

on marine sextant --------------- 393-394 defined ------------------------- 754, 762Telescopic alidade, described ------------ 190 discussed .----------------------- 754
Temperate zones, defined -------------- 332 effect on sea state ----------------- 1271
Temperature, defined -------------- 852-853 finding height of, by table --------- 316-320

measurement of ----------------- 853-854 general features of --------------- 762-763
in the ocean -------------------- 743-745 meteorological effects on ---------- 770-771

Temperature error, of barometer -.------ 848 observation of -------------------- 770
Temperature invesion ---------------- 878 in polar regions ------------------- 682
Temporary Geographic Grid ------------ 8& prediction of -------------------- 314, 770
Tenting, of ice ---------------------- 811 special effects of ----------------- 764-765
Terminator, defined ------------------ 367 time of ------------------------ 768
Terra Australis Nondum Cognita -------- 7 types of ------------------------ 763-764
Terrace, defined --------------------- 750 Tide predicting machine --------------- 770
Terrestrial magnetism, discussed ---- 196-198 Tide predictions, for reference stations--- 315
Terrestrial refraction, defined ----------- 421 for subordinate stations ----------... 315-316
Ter:iure, of radar target, effect on range-- 950 Tide rip, defined -------------------- 314
Thawhole(s), d.fined ----------------- 813 Tide tables, extracts from --------- 1180-1182

- Thealrum Orbis Terra ------------------ 7 publication and cont-.nts of- 314-315, 770
Thermal conductivity, of seawater ------- 747 tabulation of sunrise and sunset- 513-514
Thermal expansion, of seawater------ 747 Tide waves ----------------------- 794-795

Tri.,did Tillman, E.; sight reduction table of- 578Thermist r, defined ---------- - 744 Timberlake, E. M.; sight reduction tablesThermocline, of seawater ----------- 744, 802 of -------------------------------- 575Thermometer, temperature measuring 'rime, and are, interconversion of ----- 472-475
device ----------------------------- 853 basic concepts of ------------------ 461Thick growth, appearance on radarseope_ 954 discussed ---------------------- 364-365

Third-order triangulation, in geodetic expressing ---------------------- 470-472
surveys ------------------------- 1301 fundamental kinds of ------------- 461-464

Thomson, William (Lord Kelvin); sight and hour angle ------------------ 485-486
reduction tables of --------------- 562-563 introduction to -------------------- 459
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Time-Continued Transverse conic projection, defined ----- 73

and longitude --------------------- 475 Transverse cylindrical orthomorphic pro- -2
of tide and tidal current, relationship jection, defined ------------- 64-65, 70, 71

between -------------------- 775-776 Transverse Mercator projectioL-, de-Time and altitude azimuth, formulas for.. 612 fined ------------------- 64-65, 70, 71
Time azimuth, defined ---------------- 612 discussed ------------------------ 70- 1by intermediate calculator ----------- 1256 special features of ------------------ 71
Time Azimuth Diagram, of Godfrey ------ 615 Tratado da Sphera, of Nunes ------------ 16,19 1
Time Azimuth Diagram, of Weir --------- 615 Travas, origin of--------------------, 19 1
Time ball --------------------------- 35 Traverse, in geodetic surveys ----------- 1301 1
Time difference measuring system(s) --- 967 Traverse sailing, described ------------- 259
Time interval, and time scales ------- 464-465 history of ----------------------- 15-16 i
Time meridian -------------------- 470-471 Traverse table(s),in lifeboat navigation 693-694

defined ------------------------ 475-476 origin of----------------------- 15-16Time scale(s), defined and discussed----- 461 Trench, defined --------------------- 750
and time intervals --------------- 464-465 Triangle of error, formation of ------- 278-279

Time segment, of Omega signal --------- 980 Triangulation, deseribed ----------- 1299-1300Time Service Announcement Series 1, No. 2; Trigonometric functions, use of basic cal-
of U.S. Naval Observatory ----------- 490 culator with ---------------------- 1255

Time sight, formulas for --------------- 561 Trigonometric leveling, in geodetic sur-
history of ------------------------- 42 veys---------------------------:302
longitude by ---------------------- 708 Trilateration, in geodetic surveys -------- 1301Time signal(s), CCIR standard format-. 491 Trim, ship's, in underwater log calibration- 1264
codes for transmission of DUT 1 .... 491-494 Tropic current ------------------ 773-774
discussed ----------------------- 490-491 Tropic higher high water ------------ 769-770
dissemination systems --------------- 488 Tropic lower low water ---------------- 769 1

characteristics of -------------- 488-489 Tropic of Cancer, defined -------------- 361
first transmission of ----------------- 46 Tropic of Capricorn, defined ------------ 361 1history of ------------------------- 35 Tropic tide -------------------------- 767 1
Morse code method ----------------- 493 Tropical airmass, source region of ------- 871 1
USSR extended format -------------- 493 Tropical cyclone(s) ------------------- 870 1

Time tick, defined ------------------- 490 areas of occurrence --------------- 890-891 1
Time zone, defined ----------------- 475-476 defined ---------------------------- 890 'ITimekeeping, and clocks ------------ 459-461 definitions of --------------------- 80Timepiece, for lifeboat navigation ------- 693 effects of ----------------------- 909-911
Title, of chart ---------------------- 126 frequency of occurrence ----------- 891-895
Tokyo Datum, geodetic -------------- 1307 introduction to -------------------- 890 1
Toledan Tables n--buoys-------------- 36, 39 life of ----------------------------- 898
Topmark(s), on buoys --------------- 1312 locating the center --------------- 903-905
Tornado ---------------------------- 884 origin of ---------------------- 891-895Torque, defined --------------------- 166 passage of at sea ----------------- 901-03 1
Torrid zone, defined ------------------ 361 season of ----------------------- 891-895
Total eclipse, of sun, explained ---------- 369 Tropical depression, defined ---------- 890, 898 3
Total intensity, of earth's magnetic field-. 197 Tropical disturbance, defined -------- 890, 898
Total pressure, of water, defined -------- 149 Tropical month, and tidal cycles -------- 768
Toward, in sight reduction ---------- 445, 516 Tropical storm defined ------------- 890, 898
Tower (water), chart definition of ------- 123 Tropical year, iength of --------------- 358
Towering, of mirage- .......... 879 Tropopause -------------------------- 863
Towson, J' hn Thomas; nzimuth - i great Troposphere ------------------------- 863

-ircle t .bles of -------------------- 612 Trough, of radio wave, defined ---------- 916Trace, of cathode-ray tube ------------- 928 underwater feature, defined ----------- 750
Track, defined ---------------------- 61 of water wave ------------------- 787-789

made good, on Decca Track Plotter---- 1013 True, Clarence H.; sight reduction diagram
Tracking, process of ------------------ 193 of -------------------------------- 605Tracking station(s), of navigation satelliits. 1021 True bearing, defined ----------------- 272
Trackline, defined -------------------- 61 True course ------------------------- 61Trackline SURPIC, example of --------- 736 True direction, defined- --------------- 202
Tractive force(s), defined ----------- 758-760 True north, as reference direction ------- 272
Trade winds, discussed ---------------- 866 True wind, defined ------------------ 849
Traffic separation schemes, on charts ---- 125 Tsunamis, defined ----------------- 793-794

discussed ----------------------- 718-719 Taushir-a Current ------------------- 783
Train, of Loran-A signals ------------- 1239 Tufa, defined ----------------------- 116
Trait de Nomographie, of d'Oeagne ------ 600 Tundra, described ------------------- 669
Transducer, of enho sounder..----------- 155 Turbidity current, described ------------ 750
Transducer orientation error(s), in dop- Turning bearing, discussed ------------- 298

pler sonar navigation -------------- 1067 Turning characteristics of vessel, allow-
Transfer, of vessel in turn, defined ------- 295 ance for ------------------------ 294-298
Transit, of sun by planet -------------- 365 Turning circle, of vessel, illustrated ------ 295

Mercury ----------------------- 348 Twentieth century navigation, history of. 3-4
time of, longitude by --------------- 707 Twilight. defined -------------------- 357

Transmissometer -------------------- 861 finding time of, by almanac -------- 507-508Transmitter, radio, components of----. -_-927 in polar regions ------------------- 690
discussed ------------------------ 927 of sun and moon, almanac time of-. 506Transparency, of seawater ---------- 747-748 at moving craft ----------------- 514

Transponder, defined ----------------- 928 Twinkling, of star ------------------- 616 K
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Two-bearing plot, discussed --------- 276-277 Valley, defined ---------------------- 750
Two-degree-of-freedom gyroscope, de- Variable range marker, on PPI ------- 941-943
scribed ---------------------------- 1077 Variable stars, defined ---------------- 354

Two-digit numbers, of chart numbering Variability, in speed measurement ------- 145
system ---------------------------- 128 Variance, defined -------------------- 1224

Typhoon, defined ------------------- 890 Variation, application of ----------- 204-206
in western North Pacific ------------- 891 of compass, longitude determination by;. 31-32

Typhoon Havens Handbook for the Western define ----------------------- 198, 202
Pacific and Indian Oceans, of Naval Envi- history of ----------------------- 9-10
ronmental Prediction Research Facility. 909 of latitude and longitude, due to eulerian

motion -------------------------- 358U.S. Coastal Confluence Zone, Lorap-C in. 1002 Veater, altitude and azimuth by map
U.S. long range radio navigational warn- projection ------------------------ 605

ing system, discussed --------------- 717 Veering wind ------------------------ 906
U.S. Naval Observatory, establishment Velocity meter, defined --------------- 1078

of -------------------------------- 37-38 Velocity of sound error(s), in doppler
U.S. Navy Marine Climatic Atlas of the sonar navigation ------------------- 1068

World -------------------------- 658 Venus described ------------------- -349
U.S. Navy Training Device Center, sight Vernal equinox, defined ---------- 359, 465-466

reduction method of ---------------- 611 as reference hour circle -------------- 372
USSR tables, for sight reduction -------- 578 Vernier, on marine sextant ----------- 392-393
Ultra high frequency, radio wave propaga- Vernier sextant, discussed ----------- 395-396

tion of -------------------------- 925 Vertex, of great circle, defined ----------- 260
Uncharted objects, cutting in, with hoi- Vertical axis, of gyroscope -------------- 165

zontal sextant angles --------------- 310 Vertical beam width ------------------ 943
Uncorrecting, of compass error, defined.. 205 effect on radar range ---------------- 949
Under-keel clearances, discussed ---- 720-721 Vertical circle(s), defined -------------- 378
Underwater log calibration, advance prep- Vertical danger angle(s), described and

arations ----------------------- 1265 discussed -------------------------- 311
duties of observers ------------- 1265-1266 Vertical deflection plates, of cathode-rayintroduction to ------------------- 1 !264 tube --------------- 928
runs required ----------------- 1264-1265 Vertical earth rate, of gyro, described- ---- 167

* verification of markers -------------- 1265 Vertical force instrument, described ------- 224
Underwater navigation, defined -------- 56 Vertical intensity, earth's magnetic field,
Underwater found, and the navigator .. - 801 defined -------------------------- 198
Uniform Cardinal System of buuyage --- 1311 Vertical-plane coverage diagram ------ 945
Unif3rm Lateral System of buoyage - 1311 Vertical ring, of gyrosphere ------------- 169
Uniform State Waterway Marking Sys- Vertical surveying, process of ------ 1301-1302

tern, discussed ------------------ 107-118 Very close pack, concentration of ice --- 811
Uniform System of buoyage- - --------- 1310 Very high frequency, radio wave propaga-
United States Coast Pilots, publications, tion of -------------------------- 925

discussed -------------------------- 332 Very low frequency, radio wave propaga-
United States of America Nautical Chart tion of .-------------------------- 924

Symbols and Abbreviations (Chart No. Very open pack, concentration of ice..-- 811
1) -------------------------------- 722 Vessel motion induced error(s), in doppler

United States system, of time signals ..-- 491 sonar navigation-1087-08
Units of measurement, distance and Viscosity, of seawater ----------------- 746

speed ----------------------------- 140 Visibility, defined -------------------- 861
Universal law of gravitation, Newton's._ 3 15 measurement of ------------------- 861
Universal plotting sheet, defined -------- 88 Visible horizon, defined ---------------- 377

in lifeboat navigation --------------- 693 dip of, by basic calculator ----------- 1254
'Universal Polar Stereographic grid ------ 89 distance to, by basic calculator---- .___ 1254Universal Time, defined ---- 364-365, 475-476 Vislial range, of lights, discussed - 333-338

discussed------------------------462 factors affecting ---------------- 96-97
reference for ---------------------- 365 ;oigto "Orion" sight reduction instrument- 609

Universal Transverse Mercator grid ..... 71,89 Yucetic, Tamara; "Toposcope" sight re-
Unlighted buoy(s), shapes of- . --------- 99 duction device -------------------- 609
Unlighted sound buoy, described_--- o9 Vulgar establishment ----------------- 768
Unstabilized scope presentation ----- 941-943
Unverified information, discussed ------- 722 Waggoner --------------------------- 8
Upper air, observations of ------------- 861 Wakeley, Andrew; azimuth tables of --- 612
Upper branch, of celestial meridian, de- Waller, George W. D.; sight reduction

fined ------------------------- 372 method of----- ------------ 569
of meridian, defined -----------------. 57 Wandering of the poles, defined ------- 358

Upper front ------------------------ 874 Waning, of moon -------------------- 368
Upper limb -------------------------- 397 War time ---------------------------- 479
Upper transit, of celestial meridian, de- Warm airmass ---------------------- 871

fined ------------------------------ 375 Warm front, defined ----------------- 873
Uprush, of waves ------------------- 798 Warm sector ------------------------- 873
Uranus, described ------------------- 349 Watch, use of --------------------- 416-417
Urgent reports, by radio ------------ 724-725 Watch buoys, discussed -------------- 9-99
Uribe-White, Enrique; sight reduction Watch error ----------------------- 417

method of ------------------------- 595 defined ---------------------------- 480
Utility, limits of, on polar projections.. - 84 Watch rate ----------------------- 417, 482
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Watch time, discussed -------------- 480-482 Wind(s)-Continueduse of Am and P, s -------------------- 471 defined -----....................... 863
Watch tower, chart definition of --------- 123 duration of, effect on sea state -------- 1268
Water areas, on nautical charts ------- 114-116 estimating at sea -------------- 1268-1271

Water sky, described ----------------- 827 measurement of ----------------- 848-840
Water-speed measurement, problems of. 144-145 of polar regions ----------------- 682, 869
Waterspout(s), described -------------- 884 and the sea ---------------------- 852
Wave(s), causes of ------------------- 78. true and apparent --------------- 849-852

characteristics of ---------------- 787-790 Wind and Current Chart of the North At-
defined -------------------------- 787 lantic, of Maury ---- ---------------- 17
effect of, currents on ---------------- 791 Wind current(s), defined -------------- 778

ice on --------------------------- 791 in oceans _--------------------- 778-779
upon ship ---------------------- 795 Wind rose, Portolan ------------------- 6

energy of ------------------------- 791 Wind shift(s) effect on sea state --------- 127'
measurement of, from ship -------- 792-793 Wind-shift line, defined --------------- 873
path of water particles in ---------- 790-791 Wind speed, effect on sea state --------- 1268
and shallow water ----------------- 791 Wind vane -------------------------- 848
use of oil on -------------------- 795-796 Winter (season) --------------------- 359

Wave front, of radio wave, defined ------ 916 Winter solstice, defined --------------- 359
Wave height, defined --------------- 787-789 World Atlas of Sea Surface Temperatures
Wave interference, defined ------------- 918 (Pub. No. 225) -------------------- 743
Wave period, defined --------------- 787-789 World Geodetic System, discussed.._ 1307-1309
Wavelength, defined --------------- 787-789 World Geographic Referencing System

of radiowave, units of --------------- 916 (Georef) ------------------------- 89
Waxing, of moon -------------------- 368 World map(s), of Middle Ages ---------- 6-7
Weather, defined -------------------- 863 World Port Index (Pub. No. 150) ----- 327

forecasting of ------------------- 884-886 World Wide Synoptic Broadcasts -...... 886-887
influencing the -------------------- 888 Worldwide Marine Weather Broadcasts,-. g00
information on, dissemination of ..-- 886-887 Worldwide radionavigation aids, in polar 6
interpretation of ----------------- 887-888 regions --------------........... . 686

Weather advisory, defined-------------- 665 Worldwide radionavigation system, defined-. '168
Weather elements, introduction to ------- 863 Wreck buoy(s), in buoyage system---- -- D3
Weather map ----------------------- 885 "Wrinklcs" in Practical Navigation, of
Weather observations, introduction to -- 895 Lecky ---------------------------- 20

recording of ---------------------- 861
Weem,. Philip van Horn; Line of Position Year, astroLomical significance of ------- 364

Book of ----------------------- 573 defined ------------------------- 466
New Line of Position Tables of -------- 574 length of -------------------------- 358
"Polar Computer" of --------------- 08 Yonemura, S.; sight reduction taoles of. - 568
Secant Time Sight of ---------------- 564 Young ice, described --------------- 808-810
Star Altitude Curves of --------------- 607 Yustchenko, A.; azimuth table of -------- 614 R

Weir, Patrick, azimuth diagram of ------ 615
West, as direction of measurement ------ 59 Zenith, body in, latitude by ------------ 707
West Australia Current. --------------- 785 defined ---------------------------- 372 -=-
West Greenland Current -------------- 782 Zenith distance, defined --------------- 379
West Wind Drift -------------- 782-783, 785 Zenithal projection, bearings on --------- 78 3
Western North Pacific, tropical cyclones defined ---------------------------- 65

in -------------------------- 891 Zerbe2, Louis J., sight reduction device
origin, season, frequency -------- 891-894 of-----------------------------611

Wet-bulb temperature, indication of. 854-855 Zhdanko, M.; azimuth tabhs of---------614
Wet-bulb thermometer ------------ 854-855 Zodiac, described ------------------ 362-364
Whistle(s), sound signal --------------- 105 Zodiacal iight, defined -------------- 352-353
WVhistle buoy, described --------------- 99 Zone, of Decca system ---------------- 1011
Willis, Edwaro J.; sight reduction method Zone description, defined ------------ 475-476

of ----------------------- 595-599, 610 Zone meridian -------------------- 470-471
Willy-Willy, in southwest Pacific and defined ---- _------------------- 475-476

Australia- ---------------------- 891 Zone time, reference for --------------- 365
Wind(s), conditions for underwater log time meridian for --------- 470-471,475-476

calibration --------------------- 1264 use of --------------------------- 475-479
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