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FOREWORD

The emergence of on-scene sonar prediction systems provides
tactical support to Antisubmarine Warfare (AEW) forces far superior
to ,that previously available. However, the usefulress of such systems
is limited if they do not produce products representatie of the
environment. A shortcoming of previous systems is the failure to
allow for dynamic changes in the deep oceanographic environMent. This
publication describes a historical oceanographic data file which provides
for oceanographic variability.. This file, which has undergone consid-
erable testing, is presently a part of the ICAPS software developed
at the Naval Oceanographic Office. (NAVOCEANO).

c R. McDONNELL4 Captain, U.S. Navy
Commander
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INTRODUCTION

Sound speed profiles extending from sea surface to ocean floor are
a necessary input to sonar range prediction models. Because synoptic
sound speed profiles rarely are available to fleet operating units,
synthetic profiles are constructed either by combiiing a synoptic
bathythermograph trace with deep historical oceanographic data
(Mendenhall; Faucher, et al; Hanssen and Tucker), or by historical
data alone (Russell, Podeszwa). Each of the several techniques avail-
able relies on a different method of generating the surface-to-bottom
sound speed profiles. They agree, however, in that they provide a
single seasonal profile for each region; with each region having fixed
boundaries. Unfortunately, real-world oceanographic features are
constrained only by bathymetric boundaries, and their position may
vary rapidly as in the case of a Gulf Stream meander or cyclonic eddy;
Thus historic files based upon a single regional history frequently
provide misleading sonar range predictions. The purpose of this report
is to describe a historic oceanographic data file for the Northern
Hemisphere and Indian Ocean based on water mass concepts-in which the
computer program uses the characteristics of the input bathythermograph
trace to automatically select one of several possible histories. The
file was designed to be incorporated into the Integrated Comand Anti-
submarine Warfare Prediction System (ICAPS).

Two assumptions were made while developing the new file: (1)
that near surface water masses can be uniquely identified by thermo-
haline charauteristics and (2) the thermal characteristics of neighboring
water masses are sufficiently different as to permit reliable identifi-
cation from an expendable bathythermograph (XBT) trace alone. After
identification of the applicable deep history, temperature values of
the input trace are merged with deep temperatures using an equation of,
the form

.Ti w THI + Ki (Ki_ 1 AT) (1)

where Ti and THi are, respectively, estimated and historical temperatures
at depth i, K a weighting factor, and AT the difference between tempera-
ture at the bottom of the XBT trace and interpolated historical temperature
at the same depth. The weighting factor*, ,developed from empirical
solution for a set of historical data, is determined as a function of
the depth increment between points .(Di-DI-1).

. i - 0.8 3 5 (Di-Dil)/Il0o (2)

At the first synthesized temperature value. (I - 1), K 1iI equala unity.

*Later evaluation of the merge shoved that a constant of 0.700 created

a more realistic merge in the Mediterranean Sea. The value of 0.835 was
retained Zor all other areas.
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PROCEDURE

Because few guidelines for water mass Identification are available
in classical oceanographic literature, it was decided that the most
objective method of determining water mass characteristics within a
given area was to review original oceanographic data. Two NAVOCEANO
data files were available for this purpose: (1) an oceanographic
station data file of approximately 491 thousand observations compiled
by the National Oceanographic Data Center (NOPC) provided temperature
and salinity data at each of 32 standard depths between the sea surface
and 7,000 meters (m), and (2) an XBT file of approximately 218 thousand
observations compiled from three sources (NAVOCEANO, NODC, and the Fleet
Numerical Weather Central) provided temperature data at each flexure
point over the depth range of the instrument (as deep as 760 m). *The
following procedure was used to determine water mass characteristics
in the near-surface layer (0-400 m):

a. The classical literature was searched for applicable descriptive
papers. For example, the northern edge of the Gulf Stream is frequently
delineated by the 150 C isotherm at 200 m.

b. The oc ean station data file was used to provide annual composite
statistical data (mean, standard deviation, number of observations) at
each standard depth using all available data within the area of interest.
A plot of the distribution of temperature versus salinity, plotted at
both 200 and 400 m, provided insight as to the number of water masses
present and thermohaline variability within each water mass. Figure 1
shows a plot of temperature versus salinity at 200 m in the rectangle
45 to 500 N, 40 to 50°W--an area where the cold Labrador Current meets
with the warmer North Atlantic Drift. The presence of water masses with
specific thermohaline characteristics is clearly recognizable, and
tentative water mass classification has been made. The 200-m level was
found to be a good depth for classification in that it is generally well
below the level of both diurnal and seasonal changes while being within
the depth range of XBT probes. The XBT file provided statistical data
and histograms' for temperature and temperature gradients at preselected
depths to supplement the ocean station data when necessary.

c. Flexure points in the temperature-versus-salinity (T-S) plo't
shown in figurel clearly defined water mass criteria in areas where
different water masses exist in close proximity. Considerable temperature
variability also occurs in areas occupied by a single water mass, probably
a result of dynamic events such as upwelling. Where variability of this

.nature was observed, two classifications ("warm" and "cold") were made
to provide a better merge between XBT trace and history.

d. Temperature ranges (filters) at 200 im were developed to
distinguish adjacent water masses baxed on information provided in the
previous steps. Where adjacent water masses had similar temperature
range at 200 m, they were differentiated by examination of the temperature

2
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gradient between the 200 and 300-rn levels. For example, both the
Gulf Stream and the Sargasso Sea are characterized by a temperature
range of from 15 to 25 0 C at 200 ri. A near-isothermal layer of 180C
water that extends from the bottom of the seasonal thermocline to
depths exceeding 300 m in the Sargasso water in a region well removed
from the Gilf Stream (30 to 35 0 N, 60 to 65°W), showed that 95 percent
of the observations had a temperature gradient between 0.OOC/100 m and
-1.6°C/100 m. Thus the gradient -1.6'/100 m at the 200-300 m level
is used in the region of the Gulf Stream to differentiate Sargasso
Water from Gulf Stream Water.

A e. Mean seasonal temperature and salinity values were ther,
determined for each depth and water mass (fig. 2). Where the data
pre not deep enough, temperature and salinity were extrapolated to the
bottom by comparison with neighboring profiles. Inconsistencies in
the data--such as a temperatuce inversion at deptls below 200 m--were
examined to determine if they are a result of statistical processing,
data distribution, or bad data.

f. A quality control check was made by plotting the seasonal data
on a single plot of temperature versus salinity (fig. 3). Inconsistencies
in the data are immediately apparent; temperature errors by a vertical
spike, salinity errors by a horizontal spike, and depth errors by a
skewed spike. Where data were obviously incorrect, the plot wa,; smoothed
to conform with surrounding data. A second quality control check was
made by visual inspection of seasonal traces of temperature and salinity
versus depth. Discrepancies again were smoothed after comparison with
neighboring traces.

EVALUATION

The file was evaluate4 by comparing the merged profile generated
by both the new water mass file and the old file--which is based on a
single seasonal profile for each 5-degree ocean rectangle--with new
oceanographic data. Test data typical of each water mass within the
test areas were selected from salinity-temperature-depth (STD) ob-
servations on file at either NODC or the Coast Guard Oceanographic Unit.
Six observations per season, divided equally among water masses, were
selected for each area. The uppermost portion (0-400 m) of the STD
cast was treated as an XBT and the temperature trace extended to 1,500 m
by merging with both old and new history.files. Salinity was estimated
and sound speed computed for ail depths between the 3urface and 1,500 m.
In the surtace layer, estimated salinity 'and sound speed values were
compared with observed values from the STD traces for each depth on the
simulated XBT trace. In the deep layer (400-1,500 m) estimated tempera-
ture, salinity, and sound speed values were compared with observed values

at.6 depths: 500, 600,-800, 1,000, 1,200. and 1,500 m.

The first test was designed to test the premise that quality
controlled data from a large area-in this case, a 5 x 10-degree
rectangle--would compare favorably with the smaller area without quality
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controlled data as used to compile the old history. Should this
premise prove correct, then considerable reduction could be made in the
file size. The area including Ocean Weather Station (DWS) ECHO
(44 0 N, 48oW) was selected because considerable STD data were available
from an area of relatively little oceanographic variability. The
results-of the test at OWS ECHO are given in table 1. The new water
mass file provides slightly better results in both the surface and
deep layers.

'The second test was designed to document the ability of the new
file to differentiate among water masses, thereby providing.a merged
profile superior to that produced by the old file. An area of high
oceanographic variability seaward of the Virginia Capes (VACAPES) was
selected because of the presence of three water masses: Slope Water,
Gulf Stream Water, and Sargasso Water. Results of this test (table 2)
show that the water mass file estimates salinity significantly better
in the surface layer with a corresponding increase in the .iccuracy of
sound speed computations. The deep data again are slightly better
when estimated by the water mass file than with the old file.

The final test evaluated the ability of the water mass file to
adjust salinity values in a near-surface temperature inversion (sound
channel). Persistence of inversions for months at a time show that
they ,are stable oceanographic features. However, use of unadjusted
historical salinities must be. reduced by the method given in Appendix
A if they are to be realistic.

Salinity adjustment was evaluated in Slope Water in the VACAPES
area where well-defined inversions occur from April through October.
Salinity was estimated in an inversion using the water mass history
first with and then without the adjustment routine and compared with
observed values from 20 STD drops. Results of that evaluation--given
in table 3--indicate that adjusted salinity values are more accurate
than unadjus"ed values in temperature inversions.,

FILE DESCRIPTION

The water mass file has been segmented to permit installation in
computers of various storage capacity such as the. (UNIVAC 1108, NOVA 800,
and IBM 360)'. For example, the North Atla tic is'divided into areas A
through E, the North Pacific A through G, nd the Indian Ocean A ci'rough
D.. Each area is further divided into regi no of similar oceanographic
properties, with the lowest denominator be ng a one-degree rectangle.
A region may have as many as five water ma see, but normally is limited
to two or three. Historical data are prov ded by season, with winter
consisting of January through March, et ce era. An exception to these
seasons is found in the Indian Ocean, wher the sumer monsoon season to
April through September, and the winter ma oon is October through March.
Given the geographic position, data from a XBT trace, and season, the
program will automatically select the prop r water mass history for the
merge.
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The file order and temperature characteristics (temperature filter
at 200 m, temperature difference between 200 and 300 m) of each water
mass are given in Appendixes B through D. In the absence of real-time
data, the user may want to make an ICAPS run on the basis of history
alone. Therefore. the last column of each table provides the frequency
of obs!ervance of each. water aass within a region. The file is arranged
so that water. maises are listed by order of ascending temperatures; i.e.,
the coldest water at 200 3 is in the first position of each region and
the warmest is in the last position. The firsc position (coldest water)
will automatically be selected by the computer when making a run using
historical data unless the user specifies otherwise during the run set-
up.

In certain instances, the use of the most frequently observed water
mass may provide misleading results. Atlantic Area A (Appendix B) shows
that slope water is the most frequently observed (58 percent) water mass
in region A20. However, a task unit operating south of the Gulf Stream
would require sonar range predictions based on Sargasso. water instead of
slope water. Although the frequency of slope water in region A20 is
twice that of Sargasso water (58 to 28 percent), little or no slope
water occurs in the southeastern corner of this region. Therefore,
overlays are included for most water mass areas to show the coverage
of the most frequently encountered water mass as a function of file
position. Using the same example as above, the overlay shows that the
most frequent water mass-encountered near 370N, 62°W is found in file
position 4, which corresponds to Sargasso water. Because file position,
may represent different water masses in adjacent regions (file position
3 is slope water in Atlantic region B3 and drift water in region. B4)
these graphics should not be used to define water mass boundaries.. Where
an 'overlay is not provided, it may be assumed that file position 1 is
most common.

Two methods for selecting historical data are described in' the
preceding paragraphs. To avoid confusion as to which should be used,
the following suggestions are offered:

(1) In the absence of a major oceanic front such as the Gulf Stream
in an area of where the frequency of one water mass far surpasses the
others, the tabular listings shoul4 be usd. Example: .'Atlantic region
C5 is both distant from oceanic fronts and has a predominant water mass
(Northeast Atlantic, 65 percent).

(2) In the presence of an oceanic front or where regional differences
occur, the overlay, should be used. Examples: Sargasso water in the
southeastern corner of Atlantic region A20 is separated from slope water
by the Gulf Stream; Campeche water hugs ch coastline of Central America
in Atlantic region DIl.
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TYPICAL XBT FILE

A supplemental file to ICAPS containing XBT traces typical of each
water mass, by month is in the process of being constructed. The traces,
extracted from a historical file of approximately 288 thousand observa-

tions, are stored in the file by multiple sets of depth-temperature
pairs from which the original XBT trace may be reconstructed. Criteria
for the selection of a typical trace are sea surface temperature, sonic
layer depth, and shape representative of water conditions existing
within the water mass during the month specified. The intended purpose
of this file is threefold: (1) to provide detailed information about
the near-surface layer to assist planning of 'future naval operations,
(2) to supplement real-time observations in areas where few data are
available, and (3). to provide a quality control standard against which
real-time data can be compared. These data are both more frequent
(monthly versus seasonal) and present more detail in the near-surface
layer (real features not lost through the averaging process) than the
deep historical water mass file described earlier.

Although the quality control function of the typical XBT file is
of considerable value, the user should be aware of the fact that the
file cannot cover all possibilities. For example, a well-formed
temperature inversion persists along the edge of the Continental Shelf
of the'eastern United'States from early spring until late summer. This
feature is not shown on the typical XBT traces' for that period because
it is not-typical of the entire region. Thus the user must not eliminate
data if the feature in question is feasible or is duplicated by other
traces.

Ii
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APPENDIX A

SALINITY ADJUSTMENT

Oceanographic stability is a prime requisite for persistence of
near-surface temperature inversion (sound channels), since un-table
conditions will destroy an inversion througt. mixing in a relatively
short period. In physical oceanography, stability is quantified
by the change in density with respect to change in depth; stable
conditions being denoted by an increase of density with increasing
depth. Because density is a function of both temperature and salinity,
it follows, a priori, that a salinity inversion must coincide with a
temperature inversion if stability is to be maintained. Historical
salinities. by definition, represent mean conditions and thus cannot
cope with an anomalous condition such as an inversion. This appendix

describes a method of adjusting salinity as estimated from a historical
file to provide a stable, water column. In order to allow for minor
instabilities frequently observed in Arctic waters, the correction is
only applied where a temperature inversion exceeds 0.250 C.

The equation used to adjust historical salinity was derived from
stepwise regression' of density as a function of salinity (30 to 40 o/oo)
and constant temperature (100 C).

p - -l.265 8 4 xlO- +7.72412xlO-I S+4.22003xlo-1s4 (A-i)

Differentiation of equation (A-1) to give change of density with
respect to change in salinity yields, after rearrangement, addition of
a correction term to assure stability within the inversion, and conversion
of density to the more conventional sigma-t yields:

t-.0
Sa6It-O.Ol

S~ASi (A-2)
,0.7724+1.6880x10-7S 0

3

SWhere AO the difference between ot at adjac ent points,

so :original historical salinity at point i

The initial step in applying equation (A-2) is the computation of sigma-t
as a function of depth and temperature as input from the XBT and inter-
polated historical salinity. The XBT trace is scanned from bottom to
top and salinity values are adjusted for all points within temperature
inversions that are more than the temperature maxiwum minus 0.250 C at.
the lower boundary of the inversion. An adjustment of 0.01 sigms-t
units is added to the numemrator to assure stability within the inversion.
Adjusted historical salinity (Si) is now computed using the equation

S" So + Asi (A- 3)

1 5 .. . . . ...... .. ...
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APPENDIX B
WATER MASS DEFINITION

NORTH ATLANTIC OCEAN/MEDITERRANEAN SEA

This appendix presents area definition and the thermal
characteristics of each water mass within the file for the North
Atlantic Ocean and the Mediterranean Sea. Subsequent appendixes
cover the North Pacific ard Indian Oceans. Each segment is divided into
areas designated by letter (e.g.. Atlqntic A, Pacific A or Incian A).
Within each segment, geographic regions of similar oceanic properties
are designated by number (Atlantic All, Pacific A3 or Indian A2). Al-
though as many as five water masses may occur in each region, most
regions normally are restricted to one or two. For example, region All
includes three water masses: Southern Slope.. Stream, and Sargasso. It.
should be noted that large water masses, such as the Sargasso Sea, may
cover several regions. Regions, water mass names, temperature range
at 200 m (temperature filter), temperature difference between 200 and
300 m (DT) where applicable, file position, and frequency of observation
of each water mass are provided in tabular form for each segment.

Water mass classification should be made initially using tempera-
ture at the 200 m level. When two water masses have similar temperature
characteristics at this level, the temperature difference between 200
and 300 m (DT) should be used as a tiebreaker. The ICAPS computer will
automatically select the appropriate history from season, posirt--, and
thermal characteristics of the input XBT trace.

Water mass names represent geographic features associated with the
area and may not agree with classical oceanographic terminology. Where
more than one water mass is found in a region, the user may wish to make
ICAPS runs for only the most frequently observed water mass--therefore,
overlays that depict the most frequently observed water mass by file
positions are provided. The numbers on these correspond with the numbers
in the tabular regional listings. In the absence of an overlay, the user

A may assume that a majority of observations are represented by the water
mass in file position 1.

17
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