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FOREWORD

"Synoptic Analysis and Forecasting of Surface Currents" as reproduced
herein is an edited version of the paper distributed previously in limited
quantity as Fleet Numerical Weather Facility Technical Note No. 9.

This publication presents operational techniques for the analysis and
forecasting of surface water currents from synoptic date. The difficult fore-
cast problem has been reduced to manageable proportions by treating the total
current as several distinct components at different time and space scales, and
by describing the individual prediction relationships ir terms of basic con-
siderations and procedures.

Reviewed and approved on 22 June 1967.
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INTRODUCTION

In navigation, fisheries snd other sciernces connected with the sea, it 1is
often necessary to forecast or hindcast the direction and speed of gsurface cur-
rents at a specified time and place. Past attempts at current prediction have
had only moderate success, It can be argued that progress on the quantitative
understanding end prediction of currents has heen hampered by a tendency to
consider ocean currents tu be snalogous to wind currents in the atmosphere.
Actually, it appears that ocean currents are affected by an even greater num-
ber of factors, and that different techniques may be required for successful
prediction, This summary attempts to avolid past shortcomings by treating the
total current in terms of a number of compcnents. The exigting quantitative
knowledge of cause=effect relations of these components is first reviewed, and
Procedures are suggested for computation of currents in different time and

- space scele-,

A sumary of techniques for surface current prediction has been distilled
from a volumincus literature search, Emphasis will be put on the basic consii-
erations and procedures rather than attempting e mathematical reformulation of
the problem, The theoretical treatises on large scale (oceanic to global) cur-
rent depiction will not be discussed here; good references to thesa wnrks can
be found in textbooks and other summaries (e.g., Robinson {95]). Descriptions
of aauE of the major ocean currenta can be found in books by Stommcl [109], and
Reid {94].

: This sumnary has been built upon an earlier draft by one of the authors;
;o however, it has been extensively revised on the basig of recent experiences 17 e
in analysis and forecasting of surface currents and their verification at the L

‘U. 5, Fleet Numericsl Weather Fecility.
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1. GENERAL NATURE AND VARIABILITY OF SURFACE CURRENTS;
PRESENT STAGE OF KNOWLEDNGE AND PREDICTABILITY

et ARG 1 95

The literature on ocean currents contains a number of seemingly contra- i
dictory descriptions and theories, Many of the conilroversies arise Ifrom the
differences vhich are observed in current behavior (both in space and time).
These observed differences result in most cases from the various combinations
of driving or influencing forces which prevail, For this reason, it is be- : i
lieved that ocesn currents cen best be understood and cheracterized by de- 1
scribing their space/tir:-: variability through study of their principal com- : i
ponents, H i

Currents are typically unsteady in direction and speed (even in cases
where the tid=1 components are subtracted and where the local winds vary lit-
tle), This unsteadiness is well documented in the literature, Stommel (107},
for example, investigated the surface currents off Bermuda, using drifting
wirelegs-telemetering bucys, He found that there was considerable irreg-
ularity in current speed and direction, even during days when the wind was
fairly steady. He calls this irregular motion, after Ekman, s kind of "macro-
turbulence.” Knauss [56] , using neutrally buoyant floats, also found "erratic"
motion in deeper water below the thermocline (300 20 2140 m.), Reid [94] noted i
that short-periocd variations in the strerngth of the California Current have
been observed of the same order as the strength of the flow (5-15 cm./sec.).
The reasons fo- this variability have been sought in the condition that there
are several other forces besides wind and tides which, independent of each .
other, affect the surface currents simultaneously. These are: {a) the "per- © 3
_manent flow" (either thermohaline or wind-driven large-scale circulation);

(b) the changes of atmospheric preasure; (~) mags transport by waves; (2)
] internal waves; (e) the "modifying forces” (coriolis force, configuration
- . .. of the bottom and coast, permanent and inertia currents); and (f) the period'c
. tidal currents. In addition, the conditions in neighboring areas (piling up,
differences gradients in driving forces, etc.) affect surface currents in a
given ares and czuse various eddies (bo*h macro and mesc scale) as well as con- ;
vergences and divergences, ]

[T P

Various approsches have been usad in the past for prognosticetion of sur-
face currents, but actual synoptic analyses and forecasts have been very lime
ited (with the exception of tidal currentes).

T

In this manual sn attempt is made to present thuse facts sifted from the
litersture and from personal obgervation which have application in analysis
and forecasting of surface currents. The various components of these currents !
are evaluated separately, Suggestions are given for using these fects under
field conditions, and results of large scale, synoptic current calculations by : 1
electronic computer are shown. In short, this manusl does nct pretend to be a ; .
complete sumnary on ocean currents as such but is primarily aimed at opera- ; :
tionsl current analysis and prediction on a synoptic time scale, 1

Climmtelogioal surfare current charts are widely used for the eatimation :
of current drift. These charts, constructed from data on ships' drifts, are /
avallable for neerly all ocean areas., Their accuracy and usefulness have,
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however, severe limitations. The date presentel in current atlsses are useful
as a rough estimate of the actusl current at a given time and place. The re.-
porta upon vhich these atlases are based were cbtsined from ships® logbocks
#nd sre nothing more than the difference between deadereckoning fixes (from
ship's speed and direction) and navigational fixes (astronomical, Loran, visus

al, etc.).

Hela [38] found that if the current displacement determined by astronomical
fix is less than 2 nautical miles per 24 hours, the value in an atlas is en~
tirely unreliable. In most cases, little weight can be given to dlsplacements
of 5 nautical miles or less per 24 hours. James {51} came to an analogous
conclusion; namely, that the surface current charts can be considered reliable
and accurste as mean values if there are at least 5, observations from 3,600
square nautical miles and the drift is more then 5 miles per 24 hours. There
is obviously a real need for synoptic current charts, particularly in offshore
areas (the dats in some coastal waters are more reliavle),

Numerous detailed current measurements taken with meters of various types
are now available for limited aress, These have been useful in bullding up
our knowledge and thecries on surface currents, Most cf these measurements
have been made relatively near the coast, and cosstal and tidal effects limit
their use for drawing conclusions on offshore currents. Many of the current
measurement series are also too short for proper evaluation, Measuvremenis of
actual surface currents offshore are extremely difficult to make, Detsiled
discussion on current measurement and various meters used can be found in ex-
cellent summaries by Wiegel and Johnson [125) and Paguette [88].

Several theoretical discussions of surface currents in the ocesns are
als0 available, Most of the theoretical models are concerned with large scale
circulation end fall, therefor: outside the scope of the present manual, The
reader is Ycle.rsd to summaries on large scale circulation in the ocean by
Stommel (108! , Bowden [10] and Robinson [95] . Theoretical background and some
descriptive material on currents can be found in textbooks such as Defant [20],
Sverdrup, Johnson and Fleming [111), Proudman [91], Stommel (109] and the "Biblie
ography on Waves, Currents and Swell" by the American Meterological Society[1].

It hes bee. customary to treat currents according to either Lagrsnge‘s
approsch (following the path of a given fluid particle) or Euler‘s approach
(describing flow characteristics at a given point)., Neither of these is fol-
lowed consistently in this manual. In most cases, current is considered ss the
flow of water with a defined average speed and direction in e given time inter-
val (synoptic pericd). However, a distinction ia sometimes made bstween "mean
current” -- which is considered as a current set with given averuge speed and
direction in a time interval greater than the synoptic period -- and "sctual
current”’ -- which is consiGered the current set (with average direction
and speed) in & given spot and time (time interval being 24 hours or shorter).

Although the present stage of knowledge on ocean currents is not perfect,
the available material permite the initieiion of synoptic analyses snd fore=
casis, These anslyses and forscaste ere required ms inmputs in other synoptic
oceanographic analyses and rorecests as well as for direct epplication per_se,
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Although the variability of currents is considereble, sattempts should be
made to evaluate quantitatively the causes of these variations. This can best
be done tarough forscesting snd deaily verificatlion. Forecasis have little
value if they cannot be verified by sctual synoptic analyses. Due to recent
developments in other fields of oceanographic analysis and prediction, ucth die
rect and imdirsct verification ere now pogsible (see chapter 5). Through these
verifications additional knowledge is gained and existing ideas refined. It
ias to be expected that the approaches described in this manuel will undergo
considerable modificacion in the future,

b T N

&
——l
~ 3

PR X %



PO

R A

Rt
K
AT g

.

« = & T R U R e e s erec ! %
L
3

=
enns

e "“*é'.’g.hd"&. s

R
e

oy

S

e

E‘:._Wn—m-—— R R i T & RS e 9—"-::4. =

T gy

B ey

JE P
1. EVALUATION OF THE COMPONENTS OF SURPFACE CURRENTSR
The speed and direction of the surface currant at » given point, time

and depth below the surface (e.g.,, at a depth of 3 m,) ﬁp”ﬁ can ve repescnbed
aa the resultant of the follocwing components:

[
~

W, =G +W e W P el v A+ (

G - permanent flow (gradient current and/or "charecteristic current");

We - wind current {lately often erroneously called the "Ekman current');

W. - mass transport velocity by wavea;

P, « periocdic portion of inertia current;

P, = periocdic portion of tidal currenti;

A. = current caused by chenges of stmos heric pressure and sea level;

{ - the velocity and directional component, caused by influencing fac~
tors, such as changing depth of water, coriolis force and coast and

current boundaries,

The direction and speed are considered to be specified for all cowponents,
The present quantitative knowled,e of these constituent components, applicable
to current predictions, will be evaluated separately in the following para-

graphs,

2.1 Permanent Flow

Permanent flow is directly related to presaure gradients in the ses which
usually result fram density differences of surface water columns betwesn differ-
ent locations ("thermohaline circulstion"). The permanent flow is maintsined
by the great permanent and reletivel; constant wind systems ("wind-driven cire
culation”} which ceuse piling up of water masses and changes in sea level, re~
sulting in pressure gradients., It is believed by some investigators that the
Permanent flow is in most areas an "inertis function” due to prevailing winds
and is therefore frequently referred to ms the “characteristic current"

(Paimen (37]).

For any synoptic analysis and forecast of actual surface currents it is
necessery to separate the relatively persistent, slowly changing (Cerruthers
{13] and Carruthers, Lawford and Veley [14]) permanent fiow from other compo-
nents of surface currents which msy vary hourly and daily and which should be
predicted using the direct, synoptic influence of thelr driving forceas.

In subjective forecasting (small.amres), the permanent flow should usually
be estimated using separation methods mnd then be added to other component.s
computed and/or estimeted by the synoptic consideration of their driving forcas,
In large scale numerical (objective) forecasts the permanent flow csr be comi-
puted; however, "separated" permanent flow should mlso be used to verify these

computatiosas,

The basic wethod for separstion of permanent flow has been developed and
tested by Palmen (87] and Kela [37]. They took the currents mssocisted with a
certain wind velucity, grouped them according to the directions of the winds
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R and currents and computed the resultant currents for each direction (see fore

- mulas for wind current in section 2.2), The permanent flow was obtained by

ol subtracting the computed current from the measured current. This method of

. separating out thr permanent flow yields in most cases the so-called "charac-

; teristic current," thus indicating that the total surface currents are mainly

a o wind-driven.

E In areas where the data on average mwonthly surface currents sre not availe E
- sble or are unreliaple because of too few observations, it 1s necessary to ap- !
- rroximate the permanent flow using otheir information such as sea level data,

hyarographic (oceanographic) station dats snd observed winds,

2

Formulas have been derived for computation of currents from a pair of hy=
drographic stationz (utilizing tae Aifference in the dynamic heights at the
stations) and for computation of gradient flow in a o, surfece.

The foxmuia of Sandstrom and Helland-Hansen for computation of e frictione

less, stationary, relative current component cross the section between two
1 stations is: 10

2¢wsin ¢

(symbols, see appendix). The computation of AD {the dynemic height anomaly)
from hydrographic data is described in H, 0. Pub. 607 (U.S. Navy, Hydrographic
Oifice [117]). The relative current is positive (directed away from the resd-
er) if stetion A lies to the right of B and if AD, is greater than ADg .

W, - W, = (AD, - ADp) (2)

Equation (2) cannot be used in its besic form for computations of gradient
currents in shallow water, However, Groen [32] has described an approximate
method for estimating slopes and currents in shallow water. le replaced the

" 'solid earth by a fictitious section of watcr in vwhich the density distribution
was determined by putting the inclination of the «, lines along every horizontal
(or isobaric) line equal to the value projected horizontally from the bottom ]
line, The lines were then extended from the actual water into the fictiticua
versr by reference to these inclinations.

YR PESS TRV AT W T

Although the original hydrodynamic approach, equation (2), was developed

for use between two quasi-synoptic hydrographic stations, its use has been
< widened (but its limitations often neglected).

e - wmmers v TR W R g A ERY

19

Mapping of dynamic height topography in relation to & reference level (e.g., f ’;g

1000 m.) is assumed to give a general pPicture of circulation if enough quasi- f,‘
synoptic hydrographic stations are available frow the arsa (see fig, 2.1) Ap- K2
proximate current speeds are obtained by measuring the distences between cone _":-'4‘“;
tours, B ¥
i Montgomery [78] concluded that a logical method of deducing oceanic flow i ( '~;wl
patterns (permanent flow) from temperature, salinity a.d oxygen observations I )
is to chart these properties for a surface of constant potential density. His .
¢xpression for the gradient flow in & <, surface is:
37 AHg 4

sin & ] (3) ;

i
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where Hg (the g=ostrophic potential) is:

o™ *afn

The following Just criticismz have been radsed concerning the application
of equations (2) and (3):

(a) The requirement that the stations ir the section are quasi-synoptic

is seldom fulfilled, E
(b) The computation of AD requires an assumption of a "level or iayer

of no motion," which might exist but, at best, is difficult to essess correct-

ly {several theoretical approaches for estimation of this layer exist, e.g.,

Defant [20]). This layer is generally assumed to be between 500 and 2000

meters., The results obtained from equation (2) alsc depend upon the spacing of

stations.
(c) The equation cannot be used near the equator, (A review of the calcula=

tion of ocean currents at the equator has been made by Arthur [3}).

Some of the gradient currents, such as the equation counter.current in
the central Pacific, are remarkebly predictable in latitude and general physi=-
c2l characteristics (Austin, Stroup and Rinkel {4] ), However, in most areas ,
dynamical calculations with equations (2) give only a rough idea of the cur- i i
rents. Saelen[98]has made extensive comparison of geostrophic, computed and
measured currents in the Norwegian Sea. Often he found only a gqualitative
agreement. Saelen (op. cit.) furthermore found that the conception of the
circulation of surface and deep waters in the Norwegien Sea as a slow and regular
drift does not hold, and currents at all levels vary rapidly over short periods

- ~of time,

As hydrographic stations are seldom synoptic, tidal fluctuations may lead
_to considersble errors in distribution of dynamic heights, Defant [19] has of-
fered a method for elimination of "tidal" errors by preparation of dynemic
charts for basins with simple tidal circulations, and Zaitsev [133] suggested
a8 modification of this method for seas with complex tidal circulation, utiliz.
ing the co-tidal and co-range lines with coastal tidal data. For these cor- ;
rections the following data are needed: (a) hydrographic station data; (b) co-
tidal chart (usually theoretically computed M, component) of the sree where
co-renge lines are indicamted; (e¢) tidal curve for the period of the hydrogrehic
stations from one of the closest unsheltered representative coastal tide-gauge
stations (reference station). The suggested correction procedure for an indi-
vidual stetion is -- "The actual station time is noted on the tidal amplitude
curve of the reference station. The co-tidal difference between the hydrograph-
ic station and the reference station 1s estimated from the co-tidal chart, and
the time difference is transferred to the amplitude curve of the reference sta-
tion (either to the right or left of the noted actual station time). From this
point the tidal emplitude is read from the reference station curve. This ampli-
tude 18 corrected with the ratio of amplitude differences between reference sta-
tion and hydrographic station, and the resultant smplitude is used to correct
the actual sempling depths --." This method does not account for internal tidal
effects, which are thought to be considerable (Fjeldstad [26]) but have not yet
been evaluated quantitatively.
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Worthington [129] found thet dynamic computations of the Gulf Stresm, using
closely spaced stations, indicate thet the cross-current alaps of the ischaric
surfaces is uneven, resulting thecretically in three or fcar 20oies of high ve-
locity separated by zones o reletively lowar velocity, He suggested ithat the
unevenness of the slopes of the isoberic suvrias: is relsted to the swrface tam.
perature discontinuities Observed in Uhe Guif Stream by von Arx rnd Richardson
(1953), and thiat the siresm ic =omposed of owerlmpping, discontinuous currents
at all levels, If this sugges!;‘m\ is correct, it would e virtunlly impossible
to determine a "level of no motion” and apply twdrodvnammel methods 4o estimax
tion of currents in tuis regica. (gee also iz, 2.%).

In view of ihz J.mitations Zescritzd so for in this chaiter, 1t hezcmes
obvious that the conventiovnsl hydrodynaemical zyproach is unsuitsble for numere
ical synoptic analiyses a4 forz ce.s»ing of ti'-a permexant flow, The main drew=
backs are the following: :

{(a) The dynamic method gives only s quelis ative p;ct.ure of the vut'rmus,
which cen vary considerably over shori periods,

(b) It is nearly impossibie to outain synoptic density distribution; the
only good approximation must come roin synoptic thermal structurs ene.lyscsz

{c) The dynamic computations give the totel current, but only the perms.
nent flow component ig desired, since other cmpnne. is seem to be ®mOTE sasily
attacked by data on their driving forcese, C

It is therefore suggested thzi the best approach for numsrical synopiis
computation of permenent flow fe to eompuie it from synopiic thermal and cliima-
“tological salinity structure (tuned with appropriate constanis} bssed on serera-
tion datse at a number of localxties_. Such an approach 1a in use at the Fieet

Oom
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Figure 2.2 Distribution of Current Velocity (cm./sec.) Between Cape Farvel and Flemish Cape
in Late Winter 1858. Positive Yalues Give Current to E or SE and Negative Values
(gray areas) Give Current to W or NW. (Dynamlcal Computations; after Koslowski,
[581 modified)
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Numerical Weather Facility (Hubert [43]). Indirec' support for this approach
cen be found in & few apecific atudies: Yesui [131) found that there is a close
correlation between the distribution of temperature below the thermocline and
dynsmic depth anowalies. He constructed a simple empirical relationship by
plotting temperatlures versus computed dynamic depth anomalies, thereby shorten-
ing the dynamic computations., This relation, once established for a given lo~
cation, has been assumed to be valid for a wider area,

B AT et e

Neglecting salinity, one can apply the well-known meteorclogical ihermal
wind relationship in the ocean if one knows the mean temperature of the layer
i between the gurface and some deeper level of slow current velocity (selected

. as a level with negligible annual temperature change). The characteristic sur-
face current is then given by: '

w=f’;‘; V TxIK | ()

where g is gravitationsl accel~ration, { is the coriolis parameier, T is the
mean temperature above the level of assumed zero current, Az }s the depth to
zero current and |[K is the unit vertical vector.

ol AT a i

The determination of a representative mean temperature (T) 18, of course,
& critical factor in this problem. The temperature structure of the ocean is
certainly not consta:t, particularly closer to the surface; therefore, synoptic
temperature fields should be used if nossible. The only place where sufficient
3 data are available for reliable analysis on & daily bauia is at the surface,
z (Fleet Numerical Weather Facility Sea-Surface Temperature[3ST]anslyses.) In
? " order to include a part of the deeper temperature stimicture, the SST field is
=777 "combined with a climatological field at 200 meters depth to obtain:

RPN s

T-K T, +K Tpoo - : - (5)

Finally, this field cen be modified empirically in areas where salinity

7 considerations are known to be important (Oyashic, Greenland, Labrador cure
rents)., This in effect corrects the ocean temperatures for salinity much as
the meteorologiat corrects atmospheric temperatures for moisture content whem

= he uses the concept of "virtual temperature." The justificaticn of the use of
3" 200 m. temperatures and details of the numerical methods are given in chapter &4,

Some additional hydrodynsmic approaches for estimation of currents from
sea level and/or interface slope are given in sections 2.3 and 2.4k, These
approaches are of use vhere synoptic sea level records are available,

2.2 Wind Currents and Mass Transport by Waves

. Wb
[T OO . 1

g !

The wind is one of the main driving forces of surface currents, and many
current systems are mostly windedriven, Wind ia directly or indirectly one of

the nain causes of tempersture fluctuations in the sea and thus also affects
the permanent flow,

In numercus cases a simple linesr relation between the wind and current
velocities has been found and/or used in the past, The current speed has been
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found to vary from 1.2% to 4% of surface wind speed, Thsie is evidence that the
factor decreases with increas:ng wind speed, an observation which has caused
some confusion and led to mucl. discussion concerning a possible "critical”

wind velocity. There is also some evidence that fetch length and wind duration
have an effect on wind-currents; however, these factors have rnot been properly

evaluated,

A simple relation can be used to approximate wind drift from climatologi-
.cal data (monthly resultant wind speeds):

¥ = KV (6)

The factor K, varies between 0.01Lk and 0,025, The value of 0.02 has been
found most appropriate for a rcugh estimation of the sum of average wind and
"wave" current in the surface layer (at sbout 3 m. depth). Although Thorade
(from Defant {20] ) assumed K, to be a function of latitude, there is no solid
theoretical reason or empirical evidence for this,

The formula of Witting[127], based on more than 5000 observations, has been
generally found to present best the relation between the actual wind and act-

ual current velocities:
Woa KNV )

where W is current velocity (cm,/sec.) and V is wind velocity (m./sec.). The
factor K, varies slightly with depth (see section 3.1). As an avsrage, the
value of 3 B can be used if the mass transport by waves ("wave current") ia
estimated separately and an aversge current speed of the mixed layer is re-
quired.(If mass transport by waves is included in this formula, the facter

“1s between 4 and 5).

According to Ekman's [25] theory, the direction of the wind current at the
surface is 45° to the right in the northern hemisphere, and the current speed
decreasses with depth while the deflection becomes larger until, at a "depth of
frictional influence," the direction of the current 1s opposite to that at the
surface. Although Ekman's theory has been useful in many instances, it has not
been verified in detail in the field. Ekman's theory cannot be applied to
practical situations, because the conditions under which the probiem was solved
do not exist in nature {Belinsky and Glagoleva, [8] ).

Recent investigations indicate that the wind current in offshore areas in
middle latitudes deflects in genera.l less than 20° to the right of the wind.
{Bowden, [1953] « 18°; Gaul [30] = 15°; Lisitzin [68] = i2°; Stommel [107] -20°;
‘see also Marmer [72] ) mrthemore,. it has been found that the current de-
flection depends also on the wind speed (Marmer ([72]), Therefore the empirical
formule of Hela [37], derived for conditions in the Baltic Sea, merits further
testing in different latitudes and in the open ocean:

B = 342~ 7,50V | (8)

vhere 8 is the deflection in degrees to the right of the wind, and V is the
climatologicel mean wind speed (m,/sec.),
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If the wind is weak, other current components can prevaill, and the current
movement is "erratic”" in relstion to the wind. At lower wind velccities the
angle of deflection is somewhat lerger, sbout 25° to 30° in higher latitudes, \
but converges rapidly between wind speeds of & to 6 knots to about 20° i
(Shulekin),

Tentatively, the following deflection angles are suggested for winds of

6 knots:
Latitude Deflection (degrees)
0~ 10 0
10 ~ 30 5-8
30 ~ 50 10 - 18
g 50 - 70 20 !
70 — 90 25

With lower winds the deflection angle should be increased by 4L° to 12°.

Some observations of the behavior of surfsze currents in oceanic areas
indicate that the wind current is not always determined by the wind prevail-
ing over a given location but rather by moving wind fields (and especially
by stronger winds) over a larger area creating a relatively complex picture,

The relation between sea level changes (caused by wind set-up) and cure |
) rent has been rather extensively studied by Palmen and Lisitzin, Thelr rec-
- sults might bc of use for estimation of currents. A formula, based on -
f . Torricelli's theorem and extensively tested by Lisitzin (e.g.,[69]), is:

2 :
= 3.§V (9)

The static effects of the atmosgpheric pressure differences must be eliminated
beforehand; the slope of ‘the surface (AH ) 1s given in cm, per 100 km.,wind
(V) in m./sec, and depth of water (d) in m.

AH

Mass transport by waves has been quantitaiively accounted for in very few
r earlier surface current hindcasting or forecasting attempts but hes been
indirectly {&nd even unconsciously) included in empirical wind current formu-
las., This inclusion is advisable alsc in the future because existing uncer-
;o tainties in quantitative evaluations do not Justify a separate computation,
In certain cases, especially in nearshore problems (e.g., longshore currents
and currents in reef channels, etc.), it is necessary to sccount separately
T for maas transport by waves and for particle velocities in waves at different
' depths below the surface,

Some laboratory experiments on the mass transport by waves snd their

- theoretical treatment are available in the literature (e.g., Masch[73]; |
Longuet-Higgins [701). Unfortunately, laboratory experiments in wave tanks |

{for the investigation of msss transport) do not reproduce conditions found

£ in nature. The transport is quite different in the beginning of the experi-

; ment when the wave generator is sterved {forwserd trasnsport on the surface

only). After a relatively short time, a circulation, determined by the tank

boundaries, is established in the wave tank (backward transport on the suriace

ek T

R RS A IO L A A, SRy S st Al e A

B T Wy WO M AT AT ) S BRACINTE S HTA AR I W RN TR G F S AT R L 1 B



e o 4D Wﬂ“‘"f‘m

- 12 -

in the case of a mechanical wave generator, vice versa by "blower" generator,
forvard transport at asome intermediate depth or on the bottom, depending on
the relations between the wave length and the depth of the water),

According to theory, Gerstner waves are trochoids) and without mess transe-
Port velocity; Stokes waves, hovever, have a transport velocity (Lemb [63];
Pershin and Voznessensky [89]1; Sverdrup and Munk [112])., A theoretical formula
for mass tranaport velocicy is usually given in the following form:

ﬂH 2 -2"2 (10)
W, - 'IE/ e L

1/3

This ‘ormule can be used with cestain assumptions:

By

L,y =~ 50/H,,,;  Ca~ 125L,, (11)

Mesch [73] found that equation (10) gave values too small for mass transport
as compared to the results of laboratory experiments. He concluded that the
following equation(12) described the mass transport

W = dn? H 2 c -d4rz {12)
" " (L ) Ly,

i/3
The mass trensport by vaves decreases rapidly with depth, and the effect

on the drift of a ship depends on the ship's draft. There is, unfortunately,
no verification ¢f the theoretical trenlment and laboratory measurements

. shrough observetions at sea. In wave tanks, equation (12) sccounted for both

'wind current and mass transport bty waves, Further tests of this equationin

“"the sea are necessary (see tig. 2.3).

DISTANCE BELOW SURFACE, Z (ft)
(O]

1 i | ! |
008 .0j2 £0le .020

MASS TRANSPORT VELOCITY, U (ft./sec)

1

1
0 004

Figure 2.3 Velocity of Mass Transport st Various Depths as a Function of Wave Period
(from Beach Erosion Board, i942)

As the direction of mass transport is in most cases approximately the
same as the wind current component, and as mass transport is of importance only
cloge to the surface, practical surface current analyses and forecests can ace
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count for this term by an empirical increase of the total effect,

o
Ly

2.3 Tidal and “‘Hydraulic'® Currents

A knowledge of tidel currents is of great importance for navigation in

) coastel waters, especimlly in inlets, Theretore, predicticns of tidal currents

: are made for a number of important locations, The interpolation between the

H prediction localities is, however, in many cases rather uncertain. Tidal cur-
rent anelysis and prediction for orfshore waters have been greatly neglected,

g end it has been generally assumed that tidal effects are weak over deep waler.
Latest measurements, however, indicate taat tidal currents can have consider-
able magnitude even in mid-ocean, For a 24-hour predicticn the tidal currents

. might be neglected in most casec. However, in detailed interpolaiion ol these E
forecasts, the tidal currents must be accounted for, Some specific aspects of
tidal currents are pointed out below:

e ]
rseadl i T

(a) The tidal currents are usually rotary offshore and reversing in coaste
sl waters (see Hebard [36]). The tidal ellipses get nsrrower when one approach-
es the coast. p

(b) In the northern hemisphere the sense of ro%ation is usually, but not 3
always, dextral (clockwise), 3

(¢) 1In generel, the flooding current runs in the direction of the movement
of the tidal wave (the direction cen be ascertained from a co-tidal line chart),

{(d) The rising tide is not everywhere synonymous with the flooding current,
and falling tide does not necessarily mean ebbing current.

L (e) High tide does not necessarily mean strong current, and a strong cure
) rent may accompany a small tide, It 1g, therefore, always necessary to dis-
. tinguish clearly between tide and tidal currents, The relations between the
- - two are not simple and not the same in all locations,
(f) The behavior of tidal currents of cotherwise similar tides is affected
by the difference in location of amphidromir points of different constituents,
(g) Semidiurnal tide-producing forces cause proportionsl changes in tides
and currents, but dally forces affect th- current only half as much as the tides.
(h) The ebd usually lasts longe» than the flood in coastal watera. How
this can apply to rotary or nearly rotary currents offshore is aot known,
(1) Some recent recordings of tidal currents in offshore waters indicate

i

Mgy

e B8 bkt ek
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% that the li-day periodicity is a very prominent feature. (Moasby, personal §

. , comuunication,) This l4-day periodicity has been pointed out by Laevastu [60] i

K in the fluctuations of thermocline depths as well as in fluctuations of sea :
level.

£ {(J) The topography of the coastal area influences the tidal currents cone

. siderably (see, e.g., Neumann [83]) causing eddy formation behind headlands and ‘
E in bays (Laevastu, Avery and Cox (61]). !
(k) The tidal current ellipses are narrow and the currents strong in chan- i
- nels and on submarine slcpes.
(1) The tidal current turns sodner in shallow water (close to the coast)
then farther offshore.

El

ey

An example of the behavior of tidal currents in relstion to the tidal ele- H
vation curve in the Hawaiian Islands aresa is shown on figure 2.4,

In view of the description of tidel currents above, it can be concluded

A Watm i e =
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that the only sufficiently accurates method for prediction of tidal currents in
coastal waters is to record the tidal currents at a number of points along the
coast for at leist 25 hours {prefersbly 15 to 29 days), to enalyze the changes
of directions and speeds in reletion to tidsl elevation curves and then meke
predictions on the basis of these analyses, {See relation between tidsi smpli-
tude and currents, Marmer {721} The cwrrents between points of cbservations
must be interpolated. The asccuracy of this interpolation usually increases
with decreasing distance between the points. If necessary and possible, other
current components should be subiracted during the analyses and not included
in the prediction of the tidal components themselves. Such predictions (based
on empirical knowledge in & given location of the tidal currents in relation
10 tidea) remain valid indefinitely.

At times hermonic analysis and prediction of currents cen also be made,
This is usually a standard procedure for the preparation of tidal current
tables, The methods of harmonic anslyses and prediction of tides ani tidal
currents are described in masnuals such as U,S. Coast and Geodetic Survey
(Schureman {1011), "Manual of Harmonic Analyses and Prediction of Tides" or in
Admiralty of U,K. (Suthons [110]) "Admiralty Tidal Handbook."

In coastal waters with complex ccastal topography and in narrows, many
soocalled "hydraulic effects” {differences in sea level) affect the tidsl cur-
rents. The "hydraulic currents” in narrows are usually proportional to level
differences and can be computed and/or predicted if the level differences at
two locations and their changes with time are known. The "hydraulic currents"
are known to exist in large areas in large archipeclsgos., If detailed current
predictions in such areas are needed, these "hydraulic currents" can be ac-
ccunted for with hydrodynamic computations, using sea level racords, In field
conditions and for occasional predictions, shortecut methods (utilizing sea
level slope) have been used with success in the past.

If the atmospheric pressure were uniform and there vere no "stationary"
piling up of waters by wind action along the coest, the sea surface covld be
considered as an iscbaric surface, and the gradient equation might be used to
connect the inclination of the sea surface (tan i) tc the surface current:

ni - oSG g (13)
g

' In the northern hemisphere, in ithe direction of the cwrrent, the iscbaric sur-
face would then slope upward to the right,

As ahown by Sandstrom (1903), (from Hela [39]), there must exist, roughiy,
the following relationship between the transversal glope of the sea surface (i)
and the mean current speed (W) :

| o AH,  2wsing g (14)
B g

(-]

In this formula, AH, is the transverssl height difference, and B, is the
breadth of the current., Hela [37] found the following empirical relation be-

tween the water height difference in cross currents and current speed in the




Streit of Florida:

P e aai

b ' AH = 0.0152W? (15)

According to Torricelli's theorsu the current speed cen &lsc be relatad to
the longitudinal height difference (Heia [37] ):

T

- fgg AW, , (16)
Margiles' equation refers to the inclination of tbe interface (Dycnocline) )
in relation to currents: i .
tan y = qumd:(pl 1 -pz“.‘) (17)
S (Pz - Pl)
In a steady equilibrium state, the slope of the internal boundary surface f
! in @ twoelayered sea will be greater than that of the physical sea level in !
! . the ratio: {
s . .
"g ? Py lrg—py) (18)
LY . . !
4 | | !

The interface slope (i) should then be given by:

N S , ()
L. ‘G(Pz_'ff‘l)hl 7 o o I

S % - Ny

-Dietrich [22] hes sdopted the gradient currsrt epproach and the sloping
interface relation for computation of currents in a lowar layer a.long a sloping
bottom with the following formula:

W JBMea e (20)

XPg

The problems of prediction of tidal currents in offshore waters should be
susceptible to numerical ettack utilizing strictly hydrodynemic epproaches,
However, in the absence of such predictions, a subjective "field" procedure is
suggested below (this approach requires verifica.tion)

e e

If reguired, the tidal velocity component of a vurrert in offshore weaters
could be approximately accounted for in short term forecasts (for example, for
trawling purposes) using the tidel manusls for ceoastal areus and the co~tidel
and co~range charts, The suggested simple, very tentative prccedure for estima=~
tion of tidal currents in offshore araag is as follows: .

bt

(a) Assume that the tidal weve in of{ghore ares is a progressive wave,
which means that maximum current velocitles occur at the crest and trough of
the tidal amplitude curve for a given location, und about nelf of this velceity
results between these points (i.e., a 1:2 tidal ellipse).

(b) Ascertain the stage of the tide and its amplitude in e given location
and time from the co-tidal chart of M, tide and closest comstal reference sta-
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tior along an open unprotected coast.
(c) Assume that the cu-rent is a function of depth
w
t

vhy
where W, is the tidal current at the reference station, snd h, is the depth
st any location, Multiply this result with the factor of

VA,

VA,
vhere A, and A, are the tidal ranges at the location in question and at the
reference st&tion respectively. (Assumption (c) 1s a very tentativ: one.)

(d) Assume that at the tidal wave ¢rest the current runs in the direc=-

tion of the movement (progress) of the tidal wave (direction from co-tidal
chart), and at the trough it is opposite to the movement of the tidal wave

(i.e., into the direction trom which the wave cace)., Assume that the rota=
tion of the current is clockwlse,

It should be underlined that the above suggested procedure is largely hy-
pothetical and not sufficiently tested.

Furlier attempts with different theoreticel procedures indicete that the
computed and observed velocities of tidal currents do not egree well in the
open ocean, However, for a Zh-hour prognostic current forecast for navigation,

the {1¢al currents could be ignored recause the resultant tidal transport for
this period will be clogse to O,

2.4 Inertia Currents and Other Current Components

When there is no apparent resultant force (except the deflecting foree of
the earth's rotation) acting upon a quantity of water in e given loecnrlity, the
current is referced to as an inertia current. The primary force causing the

inertia is usually the past prevailing and/cr stronger winds in a given sares,
sometimes at some distance.

The perlodic changes of this inertia current follow the theory (period and

" circle of inertia),although the forecasting of the phase at a given time and

locality 13 nearly impossible at present,

The period »f inertis is:

- 2n _ (21)
P 2 w sin ¢

T, is 12 hours at the poles, 24 hours at 30° latitude snd infinity at the equator.

The radius of inertia 1is:

P (22)
2 w sin ¢
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Available investigations on inertia currents show that they affect the
speed of the permanent flow at the given locality by periodic fluctuation,
4+ present, no method exists for making a hindcast or forecast orf these fluc-
tustions; however, large and fast inertia eddies are often observed (e.g.,
Defent [17], Barkley, personal communication). It might be possible in the
future to treat theoretically thie inertia cf a surface current system (created,
for example, by e passing storm) and its response to new modifying forces
(winds) by utilizing known relations of the moments of inertia and kinetic
energy. It might also be poseible to account for inertis currents (caused by
strong wind fields) in continuous subjective analyses of large aress when more

knowledge is accumulated from synoptic current snalyses and forecests and
their verificsetion.

Theoretically, it can be expected that in the open ocean an atwoapherice
pressure change will cause a wave in the pycnocline rather than a true sur-
face current, However, there must be scme current and mass transport connected
with this wave, No direct empirical evidence is avallable on the current come
ronent caused by the change of atmospheric pressure, Recently, however, Donn
and McGuiness [23] have shown that under certain conditions there can be & cou=
pling of air pressure and ocean waves which can precduce sea level oscillations
100 times greater than the barometric eguilivrium wave. There is also the
possibility that these '"atmospheric pressure waves" are ccupled with the ine

ertia currents, especially when the inerties currents do not show dissipation
with time (Defant [171).

Internsl waves, with tidal periods, may cause intermittent currents in
the surface layers, The currents could be included in & prediction of tidal
currents when accurate tidal current prediction techniques are availshle for
-offghore areas, :

Some simple theoretical relations for the period and velocity of the prop-
-agation of internal waves are avallable for use in checking the importance of
these waves in respect to currents:

(23)

/ A 2L
w‘. - ghl% ( )

At present, no tested metheod exists for predicting current component
caused by the change of atmospheric pressure or by internal waves,

The current component caused by corioclis force does not appear in the fore
miles given earlier. This is, however, not strictly necessary, because the ra-
tional formules are approximations and are usually basad on experimental data
which already indirectly include the coriolis conmponent in the observations
used. There is an exception in inertia currents where, theoretically, the
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erce. Coriolis force is otherwise a modi-

nsidered in tho next chapter,
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3. EVALUATION OF MOEGIFYING FACTORS

The modifying factors of surface currents are here defined as the factors
vwhich do not directly cause & current but affect its speed and direction both
in the horizontal and vertical. In addition, this chapter considers the change
of current speed with depth in general and considers special relationships be-
tween surface and subsurface (''deep") currents.

3.1 Change of Current Velocity with Depth

Any current speed and direction change with depth may be related to inter-
nal friction, in connection with different currents In deeper water, bottom
friction or viscosity. The change of current with depth can also be related
to such features as density gradients with depth (stability), depth of the
mixed layer and interactions between inertia end driving forces at the sur-
face, No exact model of current speed change with depth exists.

Ekman [25] derived a theory for the change of current speed and direction
with depth at the beginning of the century. This theory was later modified by
Rossby and Montgomery, who related the deflection to latitude. Available mea-

. surements show that Ekman's theoretical ccnsideration and the Rossby~-Montgomery

modification do not verify in the ocean, a fact recognized by Ekman himself.
However, no availeble measurement series permits construction of a generally
valid theoretical or empirical model of the current structure with depth, or a
direct analysis of the factors involved, because of the shortness of the mea-
surement series, lack of seconda.ry da.ta a.nd great variability of existing data.
in gpace and time. '

On the basis of theoretical considerations, the various components of sur-
face currents differ considersbly with depth. The pure tidal current should

' “nve uniform motion from the surface down (except very close to the betiom).

The depth change of the wind current without friction should be a straight line
wvith only a slight decrease of speed with depth, In an inclined wind drift with
friction, the depth-speed graph is a parabola. The depth change of mass trans-
port by waves is exponential. The permanent flow can be considered to heve
wiform speed with depth in the mixed layer but a relatively large speed gra-

dient at the pycnocline.

Aveilable current measurement series indicate thet the current velocity
change with depth in the surfece mixed layer is variable in space end time.
The greatest changes with depth occur near the surface, near the bottom and at
the pycnocline. Some of these changes have been summarized by Stevengon [1058] .
His dats have been utilized with the following assumptions and considerations
in the construction of figure 3.1:; (a) it is assumed that wind currents reach
the depth of the thermocline; (b} the current speed falls to about 30% of its
surface value at about 3 m. above the bottom or above a sharp pycnocline (aver-
sge value of current at 3 meters from the surface being 100%). The upper

curved part of the dep? h-speed gra.ph (fig. 3.1) is caused by mass transport by
weves. .
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Figure 3.1 Approximate ‘‘Average’ Change of Wind Current Speed with Depth in Shallow Water
(after Stevenson [105],modified)
3.1 Coastal and Bathymetric Influences

hhae

e i i

The currents near the coest cen’ be classified into two systems: (a) coast-
al current systems, consisting of relatively uniform drift, spproximately paral-
lel to the ghore, composed "¢ tidal, wind and gradient currents, and (b) near-
shore current systems, consisting of coast-ward currents at the surface ("wave
current” ), a longshore current end seaward flow along the bottom and in the
current rips.

AR il 3 [P0, 2

The changing depth on the continental slupe and shelf also influences cure
rent speed aui Adirection. Fleming and Hagerty (28] found that, in general, the
currents have a tendencv to flow along depth contours where the depth changes
more suddenly rather ther tcllowing the configuration of the coastline, Usuai-
1y the strong permanent currents ficiw elong the continental slope.

s

" ,mmrg-lb‘v;w SIS

Currenta flowing along the coast with a slight "offshore angle” cause up=-
welling and intensive mixing off the slopes. Eddying and upwelling are also
caused by steady currents along the coast if the direction of the coast changes
suddenly (see fig. 3.2). A complicated configuration of the coast also com-
nlicates current petterns end requires deteiled locel evaluation, Islands in a
steady current cause eddies on the leeward side and modify the current pattern
at a considersble distance from the coast, In semiclosed baye, there is usually
a "conformel current” slong the comat, very similear to the currents observed in
lakes., The tidal currents are usually the dominant currents on the continental
slope., Uptn these tidal currents there i1s & wind current component and near the
estuaries a haline gradient component ceused by runoff., True permanent ficw
can, in many cases, be neglected on the continental shelf.
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The near-shore current system is illustrated in figure 3.3. Longshore
currents can be approximately predicted along streaight coasts (U.S, Navy Weath-
er Researct Facility [118] ; Hunt [45]; Putnam, Munk and Traylor [92]. However,
on irrezular coasts, they depend on topography and are greatly influenced by
sand bars, channels, etc, Figure 3.4 gives a nomograph for predicting longe
shore current, This nomograph is valid only for straight, uniformly sloping
beaches with parallel contours,

Another formuls has been proposed for prediction of longshore currents
caused by mass transport by waves:

V = gnT sin 2 6 (25)

where V is longshore current velocity, g , acceleration of gravity, m , beach

slope, T , wave pericd and 6, , breaker crest angle. No proper evaluation of
this formula has been made,

No meathods exist for predicting longshore currents on irregular snd
steep beaches, The local knowledge and experiences from similar loecations and
conditions forms the basis for any attempt to forecast near-shore currents (tid-
al component excluded),
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Figure 3.3 Scheme of Nearshore Current System
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3.3 Current Boundaries, Eddies and Deep Currents

The oceanic current boundaries and large-scale eddies associated with
these boundaries have been degcribed by several investigetors ~ Uda[l114],
Fuglister and Worthington [29] and others, These current features must be
teken into consideration in synoptic current analysis and prediction,

The types of current boundaries are: (a) dynamic (divergences or conver=
gences of more or less permanent current systems); (b) topographic (caused by
the tcpography of the bottom or cocast); and (c) combined eddy systems, The
most usual locations of the current boundaries are: (a) near meteorological
fronts; (b) on continental slopes; and {c) around islsnds, capes and banks
(local boundaries). Some minor surface convergences at cortinental slopes can
also be caused by interrel waves, The bcundaries are frequently marked oy.
current rips, accumulation of flotsum (surface slicks), modified waves, roar-
ing noises and fog. Usually there is also a change of water color at the
boundaries. The surface temperature gradient on the boundaries can be 0.5° -
2° per 10 miles but may be even larger for major currents. McLellan [74] de-
scribes temperasture changes off Nova Scotia of 3° C, per meter of depth and
lateral changes of 1.5° C. per 100 meters.

Convergences of tidal current (tidal rips) can be rather extensive in
some areas. Such tidal rips are often described by seamen; one such descrip-

tion taken from the Merine Observer (Vol. 27, No. 178, p. 203, 1957) 1s repro-
duced here:

"On the 7th of November 1956, between 0900-0930 $.M.T., the vessel sailed
through a series of tide rips. These rips extended for about 10 miles on
elther gside of the vessel in a 058° ~ 238° direction and gradually got progres-
sively rougher, the final line having the appearance of & force 6 wind on the
sea, Each line was about 100 yd. in width, witl a 100 yd. stretch of smooth
water in between lines, On passing through the final rip, the vessel svung
10® to starboard, The rips sho.d clearly on radar, and the P,P.I. screen had
the appearance of = neatly ploughed field, There was no change in sea temper-
ature, Air temperature 79° F., sea 80°, Light verieble winds. Pceition of
ship: 10 miles W, of Perlas Islands.”

There exists a need for mepping the more permsnent convergences and divera
gences of the oceuns, based on ships' logs and on synoptic computation of con=
vergences and divergences of the current fields,

The hydrographic and especially the dynamic conditions at current bounda-

ries are usually rather complicated, Some graphical examples are given in fig-
ures 3.5 and 3.6,

The movement of current boundaries cannot be predicted subjectively at pre-
seat with any great accurscy, end only certain rules of thumb can be esteblished
for estimation of their movements (Laevastu [60]). However, recent numericel
synoptic anlayses provide severel upproaches which indicate their positions and
gradients with considerable accuracy (Hubert, Slusser and Laevastu (44]),
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Figure 3.5 Scheme of Upwelling and Sinking and Resulting Subsurface Thermal Structure at a

Meandering Boundary

The current toundaries, especially convergences, are associated with mean-
derings and eddies whicn cause sinking end/or upwelling of deeper water (figs,
3.5 and 3.6), The greater the speed difference on both sides of the boundary
(and also the more irregular the bathymetry of the bottom) the more extensive
1s the meandering. Meny of the large-scale meandereis are stationary, due to
the topography of the continental slope. However their intensity seems to
fluctuate; depending on changes in driving forces,

There are also great eddy systems which are caused by winds (cyclones ari
anti-cyclones). In general, the centers of cyclonic eddies (anti-clockwise)
are cold, and they are associated with upwelling in the center. The centers of

anti-cyclonic eddies aure werm, and sinking cccurs very slowly in the center, If

a cyclonic eddy 18 cut off from a cold water mass into a warmer one, slow sink-
ing takes places also in this eddy (fig. 3.7).

Several meteorologists and oceanographers, nctably Palmen and Rossby, heve
described the simiiarities between atmcspheric and oceanic structural-dynamic
Teatures, Newton [85] also found that oceanic and etmospheric eddies are compa-
rable in the sense that in each case the maximwn subsidence of the cold mass

took place at about haif the rate of horizontael flow of mass into the cold-water

or cold-air tongue,

The currents in deeper layers of thc sea are not subjects of this summary .
However, some of their cheracteristica must be borne in mind when analyzing and
forecasting surface currents inasmuch as they influence eech other. The deep
currents balance the "water budget" and bring to equilibrium the disturbances
of the surface lsyers. Therefore, the deep currents may often be opposite in
direction to those at the surface. The structure of deep currents with depth
can be complicated (as shown by recent measurements with neutrally bucyant
floats), Furthermore, these meagurements indicate that the deep currents are
relatively unsteady in direction and speed, contrary to earlier beliefs.
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The welle-known zoriolls force as a mcdifying factor has not heen menticned

earlier; it is usually indiractly included in tue semi-empirical approaches of
current analyses and forecasting.
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4. OBJECTIVE COMPUTER METHOD FOR ANALYSIS
AND FORECASTING OF SURFACE CURRENTS

The detail and accuracy of analyses and forecasts depend greatly on the
area and time scales used, This is true both for objective and subjective ap-
proaches, Small-scale analyses/predictions require one to program local know-
ledge of influencing factors as well as more detail of the driving forces. In
this chapter, we describe briefly the principles of hemispheric (or oceanwide)
analysis and prediction of surface currents on a l2-hour synoptic schedule.

The computation of permanent current is made with equations(4)and(5) (sec-
tion 2.1). In recent progrums the average temperature between O and 200 meters
is found %y integration, using FNWF standard levels of subsurface temperature
analyses. As the analysis refers to surface currents, and as countercurrents
are Known 10 exist below the permanent pycnocline, there is no need to inte-
grate the temperature field below 200 m. level. Salinity ccrrections are added
on a seasonal basis,

The wind current component is computed with equation(7)and added to the
permanent flow., Integrated true surface winds are used,

Acccrding to Ekman {25] , the direction of the wind current at the surface
is 45° to the right of the wind in the northern hemisphere, snd this angle in-
creases with depth, Recent investigations reveal that the deflection is more
nearly 12-20 degrees, being larger and more irregular at lower wind speeds
(possibly because of the increased importance of other components) and smaller
at higher wind speeds, As the surface wind is about the same angle to the left
of the geostrophic wind, it can be assumed that the direction of the wind cur-
rent is the direction of the geostrophic wind,

It 1s assumed that the current is relatively uniform and unidirectional in
the turbulent mixed layer down to the thermocline {or about 200 meters). The
mass transport due to waves, however, modifies this picture as this effect de-
creagses exponentially with depth (Masch (73]), Therefors, if, inequetion(7) V
1s in m./sec, and W in cm./sec., K, 1s taken to be 4.8 for surface currciis
(ship routing and drift computations) and 3.2 for the aversge current down to
the thermociine {for convergence/divergence computations). Obviously, there is
e time iag between the change of the wind and response of the sca. This lag
scems to be shorter than previously believed and is partially minimized by the
2k-hour averaging of wind speed. (see further, chapter 6),

Since all computavins are carried out in the standard Fleet Numerical
Weather Facility grid system, u and v current components are determined at ap-
proximately 200 nautical mile intervala for all northern hemisrhere ocean areas.
From these components, direction and total transport (nm./dsy) fields sre deter=-
mined and stored on magnetic tape for later output in chart form or as special
messages giving the currents at specified latitude/longitude intersections,

Some current trancport charts are shown in figures 4,1 and 4,2,

The contours represent total current transport in nautical miles per day.
One can clearly _.cstinguich such well-known features as the Gulf Stream,
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Labradoer Current, Kuroshio and Cyashio. The low-latitude, westerly return fliow
(Bguatoriel current) which results primarily from the "wind component" term 1is
well-defined in woth the Atlantic and Pacific. A nerrow egquatorial countercur-
rent was obtained ag & result of the 200 meter temperature structure used ia
the characteristic component,

The charts ere drawn automatically on an incremental x—y curve plotter.
Eaca chart requires approximately one minute to complete and is of sufficient
quality that it can be used immediately for radio-facsimile transmission,

In order to obtain a single continuous fileld display of both direction
and speed of the computed currents, a stream function (y) analysis is made, use
ing methods similar to those employed by Bedient and Vederman [7], to present
atmospheric flow in the tropics, The vorticity of the current flow is deter-
mined fram the (u, V) component fields and the Poisson eguation,

vzg',___ii.._a_u (26)
ax ay

is solved for ¥ using relaxstion techniques.

The stream function fields which correspond to the current trsnsport charts
on figures 4.1 and 4.2 are shown in figures 4,3 and 4.4, If current vectois are
plotted on these charts, there is a very close correspondence, but slight cross
contour flow can be observed, This is natural because the derived stream funce
tion ia nondivergent, while there is divergence in the initial velocity field.
In general, the divergence is small in most places, and the stream field pro=

- vides a good representation of the currant pattern.

It can be aeen that the hemisphieric grid size is too large t0 show details

in areas of strvng currents. Detalled models sre under development to remedy

this shortcoming in sreas of relstively dense synoptic weather reports, Some

_ of these models will also include inertia effects and tidsl currents. The re-

sults of these numericel analyses/forecasts are used ss inputs in a number of
other oceanographic analys*sjforeeuts.
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5. VERIFICATION OF SURFACE CURRENT ANALYSES

A synoptic current chart would be of little value if it could not be veri
Tied and the computational scheme tuned as required. Direct current messure-
ments in the open ocean are few, and drift calculstions made from navigational
fixes are frequently inaccurate in weak current areas, so that it is difficult.
make a direct evaluation. It has been necessary, therefore, to resort to ine
direct means which are susceptible to verification on a synoptic tasis.

Sea-surfsce temperature (SST) is the only coceanographfc element which per-
nits & reascnably complete synoptic analysis on a hemispheric gcale, Such snal-
yses are made twice dslly at Fleet Numerical Weather Facility, Monterey (Wolff
{128]), and their resolution is such that SST changes car be determined for
pericds of 24, LB hours, etc. From these changes sre subtracted the local
changes computed from air/sea heat exchenge equations. If the remsindar cor: -
latea well with the advective change indicated by W _ 2t~ U SST the computed
currents can be sssumed to be reasonably correct.,

Some experimentel verification has been carried out at Fleet Numerical
Weather Facllity. The results have been very encouraging. These first compu-

- . tations indicete that the advecticnal change of SST is, over major parts of the
ocean, < 0.1 C,,’(24h) . In aaly a few areas does the change rise atove (.3° C./(24h) H

highey values are confined to sharp boundaries of major currents., Some dise
crepancies between analyzed and computed quantities have anlso been ascertained;
these have led t0 plans of shortening the SST analysis period to decrease the
apparent lag. Both SST advection and heat exchange will be used in SST fore-
“cests. Furthermore, 100 nautical miles and smaller mesh lengths will be used
in the future for current, snalyses to make them directly compatible to the SST
snalyses which ere made on a 100 nautical mile grid,
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6. THE RESPONSE TIME OF SURFACE LAYERS TQ TRANSFER
OF MECHANICAL ENERGY

A5 the surface leyer (which ie set in motion by wind) has considerable
inertia, it can be expected thet the response of the se1 L0 the change of drive
ing force is gradual, and that there i3 s time lag between the change of wind
speed and direction =nd ihe response of the surface current to tnis change,

A lag also e=xiets in the time for growth of a fully arisen see in relation to
fetch length and duration of the wind, The sveilable date do not allov an ex-
sct numerical evalustion of the res;onse time but only a qualitative analysis.
These dsta indicate that the response time for currents varies with the wind
speed (especially with the ratio between previous and new[actual] wind speed),
the depth of the water, distance from and contiguration of the ccast, Krause
(personal commnication) has also found a rapid response in the relstively shal-
low Kiel Bight,

A few additional observations from aress with slow peimanent flow indicate
that the complete response time with moderate winds is about three hours. With
astrong winds and in areas of strong currenis, the response is gradual, and the
estahlishment of a steady state takes & longer time (up tc 12 hours).

I¢ should be underlined here that the current directicn and apeed ‘n &
given position in the open ocean might not be directly determined by winds pre-
veliling at this position but by stronger, psrhaps more persistent and larger
wind fields some distance away from the give,x position,

Hatner (33] offers the tullowing anpirical formula for estimation of come
plete response time .n shallow water, .

Fetch iength (km)

Response time (h) =

v g x depth of water (m)

This formule would merit testing in deep water, if we assume the depth to be the
depth of the surface mixed layer.

It can be expected that verification sttempts with numerical analyses/fore-
casts will shed more guantitative light on the response time,
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7. USE OF CURRENT FORECASTS IN NAVAL PROBLEMS;
NAVIGATION AND FISKERIES

The anelyais and forecasting of surface currents on a synoptic schedule
were initiated at Fleet Numerical Weather Facility primarily because of their

importance in the following problems: :

{8) Quantitstive computation of divergence and convergence and the accome
panying up and down movement of thermocline depth;

(v) Computation of the decay of transients where one of the prime factors
is current;

(c) Forecasting the advective part of sea surface temperature chunges;

(4} Construction of deteiled dynamjc models of thermal structurs in areas
of atrong currents.

Current analyses and forecasts also have other applications. At present,
nevigators use information on monthly average currents availsble in atlases
and information on tidal currents given on sea charts,in tidal current tables
snd in pilot books. In many instancea, however, it seems to be econcmically
profitable to use progncses of actuel currents, especially in sea and weather
routing of ships, This is now being done empiricaliy and indirectly.

At present, allowance is seldom made in the routing practice for arift
caugsed by currents, and, therefore, some inaccuracies might be experienced, In
ship routing practice, the resultant of wind currents and permanent. flow could
be used, The influence of "wave currents" could alsc be considered as one or

“two separate factors: (a) involuntary speed reduction and {(b) resistance by

wave currents. Direct use of information on currents is made in rescue operu-
tions, in estimations of drif'ts of polluted or otherwise contaminated waters
and in the estimation of ice flow,

In almost all types of fisheries work there iz a need to now the mctusl
currents and to adjust fishing operaticns accordingly. The need for snd the
use of currents in fisheries has been sumarized by Hela and Laevaatu [40] .
Current boundaries are extremely important to fisheries. At divergences the
deeper, nutrient-rich water is vrought into the surface layers where it causes
& higher production of organic matter and an aggregation of fisn; convergences
cause (dynamically) a concentration of zooplankton and are accompanied also by
2 concentretion of fish. Pictorially, one can say that there is an accurla-
tion of everything from planktom to fishermen on a convergence,

Numerical programs for analysis and prediction of current and water type
boundaries at the surface are under development. end testing st FNWF, These
utilize SST gradiorts oo wol! pr surfacs Striesi gindients,

Past knowledge of actual surface currents hes been shaky indeed; this fect
has prevented their effective economical use in navigation snd fisheries work,
The develcpment of good, synoptic analyses and forecasts of ocean currents would
Genefit many.

CRTISE

L
1 O i e e i

e

P I S O DT




1,

2.

3.

10.

1.

l?l

13.

1k,

151

< mme— ———

. -~

_ PRECEDING PAGE BLANK, NOT rzm&,'

-39 -
REFERENCES

AMERICAN METEOROLOGICAL SOCIETY, “Bibliography on Waves, Currents and
Swello" Het. Abatro 9(“)’ PP. !6'01"525) 1958-

ANCNYMOUS, "The Marine Ooservers' Log, Tide Rips - Panama Bay." Marine
obs, 27(178), 203 pp., 195T.

ARTHUR, R, S., "A Review of the Calculation of Ocean Currents at the
Equstor," Desp-Sea Res. 6(4), pp. 287-297, 1360.

AUSTIN, T. S., and E, D, STROUP and M, O, RINKEL, "Variations in the
Equatoriel Counter Current in the Central Pacific.” Trans, Amer.

Geophys. Un. 37(5), pp. 558-564, 1956.

AUSTIN, T. S. and M. O, RINKEL, "Variations in Upwelliiig in the Equato-
rial Pacific." Proc. Pacific Sci, Congr. 9(16), pr. 67-71, 1958,

BARTHELMES, D., "Starke and Natur der Horizontalen Stromungen im Seen-
litoral."” Arch, Hydrolbiol. 55(2), pp. 193-208, 1959.

BEDIENT, H. A. and J. VEDERMAN, "Computer Analyses ani Forecasting in
the Tropics." Mcnthly Weather Review, 92(12), pp. 565-5T7, 196L.

BETINSKY, N, A, snd M. &, GLAGOLEVA, "Methods of Study and Calculation
of Non;ggrio«lic currents in the Sea." Meteorol. 1 Gidrol. 3, pp. 18-
25, 1960.

BJERKNES, J., "Ocean Temperatures und Atmospheric Circulation." WMO Bull.
9(3)) PP. 151-1573 1960.

BOWDEN, XK. F., Essay Review. "Some Recent Studies of Oceanic Circula
tion." J, Cons. int, Explor. Mer. 23(3), pp. 357-365, 1958.

- "Measurements of Wind Currants in the Ses by the Method
“of Towed Eiectrodes." Nature 171 (4356), gp. 735-737, 19539.

BURKOV, V, A. and M, N. KOSHLYAKOV, "Dynamic Balance in the Deep Current
Field of tne Pacific." Dokl. Akad. Nauk, S.5.S.R. 127(1-6), 70 pp.,
1959.

CARRUTHERS, J. N., "Annual Report on Vertical Log Observations in the
Southern North Sea and Esstern English Channel." Rap. Cons. int. Ex-
plor. Mer. 109(3), pp. 37-45, 1939,

CARRUTHERS, J. N., A, L, LAWFORD and V, F, C. VELEY, "Continuous Cbser-
vations from Anchoved Vessels on Weter Movements in the Open Sea."
Dtsch. Hydrogr. Zeitschr. 3(5/6), pp. 277-286, 1350,

CARKUTHERS, J.N., "A Simple Current Measuring Bottle for Fishermen,"
Fishing News, 4 pp., May 1961,




i

1t

o

%11

R e kit

16,

.

18,

19.

23.
o,

5.

3 R

8

8

)
o
-

o s o
FIRBRE S e TR e

R SR

E i SRR SR WML

- 40 -

CHASE, J., "A Comparison of Certain North Atlantic Wind, Tide Gauge and
Current Data." J. Mar., Res., 195L4.

DEFANT, A., "Die Lage des Forschungsschiffes 'Altair' auf der Aukersta-
tien 16 1is 20 Juni 1938 wnd das auf ihr gewoennene Beobachtungs-mate-
rial,” yiissensch. Ergebn, Intern. Golfstrom-Untersuchungen 1938. 3
Liferung (Okicter-Beihert der Annalen der Hydrogr. und Marit. Met,

1940) 68, 35 pp., is"o.

, "Die Ozeamnographischen Varnaltnisse Wahrend der Ankerstation
des 'Altair' am Nowdrand des HauptstromstiZ-~hes des Golfstromes
Nordlich der Azoren," Hydrogr. Masrit. Meteocol., 1940,

, "Reality and Illusion in Oceanogravhic Surveys." J. Mar. Res,,

— 1950,
, "Physical Oceanography.” Vols, I and II, Pargamon Press, 1961,

DEUTSCHSS HYTROGRAPHISCHES INSTITUT, “Observations on Current in the
Southwestern North Sea During t.he Years 1951-1955." Meereskundl Beob,

Ergebn, (9), 1958. ,
DIETRICH, G., "Sciichtung und Zirkulation der Irminger-See im Juni 1955."
Ber. Dtsch., Komm, Mesiwsiorach. lu(k), pp. 259-312, 1957,

DONN, W, L, and W, 7. McGUINESS, "Coupiing of Air amd Ocean Wavec," IGY

Bull. 44, pp., 1-5, 1961.
EBER, L. N., "Effects of Wind-Induced Advection on Sea-Surtmce Temper-
ature," J. Geophys. Res., 66(3), pp. 839-844, 1961.

EKMAN, V. W., "On the Influence of the Earth's Rotation on Ccesn Cur-
rents." Ark, J, Mat, Astr. och Fysik. K. Sv. Vet. Ak. Stockholm 1905~

06, 2(11), 1905.

FJELDSTAD, J. E., "Internal Waves of Tidal Origin." ‘Geophys, Norv., 25, 5
pp., 196k,

FLEMINC, R, H., "Tides and Tidal Currents in the Gulf of Panama." J. Mar.

Res, 1(3)’ PP. 192-206, 1938. .

FLEMING, R, H. and D. HAGERTY, "Recovery of Drift Bottles Released in
the Southeastern Chuckchi Sea and Northern Bering S2a." Univ. of Wash.
Dept. of Cceanogr. Tech. Rpt. 70, (Ref, M52-T7), 1962,

FUGLISTER, F. C. and L. V. WORTHINGTON, "Some Results of a Multiple Ship
Survey of the Gulf Stresn.” Tellus. 3, pp. 1-1k, 1951,

GAUL, R. D., "Nearshore Ocean Currents off Sen Diego, California." J.
Ceophys, Res., 65(5), pp. 1543-1556, 1960.

WS T




3l.

32,

33.

37.

38.

b1,

ha,

L3.

s

- 4] -

GORDON, A, R., "Digest of Ocesnographic Data for the Marshell lslands
Area." U. S. Nevy Hydrographic Office. M.S., 1956.

GROEN, 2., "Mcthods for Estimating Dynemic RSlopes and Currents in
Shallow Weter." J. Mar. Res., 7(3), pp. 313-316, 19uB.

HAFNER, H., "The Effect of Time on the Davelopment of Wind Set-up."
Proc., Symp. Matham. --Rydrodyn. Methods in Phys. Oceanogr. Mitt. Inst.
Meeresk, Univ. Hemburg 1, pp. 277-284, 1962.

HANSEN, W., "Tritstrom und Windstau." Dtsch, Mydrogr. Zeitschr., 3(5),
pp. 1303-1313, 1950.

HAY, R. R. M., "A Verification of Ekman's Theory Relating Wind .2
Ocean Current Directions Using Oceen Westher Ship's Data." Mar. Obs.,
24(166), pp. 226-23C, 195k,

HEBARD, J. F,, "Currents in Southeasteyn Bering Sea and Possible Ef-
r'2cts Upon King Cyasb Larvee." U.S. Fish, Wildlife Service, Spec,
Scient. Rpt. Fisheries, 203, 11 pp., 195%9.

HELA, I,, "Drift Currents and Permanent Flow." Soc. Sci. Fennica, Comi,
Phys. Math., 16(1k), pp. 1-28, 1952,

"The Surface Current Field in the Western Pexrt of the

o rm——————
‘North Atlantic." Bull., Mur. Sci. Gulf Caribb. 3(4), pp. 241-272, 195k4.

- , "Longitudinal and Transversal Slope of the Florida Cur-
vent." Geophysice (Helsinki), 5(3), 8 pp., 1957.

¥®iA, T. and T. LAEVASIJ, "Fisheries Hydrography." Fishing News {Books)
1td, London, 137 vp., 1962,

HEILSTROM, B., "Wind Effect on Lakes and Rivers." Ingeniors Vetenskaps
Akndemins Hsndlingar (Stockholm), 156, 191 pp., 1941,

HIDAKA, K., "Dynamirs of Ocean Currents Parellel to a Long Streight
Coast," Geophys. Mag. (Tokyo), 28, pp. 357-36%5, 1958.

HUBERT, W, E,, "Computer Produced Synoptic Analyses of Surface Currents
and Thefr Application for Wavigation.” Fleet Numerical Weather Facile
ty, Ms. Rpt., 105k,

HUBERT, W. E., R. C. SLUSSER and T, LAEVASTU, "“The Regponses of the
Jcean to the Action of Atmospheric Forces and Accounting of These
Responiges in U,S. Fleet Numerical Weather Fucility's Oceancgraphic
Analyses and forecasting Frograms.” Fleet Numerical Weather Facility
Techitlcal Note No. 12, 1965,

HUNT, L, M,, "Wave Genereted Oscillstory Currents Alons the Bottom in
the Eulittoral and Sublittorsl Zones." Mine Advisory Comm, Nat. Acad,

s




Bt e

TS

| e v e

N g it

99.

-~ 4o -
Sci. Nat. Res. Couns. 23 pp., 1961,

~HIYE. T., "The Resyonse of a Stratified, Bounded Ocean to Variable
Wind Stresses." Oceanogr. Mag. 10, pp. 19-63, 19,8,

, A Note on Ocesn Cwrents Produced by Sources and
Sinks " J. Oceanogr. Soc. Japan 16(3), pp. 111-116, 1960

ISHIDA, M., et, al,, "On the Determination of the Boundary Zone." Bull.
Fac. Figh. (Hokkaido Univ.), 1960,

IWATA, K., "Simple Method of Investigutlon of Tidal Current in Narrow
Channel and Its Application to Ki-1 Suldo, Jepen." Rec, Oceamnogr.
Wka, Japan 2(1), pp. 2v-33. 1959,

JACOBSEN, J. P., “The Atlantic Current Through the Farce-Shetland
Channel and Its Influerce on the Hydrographicsl Conditions in the
Northern Part of the North Sea, the Norwegian Sen, and the Barent°
Sea." Rap. Cons, int, sxplcr. Mar. 112, pp. S-47, 1943,

JAMES, R. W., "Application of Wave Ferecasts v Marine Navigation."
U. S. Newvy Hydro, Off. Spec. Publ. 78 pp., 1957.

JOHNSON, J. W., "The Retio of the Sea-Surface Wind to the Gradient
Wind." Proc. I Conf, on Ships and Waves; Couns. Wave Res. and Soc.
Naval Arch. and Mar, Engin. {Usa), py 7377 2087

ni.d R. L, 'IETEL, "Investigatici of Current Measurement
in Estuarine and Cosstal Vv.ters." State Water Pull. Contr. Bd.,
Sscramento, Callf. Publ, 19 {mimcz)

KAMONKCVICH, V. H., "The Quasi-Staticnary Property of Drift Currents

in the Qcean.” Izv, fkad, Nuuk. $,5.S8.K. {Geofis). (1), 9 pp., 1960.

KITAKO, K., "Studies on the "Oreanic J-% Ltream'." Bull. Hokkaido reg.
Fish. Res, Lub, (00), »p. 1-66, 19,9,

KNAUSS, J. A., "Observations o Iiregular Motion in the Open Ocean.”
Deep-Sea Res, T(1), vp. 68-63, 1960.

~ “The Structurc of tha Pacific Equatorial Cuwrter Cur-
rent." J. Geophjs. Res 65(1), pp. 143-155, 1961,

KOSLOWSKI, G., "Uber die Stromungsverhaltnisse und den Volumentrans:.ort
im Nordetlantischen Uzean Zwischer Kap Farvel und die Flamiachen
Keppe im Jpatwinfer und Sputsommer 1958," Dtsch. Hydrogr. Zeitschr,
1%{6), Pr. £39-787, 1950.

LABEISH, V., G., "Uynamics of Cosstsl Currents.” Vestn, I Laningr, Univ.
(bin_.) 14(6), 139 po., 1959,

ST Ne

Aeehmdsebiiene . b tfagle 4

el o e dt

T e

Epee

VIR AR Y,

4 et s (i

1 N i T

MR RS 1 o £m T 1

UL TP Ay L BT TP A et i, B Lo SIS




wTT

- 43 -
60. LAEVASTU, T., "Factors Affecting tie Temperature of the Surface Layer
N of the Sea." Soc. Sci. Fenn. Camu. Phys. Math, 25, 136 pp., 1960,
3 61. LAEVASTU, T.. D. E. AVERY and D. C. COX, "Coastal Currents and Sewage
i Disposal in the Hawaiian Islands.” Hawali Inst. of Geophysics Rpt.
61“"’1' 1%“"
62, LaFOND, E. C., "Convergences and Divergences in the Near-Surface Layers

of the Sea." (Reprint N.E.L. San Diego), 1961,

63, 1AMB, ¥,, "Hydrodynami:s." Dover Publ. 738 pp., 1932.

R B

6h, LATHBURY, A., R. BRYSON and B, 1ETTAU, "Some Cbservations of Currents
in the Hypolimmion of lLake Henlota." Limmol., Oceanogr. S5(4), pp. LO9-
| b1z, 1960, :
' 65. LAYFORD, A, L, and V. F. C, VELEY, "The Relationship Between Local Wind

and Current in Coastsl Waters of the Bri%tish Isles.” Kat. Inst., Ocean-
ogr. Internal Rpt.,(mimeo), 1955.

3 66, , "Change in the Relationship Between Wind and Surface
: Water Movement at Higher Wind Speeds." Trans. Awer, Geophys. Un., 37(6),
t Fp. 691-693, 1956.

wie LINEIXIN, F. S., "Currents and Stratification of Water in the Sea." Trud,

[ - Oceanogr. Inst. (47), 13 pp., 1957.

68. LISITZIN, E., "Uber den Zusammenhang Zwischen Wind und Strom bei dem
Feuerschiff 'Storbrotten’ im Nordlichen Alandsmeer." J. Cona, int.

.“Bxplor. Mer. 13(3), pp. 293~303, 1938.

69. , "Determinetion of the Current Veloeity in Kvark on the
Bacis of Sea-level Records." Geophysica {Hcisinki) 6, pp. #9-307, 1958,
10, LONGUET-H1GCINS, M. S., "Mass Transport in Water Waves." Phil. Trans.
Ruyal Soc. London Ser, A, Math, Fhys. Sci. 245(905), pp. 535-581,
1952.
71. MANDEIBAUM, H., "Evidence for a Critical Wind Velocity for Alr-Sea Bound=

ary Processes.™ ‘frans. Amer. Geophys. Un. 37(6), pp. 655-690. 1956.

T2. MARMER, H. A., "Coastal Currents Along the Pecific Coast of the United
States." Dept. of Coumerce, U. S. Comst and Geodetic Survey, Spec.
Fubl, 221, 80 pp., 1926.

13. MASCH, F, D., "Observations on Vertical Mixing in s Closed Wind Wave
System." Inst. of Engin, Res. Univ. cf Calif., Berkeley. Ser. 138
issue F, 1962,

4. McLELLAN, H, J., "M the Sharpness of OJceanvgraphic Boundaries South of
Kova Scotia." J, Fish. Res. Bd. Canuids 13(3), pp. 297-301, 1956,

G el s

b SRR

MRTRE ki

PR AT e a8 T AP R R

R O b s e

S T e
[Ty SV T SR SN SR

ey

By

e _Mf&im.m i b i s i Bt e e




75.

76.

7.

8.

9.

- 81,

82,

83.

89.

- il -

MILLER, A, R., "The Effects of Winds on Water Levels on the New England
Coast." Limncl. and Jceanogr. 3(1), pp. 1-1k, 1958,

MIYAZAKI. M., "Aversged Wind=-Stress Relation on the Sea Surface." Ocean=
ogr. Mag. 3(2), pp. T5-T7, 1951.

M()LLER L. and A, MERZ, “Hydrographische Untersuchungen im Bosporus
und Dardanellen," Veroff, inst. Meeresk. Univ, Berlin, A18, 1928,

MONTJOMERY, R. B., "Circulation in Upper Layers of Scouthern North At-
lantic Deduced v:l.th Use of Isentropic Analysis," Pap, Phys. Oceanogr.
6(2), rp. 1-55, 1938,

MORTIMER, C., H., "The Rescnant Response of Stratified Lakes to Wind."
Schwelzerische Zeitschr. f. Hydrologie 15(1), pp. S4-151, 1953,

MOSSBY, H., "Experiments on Turbulence and Friction Naar the Bottom
r.2 the Sea." Bergens Mus. Aardb, 1947/47 Naturv. rek., 3, 1947.

NAKANO, M., "On a Problem Concerning the Vertical Circulation of Sea
Water Produvcc? by Winds, with Specinl References to its Bearing on
Suimarine Geclogy and Submarine Topography.” Rec. Oceanogr. Wks,
(Japan) 2(2), pp. 68-81, 1955.

NAN'NITI, T., "Relation Between the Velocity and the Location of the

Front of tha luroshic off the Tohoku District. " Oceanoe;r. Meg. 10(2),
- pp. 185-192, 1958. ,

NEUMANN, H., “Uber die :Bearbeitung von Strombecbachtungen von mehr als

- finfzehn 'I‘age Da.uer. Dtsch. Hydrogr. Zeitschr, 13(5), pp. 209-225,
1960, -

NEWELL, B, S., "The Hydrology of Lake Victoria." Hydrobiologia. 15(4),
pp. 363-383, 1960.

NEWTON, C. W., "Estimates of Verticel Motion and Meridional Heat Ex-
‘change in Gul:l Stream Eddies, and 8 Comparison with Atmospheric
Disturbances." J. Geophys. Res. 66{3), pp. 853-870, 1951,

0ZMIDOV, K. V., "Extension of Ekman's Theory of Unsteady Purely Drift
Currents to the Case of Arbitrary wind." Bokl. Akad. Nauk. S.8.S.R,
128, pp., 1-6, 1960.

PALMEN, 4., "Untersuchungen uber éie Stromungen in den Finland
ungebencen Meeren." Soc. Sci. Fenn. Comu, Phys. Math. 5, 12 pp., 1930,

PAQUETTE, R G., "Practicsl Probleme in the Direct Measurement of Ocean
Currents." Marine Science Instrum. (Plenun Press N..Y,) 2, pp. 135-
%: -‘-903

DERSHIN, V, 1, end A, I, VOZWESSENSKY, “Study of Ship Spesd Decrease in
Irregular Seas," Proc, Symp. on the Behavior of Ships in a Seawny.

| mmm & o ———




91 -
92.

93.

9“ .

100.

i01.

102,

103,

- b5 -
(wmngen) 1,5 ppo 3-12'3231 1957-

POLIAK, M. J., "Wind-Set-Up and Shear-Stress Ccefficient in Chesapeake
Bay." J. Geophys. Res., 65(10), pp. 3383-3380, 1g60.

PROUIMAN, J,, "Dynamirel Oceariogravhy." Methuen and Co, U409 pp., 1953.

PUTPAM, I, A., W, M. MUNK and M, A, TRAYIOR, "The Pyrediction of Long-
Shore Current." Trans., Am. Geophys. Un. 30{3), pp. 337-345, 1949,

REID, R. C., "Influence of Scue Errors in the Equaticn of State or in
Observations in Geostrophic Currents.” Publ. Nat. Acad. Sci. Wash,
(600), pp. 10-29, 1959.

FEID, J. L., "Physical Oceanography of the Region Near Point Arguello.”
Univ, Celif. Inst. Mar. Res. Rpt. 65-19, 1965.

ROBINSCN, A. R,, "Wind-Driven Ocean Circulation." Blaisdell Publ., Co.
N, Y., 161 pp., 1963.

ROMANOVSKY, M. V., “Les Mesures Director des Courants Maring." Annales
}Wﬁrogmphiques. (Also Repr. Inst. Oceanogr. Paris No. 1357) 34 pp.,
AgLk9g,

RUSCHMEYER, O, R. and T. A. COLSON, "Water Movements and Temperatures of

wesgem Lake Superior." Univ. Minn, School of Public Hewlth, pp. 1-65,
1958. -

SAELEN, O, H., "Studies in the Norwegiesn Atlantic Current.” Fart II In- -
vestigations during the years 1954-1959 in an ares west of Stad, Geo-
fys. Publ, (Geophys. Norwegica) 23(6), 82 pp., 1963.

SAKURABA., S , "= the Angle Between the Drift Current and the Wind."
Umi to Sora. Marine Met., Soc. KMO (Kobe) 15(1), pp. 26-28, 1935.

SCHELL, I. I., "On Inertial Forces in the C(ceans and Their implication
for Time-Lag Relationships in Genersl Circulation.” Bull, Amer. Met,
Soc., bO(12), 632 pp., 1959.

SCHUREMAN, P,, "Manuel of Harmonic Analysis and Prediction of TMdes.”

U. S, Dept. of Commerce, U. S, Coast and Geodetic Survey, Spec, Publ.
981 3‘17 PP-, 19"“0.

SHAKUROV, P., "Determining the Velocity and Direction of Currents by Ane
chored Spar Buoys.” Trud, Morsk. Gidrofiz. Inst. 15, pp. 80-135. 1959.

SHIREI, V. A. and V, A, BURKOV, "The Problem of Compilation of Current
Atlases for Areas of a Mixed Type of Currents." Trud. Oceonogr. Inst,
“0, pp. 18"23, 1957-

TP




B Tl

1ok,

105.

107.

108,

109,

110,

111,

12,

.Ll3 .

14,

115.

116,

117.

118,

119,

120,

B o Ry S S

- 46 -

STEPANOV, V. N., "On the Depth of Wind Preduced Trensport in the Open
Sea.”" Z, V. Aked. Navk. S5,S,S.R, (geofiz), pp. T68-T72. 1959.

STEVENSON, R, E,, "An Investigation of Nearshore Ocesn Currents at New-
port Beach, California." (mimeo), 1958,

and D, §, GORSLINE, "A Shoreward Movement of Ccol Subsur-
Tace Water." Trans. Amer. Geophys. Un. 37(5), pp. 553-557, 1956.

STOMMEL, H., "Serial Observations of Drift Currents in the Ceatral
North Atlantic Ocean." Tellus 6(3), pp. 203~214, 1654,

"A Survey of Ocean Current Theory." Deep-Sea Res. U4, pp.

l i9-lE il 1957 .

, "The Gulf Stream." Univ. California Press. 202 pp., 1960,

SUTHONS, C. 7,, "The Admiralty Semigraphic Method of Harmonic Tidal
Analyses." Admiralty Tidsl Handbook No. 1, 1959.

SVERDRUP, H. U., M. W. JOHNSON and R. H. FLEMING, "The Oceans, Their
Phyeles, Chemistry aend General Biology." Prentice-Hali N, Y., 1087
Pr., 219k2,

SVERDRUP, H, U. and W, H. MUNK, "Wind, Ses end Swell: Theory of Rela-
tions for Forecasting." H.O. Pub. No, 601, Ul pp., 1947,

SWALLOW, J. C., "A Neutral-Buoyancy Float for Measuring Deep Currents."
Deep-Sea Research 3, pp, Th=81, 1955,

UDA, M., "Water Mass Boundaries - 'Sicme.' Frontal Theory in Oceanog-
raphy." Fish. Res. Bd. Canada MC Rpt., Series, 51, pp. 10-20, 1959.

, "Intrusion and Isolated Water Masses."” Fish. Res. Bd,
Canada MS Rpt., Series 51, pp. 21-27, 1959,

UDA, M. and M. ISHINO, "Enrichment Pattern Resulting from Eddy Systems
in Relation to Fishing Grounds." J, Tokyo Univ. Fish., 1958,

U.S, NAVY HYDROGRAPHIC OFFICE, "Instruction Manmual for Ocepnographic
Observations." H.0, Pub, No, 607, 210 pp., 1955.

U.S. NAVY WEATHER RESEARCH FACILITY, "Oceanography for the Navy Meteo-
rologist." U.S. Navel Air Station, Norfolk 11, Virginia, 128 pp.,
1960.

VAN VEEN, J., "Onderzookingen in de Hoffden in Verband met de Gastelheid

der Nederlandsche Kust." Gravenhage. 32 pp., 1936.

von ARX, W. S,, "The Line of Zero Set.” Deep-Sea Research 7(3), pp. 219~

220, 1960,

B )

L O | T, Wiy sy,

e R 1 ey it maged e o e

-

e

NG | S AT, IS,

e SO TR S I P S W Y Y

I

i s e SR et e

o enmmd

o bk




-'-}7-

EREGUPNII

121, , "Effects of Abnormsl Wind Torgque on the Circulstion of
a Barotropic Model of the North Atlantic Ocean." Rep, Calif. Ocean.
Fish. Invest. 7, pp. 103-104, 1960,

i22. , "Introduetion to Physical (ceanogrephy." Addisca-
Wesley Publ. Co., Reading, Mass. 422 pp,, 1962,

123. WASMUND, E., "Die Strommungen In Bodensee." Intern. Revue der ges.
Hydrobiol. und, Hydrogr., 1928,

RN

124, WEDDERBURN, E. M, and W. WATSON, "Observation with a Current Meter in )
Loch, Ness,." Proc, Roy Soc. (Edinburgh), 29 pp., 1909,

125,  WIEGEL, R, L, and J. W, JOHNSON, "Ocean Currents, Measurement of Cur- z ]
rents and Analyses of Dsta.” Waste Disp. in the Marine Eanviromm.,
Pergamon Press, pp. 175~245, 1960,

126, WILSON, B,, "Note on Surfsce Wind Stress Over Water at Low and High
Wind Speeds." J, Geophys. Res, 65(10), pp. 3337-3382, 1960.

127. WITTING, R., "Zur Kenntnie den vom Winde Erzeigtem Oberflachenstromes."
Ann, Hydrogr. Merit, Met., 73, 193 pp., 1909.

128. WOLFF, P, M., "Operstional Anslyses and Forecasting of Ocean Tempera=
ture Structure.” Rpt, Fleet Numerical Westher Facility, 1964,

129. WORTHINGTON, L, V., "Three Detaiied Cross-Seciions of the Gulf Stream."
Tellus, 1954.

130.  WUST, G., "On the Current Speeds and Transport by Currents in the At~
lentic Deep Sea.” Geol. Rdsch. 47(1), pp. 187-195, 1958, 4

et et - L Bt A

131, YASUL, M., "On the Rapid Estimation of the Dynamic Topography in the

Seas AdjJacent to Japan.” Rec. Oceanogr. Wks. (Japan) 3(1), pp. 8-15,
1957.

132, YOSHIDA, K., "A Study on Upwelling." Proc. Pacif, Sci. Congr. 9(16), pp.
73-76, 1958.

st e oo L b .

\g

. ZAITSEY, G. N., "Preparation of Dynamic Charts for Seas with & Complex
Pattern of Tidel Circulation (featuring the Norweglar. Sea)." ICES,
Hydrogrephical Commnittee, No, 91, U pp,, 1957.

134, ZUBKOVA, I, D., "Scheme of Drifts in the Coastal Yone over a Sloping
Bottom as Influenced by the Direction and Velocity of the Wind.”
Trud. Morsk, Gidrofiz. Inst, 15, pp. 43-64, 1955.

e Nt ok et e Rt 2

i oo il

R b e i 2




LTS dy

K,

P i

K,
K

i/3

APPENDIX

SYMBOLS AND UNITS USED

Amplitude of the tide

Current component caused by the change of atmospheric pressure
Breadth of current

Wave apeed

Dynamic height difference (in dynamic cm.)

Depthr of water

Corioils psranieter

Permanent flow (gradlent current thermohaline a.nd/ar characteristic
current large-scale, wind-driven )

Acceleration of gravity

Geostrophic potential (£ - «,p,)

Longitudinal height difference (of sea level)

Trengversal height difference (of sea level)

. Slope of sea surface (cm./100 km.)

wave hetght (ususlly significent helght)
T™ickness of top layer
Thickness of lower (bottom layer)

Velocity and directiconal component of surface current caused by influ-
encing factors

Inclination of the sea surface
Constant, factor

Unit vector

Wave length

Distance bveitween stetions;

Distance in nautical miles;
Lengta of basin
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m Beach slope
p Pressure

Periodic portion of inertia currernt

e’

P, Periodic portion of tidal current

Radius of inertie

-t

T Wave period

T Meen - smperature above zarn current
T Period of inertia

T Sea-surface tempersture

Period of internal waves

V Wind speed (m./sec.)

V, Velocity of internmal waves

W Current speer

W_  Wind current

WE Longltudinal velocity of current

W Mass transport velocity ("wave current')

W Velocity of surface current, with given direction {place, time and depth
of the actual current being specified)

W,; W, Relative currevt speeds in two differcnt layers
.x Friction congtant (bottogn friction; 0.0025‘ - 0.3 usually taken 0.3)
Az Depth of zerc current |
« Specific volume esncmaly (constant along 9t surface)
sin = Slope of the bottom ‘
B Ariomaly of dynamic height
B Deflection of the wind current (in °)

tan y Downward inclination of the pycnocline

A2
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¢ Averuoge geographicael latitude

6, Breaker crest angle

w Angular velocity pf the earth (7.29 10 rad,/sec.)
p,p, Densities of two lhyers (of top and lower layers)

Ap Density difference at—Iiiverface
r Shearing stress of wiﬁd

o, Ses water density tempersature

Y+ Stream functioa
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