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Relationship between Turbidity of Water
and Visual Acuity of Fish (1)*

Kanau MATSUIKE** Yoshikazu SHIMAZU** and Yoshihiko NAKAMURA**

Abstract: The relationship between turbidity of water and visual acuity of fish was examined
by means of the conditioned reflex method. Carp (Cyprinus carpio) were selected as experi-
mental fish. The visual acuities under reasonable brightness conditions are estimated to be
0.106 in clear water, 0.097 in turbid water of 1ppm (beam attenuation coefficient, 1.25 m™?),
0.090 in 2 ppm (2.50 m™"), and 0.065 in 3 ppm (3.75 m™). Subsequently, concerning the decrease
of visual acuity of fish in turbid water, the apparent contrast and the masking phenomenon
of target by suspended particles were discussed. The lowering of visual acuities in turbid
water of less than 2 ppm is explained by the masking phenomenon; however, in turbid water
of more than 2 ppm it is influenced by the decrease in apparent contrast in addition to the

masking phenomenon.

1. Introduction

Turbidity of water reduces the transmittance
of light and decrezses the contrast between
surrounding background.
Therefore, it is considered to exert influence
on the visual acuity of fish.

In respect to the studies of visual acuity in

objects and their

fish, much research was carried out on the
physiological aspect of the retina (KAHMANN,
1934, 1936; TAMURA, 1957; TAMURA and
WisBY, 1963; O’CONNELL, 1963; KAWAMURA
and TAMURA, 1973), but others were from an
ecological standpoint (BRUNNER, 1934; YAMA-
NOUCHI, 1956; NAKAMURA, 1968; HESTER,
1968). BRUNNER (1934) and YAMANOUCHI
(1956) examined European minnow (Phoxinus
laevis) and convictfish (Microcanthus strigatus)
by means of the conditioned reflex method and
found their visual acuities to be 0.09 and 0.2.
NAKAMURA (1968) also studied the influence of
brightness to visual acuity using skipjack tuna
(Katsuwonus pelamis) and little tunny (Euthyn-
nus affinis), and concluded the visual acuities
of them to be 0.180 and 0.135. HESTER (1968)
studied goldfish (Carassius auratus) to find the

* Received June 20, 1981
Partly presented at the Annual Meeting of the
Society, May 1980

** Tokyo University of Fisheries, Konan 4-5-7,
Minato-ku, Tokyo, 108 Japan

relation of target diameter to contrast thresholds
at each of four levels of adaptive radiance.

All of the efforts mentioned above were to
find the visual acuities of fish in clear and
transparent water. However, we cannot find
any studies that clarify the decrease in visual
acuities of fish in relation to different water
turbidity, which is, in fact, one of the significant
factors in evaluating fishing gear and method.

In this study, carp (Cyprinus carpio) were
selected as experimental fish and the relationship
between turbidity of water and their visual
acuity was examined by means of the con-
ditioned reflex method.

(Note) Visual acuity — the reciprocal of the visual

angle (minutes of arc) made at the position of
the eye, when the smallest physical solid at a
certain distance apart from the eye is seen — is
generally concerned with the ideal conditions of
clear water; however, the term ‘‘visual acuity™
is also used in this study for turbid water.

2. Methods

Experimental fish

Three one-year old carp (Cyprinus carpio) of
different body lengths (8, 11 and 12cm) were
used.

Experimental tank

An outlined construction of the experimental
tank is shown in Fig. 1. The rear part of the
tank is divided into two compartments by a
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Table 1. Apparent contrast in clear
and turbid water.

Clear
water

Turbid water )
lppm 2ppm 3ppm

Apparent contrast 16.6 2. 46 1.05 0.70

partition 400 mm long, and the end wall of each
compartment contains a square target window
at its center. The observation window is posi-
tioned in the upper part of the end wall. There
is a pair of leading fences and a gate which is
about 140 mm from the front edge of the par-
tition. All of the wall surfaces, except the
target and observation windows, are covered
with white acrylic resin board. A light source
located above the tank is arranged so that the
tank is illuminated evenly. The underwater
brightness at the inside surface of the target
window was 480 lux in clear water and 430 lux
in turbid water of 3 ppm.

The target board was made of white acrylic
resin with a black square in the center. A side
of the square was 1, 2, 3,4 or 5mm. k

The apparent contrast, Gy, is calculated using
the following formula:

BKT) Bb(T)
A LS — A
>

C(r =
) Bbgrj)‘;g S

where B, is appareiit target radiance of the
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Fig. 2. Particle size distribution of
Chlorella ellipsoidea used.
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Fig. 3. Relationship between Chlorella concen-
tration (ppm) and beam attenuation coeflicient
(m™'; wavelength of gravity center, 486 nm).

white part and Bs is that of the black part at
a distance » from the target. The apparent
contrast in water at a distance of 400 mm from
the target is shown in Table 1. The apparent
target radiances were measured by a Topcon
luminance meter (Model BM-3).

Cultured Chlorella ellipsoidea accounted for
the turbidity of the experimental water. The
size distribution of this alga is shown in Fig. 2.
The mean value is 3.0pm in diameter. The
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beam transmittances of the turbid water were

measured by an EMS transmissometer (Martek)

with a blue filter (wavelength of gravity center,

486 mm). The relationship between Chlorella

concentration (ppm) and beam attenuation co-

efficient is illustrated in Fig. 3.

Training of fish

Three carp were trained individually in the
following manner:

1) A white acrylic resin board was attached
to one of the target windows and a target
board was attached to the other window.

2) A carp was released into the front compart-
ment.

3) By opening the gate, the fish proceeded to
one of the two rear compartments. If the
fish reached the compartment which contained
the target board, the fish was given a piece
of food (pellet No. 8) as a reward.

4) The fish was moved back to the front
compartment and the gate was closed.

5) The above procedures were repeated by
changing, at random, the target board right
to left or vice versa.

The experiments were conducted 5-10 times
a day and about 300 times in total. In this
manner, the preliminary experiment was com-
pleted, and the rate of ‘‘correct behaviors™
(target recognition) at this stage was found to
be more than 80 %.

Subsequently, each fish was re-trained as the
size of the target was reduced step by step,
because the rate of ‘“‘correct behaviors’” decreased
distinctly each time the target size was reduced.
Such experiments were carried out about 450
times, and the rate of ‘‘correct behaviors’” at
this stage was also more than 80 %.

Main experiment

Firstly, a series of experiments were conducted
using three well-trained fish one at a time.
Each fish was examined in clear water to find
the rate of ““correct behaviors’’ by changing the
target size. These experiments were conducted
30 times for each fish.

Secondly, the same experiments as mentioned
above were carried out in turbid water of 1, 2
and 3ppm. The experiments were carried out
30 times for each fish.

3. Results and discussions

Fig. 4 shows the rate of “correct behaviors’
after changing the target size in clear water.
The solid circle in the graph shows the mean
value of three individual fish. The rate of
“‘correct behaviors’’ is more than 909 for target
sizes of 5 and 4 mm, and more than 809% for
3 and 2mm, but the rate abruptly decreases
for 1mm. The carp’s threshold of discrimi-
nation, therefore, is estimated to be between 1
and 2mm. The rate of ‘‘correct behaviors’
at this threshold is deduced to be 639, by
statistic analysis (binominal distribution at 19
significance level), and the size of the target
based on the threshold of discrimination cor-
responds to 1.1 mm in length. As a result, the
visual acuity of carp in clear water is estimated
to be 0.106.

Fig. 5 shows the rate of ‘“‘correct behaviors’’
for each of the different target sizes after chang-
ing the turbidity. The graph clearly illustrates
that the more turbid the water is, the larger
the visual angle (the smaller the visual acuity)

of carp. In order for this aspect to be more
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Fig. 4. The rate of “‘correct behaviors’ for
different target sizes in clear water. Solid circle
indicates the mean values of three individual
fish. The open circle illustrates the rates of
less than 50 %.
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Table 2. Relationship between turbidity
and visual acuity.

Turbidity Bean attenuation Visual Visual angle

(ppm) coefficient (m™) acuity (min. of arc)
1 1.25 0.097 10.31
2 2.50 0. 090 11.17
3 3.75 0. 065 15. 47

easily understood, the relationship between tur-
bidity and visual acuity at a rate of ‘“‘correct
behaviors’ of 63 % is shown in Table 2. The
visual acuity of carp (0.106 in clear water)
scarcely changes even in turbid water with beam
attenuation coefficient of less than 1.3 m™!, but
it decreases greatly in more turbid water.

The decrease in the visual acuity of fish in
turbid water is generally caused by the lowering
of brightness and object contrast. In addition,
however, it may also be expected that the
masking phenomenon of the target within the
visual angle caused by suspended particles is of
importance, especially in experiments of visual
acuity which use a small target as in the pre-
sent paper. In order to determine the most

©

o 100

S r

0 [

o

5

£ r

1S

m .

E \' —_—
w 1 0 E‘ .
= C

S -

= C

- L

w L

(U]

[l -

<

-

V) 1 F

o

-t -3

nrnnn.nnL ' vl 1
1 10
LOG APPARENT CONTRAST

Fig. 6. Relationship between target diameter at

the limit of discrimination and apparent contrast.

influential factor on the decrease in visual acuity
of fish in turbid water, each of the factors
involved is examined separately based on the
results of the present experiments.

Underwater brightness

NAKAMURA (1968) conducted research into the
relationship between visual acuity and brightness
in skipjack tuna and little tunny in clear water.
According to his result, there is no influence
of the brightness on visual acuity under bright-
ness of 170lux. In the most turbid water of
3 ppm used in the present experiment the bright-
ness was 430lux. This value is considerably
high as compared with the critical limit of the
brightness achieved by NAKAMURA (1968) for
the influence on visual acuity. Therefore, it
may be concluded that the brightness is not a
factor in the decrease of visual acuity in the
turbid water concerned.

Apparent contrast

The relationship between apparent contrast
and target size at the limit of discrimination is
shown in Fig. 6. The target size at the limit
of discrimination hardly changes with an in-
crease of the apparent contrast of more than
1.1, whereas it suddenly becomes larger with a
decrease of the apparent contrast of less than
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1.1. Namely, in decreasing the contrast value,
the increase in target size is required to be
visible. This tendency highly resembles the
results of HESTER (1968).

From the fact that the critical target size
hardly changes with an increase in the apparent
contrast of more than 1.1, it can be said at
least that the decrease in the apparent contrast
in turbid water of less than 2 ppm is not a cause
in the decrease of visual acuity.

Masking phenomenon of target in suspended

particles

In turbid water, the target as seen with the
fish eye from a certain distance is masked by
the suspended particles existing in the visual
angle. In the case of a target of diameter D
seen from distance L, the area dA masked by
the particles of minute volume existing at x
from the eye is expressed as follows:

dA= <%>bl)z¢dx ; (1)

where ¢ is the mean particle diameter, and S
the number of particles per unit volume. In a
different expression, the increased area dB of
target is shown as follows:

dB:%D abn . (2)

The target area at the limit of discrimination
in turbid water is taken to be the sum of the
area discernible in clear water and the area
masked by suspended particles. Therefore, the
target size when dA is equal to dB is the limit
of discrimination, and the target diameter D at
that time is expressed as follows:

D:exp(%SgﬁzL-F C), (3)

where C is a constant.

By substitution in equation (3) of S=70/mm?,
$=3.0x107% L=400 mm, and C=9.531%x107? as
calculated in clear water where D=1.1 mm and
S=0/mm?, the target diameters at the limit of
discrimination in different turbid water are
obtained as shown in Table 3. When these
theoretical values are compared with the ex-
perimental values, they coincide quite well with
each other in the range of turbidity lower than

Table 3. Calculated target diameters at
the limit of discrimination in water
with different turbidity.

Turbidity Diameter
{(ppm) {(mm)
1 1.21
2 1.31
3 1.48
20 -
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Fig. 7. Relationship between target diameter

and turbidity at the limit of discrimiantion.

Symbols I and ® stand for the experimental

values and the theoretical values obtained by
equation (3), respectively.

2ppm. However, for turbidity higher than 2
ppm the experimental values become larger than
the theoretical ones (Fig. 7). This is thought
to be caused by the additional influence of the
decrease in contrast as previously described.
In other words, it is concluded that the [owering
of visual acuity in water with turbidity lower
than 2 ppm is caused by the masking phenomenon
dependent on suspended particles, while in the
range of turbidity higher than 2 ppm it is in-
fluenced by the decrease in apparent contrast
in addition to the masking phenomenon.

In the future, it will be necessary to conduct
further experiments which change the distance
from the eye to the target, as well as experi-
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ments which change the contrast inherent to
the target in order to elucidate the above-
mentioned problems.
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A Digital Data Logger for the XBT*

Shoji KitaAcawa**, Keisuke TAIRA** and Toshihiko TERAMOTO**

Abstract: A technique used for XBT data logging is described. A voltage signal proportional
to resistance of an XBT-thermistor is generated in a self-balancing bridge circuit. The signal
is converted into 10-bit binary digit at a rate of 12 Hz and is stored in a micro-computer.
Through the processing of the stored data, temperature at every 0.5m depth is available with
an accuracy better than 0.1°C. The data logger has worked well at more than 500 stations
in 7 cruises since December 1977. As an example of observation and data processing, a
temperature section along 30°N from 138°E to 148°F is presented. A spatial auto-correlation
function of isotherm depths is also illustrated.

1. FZAZMZE

Y — 3 A& (FEER 0.09~0.13s) ZAAH A
127 =R HEFOBEMBRSL LSBT LT, KR

DENE A AT %5 XBT (Expendable Bathy-
thermograph) 2, A ETLESIHLBRT

%o XBT o#— 3 2 &%, WiTKESEINT
EiR (EZ 0.095mm DD ICHEREIR T 5,
Y, e —T7RABEN AT e — &
nTEH, 7a—7OENCH-» THERICED
HEhs, BEOMEMIM LD * » = X ZITNE
ENFo AT v — N EINTED, Mot
> THEWIER D HEh, ERRCEEDR2 N
bW ST kRInTwb, XBT Fr—7
AEhcBR TSI L), EROEIMALR

LAKERE CARAERCHAT A LN TE
%, BE, Tk 450m L0 T50m HA L
LTHWT WA,

XBT 7 v —70BERE T LI BOKERRC
HELTEY, CoORMZH -~ TEELZIT5.

* 1981427 A 1 HZH Received July 1, 1981
TR AR ET,

T164 HEREFHEFREEL-15-1

Ocean Research Institute, University of Tokyo,
Nakano, Tokyo, 164 Japan

BEREYHINE E T e —TOEI RS L,

BEIVERELBEDTHD0T, W& BEOBGRIR
Holow, KBEMSHT S 3 A OEHUAE

DELIFEBTH Y, 74 = VEE R R TR
L35 2 LBES Tl ko 73 v 7iggkE!
T, AR - KB E D IFRR B ROREK A A
LTwb, BEOREAEBHLLS &35k 57
BATE, WL o DREEERFOKRM L FREKIE
DEEABECHSD Z ENEREINDL, ZDLS
THEHENRB IO VAT ADE= X —DI DI T
+ = ZEREHFANMERcZ LB, L L,
XBT ﬁﬁ]@fﬁ‘:ﬁj{ j‘:, }ru \E%/Ci)d\/\@(f)‘ﬁﬁ*/)
EECHEUNERTE, LrHLBEREL TKE
BIOHERAACHE s BRNERTcEL LT
HhhH, Zor®, XBT ok seEHER T —BI
F5 K BCET S, 7F— 2 MUHELRHLCITH- T
BT, XBT BRIER—BE LN b D
Linh, Txh XBT B0 ®EHEY 7 4 2 £k

L5 ETABROBRIIOHACH S, FT,
WEEE O THRICEL T, “4UEchitoT
3 A= trAmic £0.2°C DK TH, b AWITHE

MHNBEN L 2 TTH, ERREND +£0.2°C 2L
HNIZ A BRRIC D b Bl A s TRR



166 La mer 19, 1981

ENDLENETHAH” (BREEERREE, i
Bl v 2 —, FHRA9E) 2 EREEIh T 5,
INDLEZRTHIDILS, 7w ri0EER A
H I ERERIY TV,

CDXS R, Foeok XBT g@&o 5 4
CANVEREWERBRL, TR 19778 HFIA
LT\Wb, Z2TCF 42 A NEEER L INAE
MU CENAI L 7tk 30EA Eo KRk #ic o T
BB, HFr TARA (1980) 1% 1 EE stk
ENTUWD,

2. F4THI - FHESEE

Fig. 1 = XBT v —7 (GHTH->TH2)
LY — 3 A2 OEHME (Rr) #RLT5 70 oo
DEMEEE MR R LI, F— 3 A5 D—#
AL, MET—AXELTT Y v CHEE
TN Tnh, L rl, 72 X2 RDEED
BHiThHy, 7o T7EERIHTERITAEAL
T, rl=r2 LB LHACHESR TG, 2KD
BRIV ITCEEINTWDHDT, HFBEOEIH
MEC L > Tl T, MEXRL L5l
L,rl=r2 oBRIZA S I EFE 2 T Xu, Fig.l
n Tr ik 25K 30A (BFEABFED) 2oRr4, 20

Amp.1

100uA
Constant-currant
supply

®

Amp. 2
>°

-
|
|
i
1
|
i
1
T
L |
Sea ground | !
A e i s L L L W __Probe
..

Fig. 1. Schematic diagram of self-balancing
bridge, which generates voltage signal
“proportional to registance of the XBT-
thermistor, Rr.

FuAa vey —2MoiiE Res TR T2 212
3%, Fig. 113, XBT MM 4 500 R,
R2, Rps+7l, Re+r2 TR I I2H4 — A N
Ve TNy ORI T AL B RLT WA, ab
OB D 01 70 5 Gt 1k
RI(Rps+71)=R2(Rr +72)

Tdhb, R1=R2 iw &5+ Rr=Rps Dt XFH
Zich,

BAHE FET o Vv v v kv — 2B oEbiz,
V=R EF— DB L - TEXLIENT
Z % (voltage-controlled registance), Amp. 113
a-b OB EYRTHLT, Tr OFr— |
BIEAEZ H12dD 2 vV — KX ThhH, a-b [
DEMNZENODEE, 7V vy 2Tz bR TR
M—ETHNEL, Tr ODF v vy —2ABE oS
JERE Ty — ¢ A 2 DT Re(=Rps) 12 H 5
Ho 70w oommim A-B iz 100 pA DEER A
AT, Rr @+ 28X Amp. 2 D&

T3 Z iR L, - OEIL STEGEN el
al. (1975) Wb D TH 5, Wiko XBT 7
+r ZRLEENE, Ros ORI D IC HEF# R
FroOMEHRTR A TWS, [T, Tl
TIHEEEI DI XBT 0EIEESA LY
LT E R,

XBT 7n—7 0% — 3 2 2 0#EFHEIT 1°C &
CHlEE R TS, —2.0°C T 1809402, 25.0°C
T 50008, 35.0°C ¢ 32630 /e X Th b, Znb
DEFEC LB L7 B A A-D ZS838 O
LtLTlO B+ oEET%5, 0y b A-D
gAY AN, Hlz1d —2.0°C @ & x 1023,
35.0°C b l8l it 5T %, Tihbb,
B (BEME) X &4 — 3 A28 Rr OBRY
X=1023 Rr/18094 &t +%, WE T°C ¥ X 0%}
Hoa=nX O TCORDOEHANCEYT S = &
NTED,

T=a+bx+c?+dx®+ex*+fx° (1)

Z 2T, a=3391.180, b=—2683.387, c=
876.365, d=—144.5101, e=11.91547, f=—0.
3923869 Th B, Z DAPROBEADEREFEZE I,



XBT RO T 1+ ¥ 2 VEREE OB L FA 167
E I. Constant-current suppiy }
O +16V !
|
333216 oMz
MHz Countor
i t il et o Aot
f 47K e
L J 10K 172 787 Sa.9x
4.7
172 747 2.2k f— V. Bigital recorder
e_ R A
—_ > aoen AN -
172747 10k 10k | | L
> ax x| i Wicrocomputor /| oriver
m N T ‘[ AMAFACOM / %
i = 5i 3 i P, — |
‘ g | \/\,‘)_ 375K N ! 10 8it T 18 !
r2 t_k 1o T4 ‘[ wrex | [ A /D convertar ]
glﬂ H 2 /
Probo > - | |‘ _ ‘ ANALOG DEVICES //
; | | E. Low-pass aocioz | !
Amp.2 w0 filtor J — !
[ e A b
o } jww tape
i N 1. Self-balancing bri‘ge | f W | unchar
[ 85K 123k ! ‘
v 10K 1 | |
>$ Recorder | H
i_‘ 741 WATANASE :
ANALOG DEVICES e j'
2 7887 ps T !
I From Controlier ;
! Vi. Analeg manitor !
Fig. 2. Schematic diagram of the digital data logger for the XBT.
—2.0°C=T<35.0°C > ¢, 0.030°C T & T, 60D TERINTWA, AT v,
%, P ERERT TREL, 35.0°C o L & 11 pveEREEKTHS (Fig. D, XBT va—~

0.103°C & 7z 5, WMEHMHAL —2°C 5b 25°C
ETICM D &, E®EZE 0.0185°C, & K& =
—0.029°C Tth b,

XBT 7 v —7OWEEH 0K MEEE Hm) 11,
BEEEY ¢ L35 EERORNTEREI NS
(STEGEN et al., 1975),

H=6.472 t—0. 0216 22 (2)

FWL2EIOF Y 7 ) v I RiTH &, #50cm BT
WHEI sz :ich, AC X - T 1mEoKE
EXEHTE S,

Fox DR LT LAMBENE, KE T o vTiX
0.1°C, kBT lmThsr, Ll X3,
10¢y o A-D ZEEETER1L2MOY v 7Y v
FTF v AL B EE TREI VW R
%, Fig. 2 @F 4 U AN EHBEBOR BN % /R~

CREVCERAER LTS,

GLES S A RN

EBAL®F W, Fig. 1 T/RL7 Amp. 2 12 (1 =
EGER A BB Lico T, NS/ 1 Xakld s

5 2 THLHRMTH D,
MR 6HZ) XY ECAEROm N,
74 Z2—=THREINE,

B o— N A

W7y

VIDFA KA
oI o
7 4 /]/5_

DEWT R EEL fo=6Hz T, 2f L bhgEEik

ik © 12 dB/Oct OBE A

g -
4 - Y\L\E)o

B— A e 7 g N B —H B T BRI D
(1) —15V (HHEEREN:
SvFx—lL e —TRMREIN TR L E,
BIUT 8 —7 OEEMBEHR LT

3B IET S,

LE,

(2) +15

V (BHAEHEL): v F»—R 7 n— 703 E
SRikE, (3 +5V(—2°C)~0.8823 V (35.55
°C): Fr—TREALTT Y v SHEHBCE BT
AR, Y- 3 A2 OEPUACIFI L EIE



168 La mer 19, 1981

PHAINSEE, ZNLOBEEL A CHE L
7, IV o#IBEERo & 5 wE8fE$ 5, LAUN-
CH » LED #£iR: v F +»—I27 v —7pUElE
XhicE %, RUN o LED F£iRE L 2EED
My e —TRNE A LE X, 12Hz o0 2
Yy Y v IEEELTV o A-D E#Ei,
ZLTO60Hz 0V ARHEVEREEH5L LT
VI o 7w 7508, TR FR B AT 5,
STOP o LED #/k: o —72RET LT, &EH
NEFRR LI & &,

- T2 EHEE (V) w, IV ofim
o 12Hz W ABERZKEST, 740 E—D
HAZREA 10 €y b 2EHICEHRT 5 A-DE
s, TO2HEHY 2 2V CRETH <1 s .
2wt a—% (PANAFACOM LKIT-16) & ¢
B ST wB, fl O STOP R CHEEA K
2T, AEVDF—E% A FVERXITHEKT —F
CHEILH TS, ARk »T STOP o LED
DB EIT T A ERBHD T, F— 2B
DT BB T A5 HRC L. BAish
R AR ED {=avEa.—x
(NOVA 0D LgiEnigesh o & & B (FACOM
M-160S) Z FuCHULHET 5,

VI oz 7re e =2—Thb. ¥—3
A 2 AT LB U 7o BT A e B 28 ¢ i Bk
LT, B v HiGa EORA, Servocorder
Type SR651) i3 %, EHRDO Ay — L #ia H

VAP R W%

140°E 142°E
223 225 227 228 231

138°E
217 218 221
on " :

KEMEEBELFALDL ZENTE B,
ERZEHAR TN TN BENE S hdE= &2 —0
fedlc EELTCHERALTWS,

WG,

3. BBtz 30 Eig LokEEE

XBT @ X 2 KBORESHREDR B, W
HHRETOBWUEBEL THE»ID L 2 Lix—fRicE
HTho, #Hlzd, F—# A T CTD (Conduc-
tivity-Temperature-Depth) # #] % T 7 5 L,
XBT #J ofER L EBTENULCHEEREDLR
508, #30M OO FNE EOMOMED ¥
7 MT, BREBOKRDEIE - R ET S
OT, mMEOEN XBT BRIOBZEEZRL TS
vz s, #EZ <0 XBT Fu— 7% /FF+4
LEBERBEZT D) 2 ENEXADLNBN, ZhET
ToTuwiz, 2Tk, XBT %7 5N
HOKEBEBRUOFIE HIF, FExoREy 25
LDHMHAD AT EET D,

1977 £ 128178 25 19 Biend ¢, Jbig 30
b, BHERIBEND 148 EE T 971 km oo
324 ¢ XBT &l & 4 &7 CTD (Plessey Environ-
mental Systems, Model 9041)ERH]% T - 72 (B
A KH-77-4 ik ffivie) . < dH ol 8y 27.7
km oz EHE Tz, 5m EOEEICK
TAHONEEY S L HERY T —F v R LT
7o KR A oW X% Fig. 3 i@ R L.
DAL L WRES (AHE CTD J& AR

184°E

146°E 148°E

233 235 237 239 24 243 2US 247 249 251

S00M

700K A

1oon f%ﬁwgm
200m %\::szﬁ
So0m .—/_%/\”J\/—/\/\/ /__\/\_,-/—
q —/‘__\,/\/

ﬁmw\/_/—w

1

Fig. 3.
17-19, 1977, along 30°N.

Contour map of temperature section observed on December



XBT f6kD 7 4 ¥ # VHESHERE OMZ & AR 169

DEPTH
>
o
<1
3
L
~7

>
€00 m

W

Nye O

St

AN

A P

kY '\'\A’J\’ MNP A
by i

7

\

¥

Fig. 4. Contour map of auto-correlation of the temperature section
shown in Fig. 3.

4 A, RERIEER E - THhDH, HIECHVT
XBT 7 a —711 T-7 (750 m) T, &4 T820m
¥ TOEES BN, T —F v OFIRIC
Fig. 3 71t 750 m % Tic2oWC 1°C D
Dk 5 I ERR A HERNTHE

3 Rz
CZEMTELZEN T v 40« F— 2 BFY
75 2 L oRHED I D TH B,

Fig. 3 7%, 300~600m J&CKIRLLD IR
HREL (F—E7FA V), £ 30m XH L
L 600m k0 VB E T, RO SBEE
PHEALMNC B 5 TWw5h, KEECALNL DL
Bt EASET H oD, SmENK oD 36 i
ST, kT IR 20 & D, ZERTARRE < A
‘i L7 (Fig. 4. Ko 5 LE km) %
L, HEcEEL LD, HEAHD 0.180%
AR U, SERITERAEOME, SESE
DIEE T LT b, BE3BOm L EET, 8HE
R OREREN T 7 320km AT, &L THE/A
5 7 160km & 480km fHEICH %, EBIE
EnKy 320km ThoH I EERL T D, —F
VERE700m X 0 TR T, HExBOBRENRT 7

240km L 480km ffRic, F L CHEUNMED T 7
120km & 360km HiEicdh b, THEOLEEER
M 240km ThHZ EERLTWA, Fig. 4 T
5 7 160 km fF i OB/MESS LE D700 m &
FTCOUT WAL, LT 7 360km fHED
B MEN T B L 3B0m BETDODUTWALZ L
x, TR0 350m~700m BT, REBETED
EHFED ZENEEL LI LERLTH
B,

Kl - ¥ A DAEF DDA A7 b fRAT
kT, SEEENERC L TRLL LN
#4: X1 T\~ % (BERNSTEIN and WHITE, 1974,
1977; RODEN, 1979), Fkx 0&HANL, Z O
Ty, EER L - TEEERNENRD Z L ERL
72,

4. HEME

T IAEEAHGT, T Tcrb00E 2L E o
XBT #f%iT-TEe TOBRESEZ, 4
BROZEHRBELTTER . T— X EHOH
EA0.1°C & L, W ORBEL&ED 57D,



170 La mer 19, 1981

i« » XBT v'n—70OBEFELRETSHZ &
RPTETCH D, F— 3 AZGEHCRESL (Blz
1E, PAYNE et al., 1976) 2\ AhbBThsb, L
HL, TTEdRXIE, XBT 7o —7%%
HKIZANIENE T Y v OO TE IV HIRAE
TRIFET % & &, #IPTA LfRrENREKEH
L, BEMOMOEENKRECI b oTz, &
B E THE L E L WHEOTR AR T BETS
ZENRETH D, KT, METR A ABRKE
<, LhbifiERoREdir XBT gllsqr
Zie\e BRI /A ARENLETH D, FH
M BT ER SR T BFER © £ <2, IEEE
488 (GPIB), RS-232-C, SAIL /s F L1 v #
— 7 2= AL L LI s TETDT, i
DEFIWBOH 1 TNDHIT/PHELHLITLT
&7,

WO

B R S s ABERR (A48
AR cBH LIS To2BTTHo T,
BEYEER, IO, SUREET, AR OR

HREEEN T O RO EZIT £ L,
UG N EBADTMECEH#L =7,

X [y

BERNSTEIN, R.L., and W.B. WHITE (1974}: Time
and length scales of baroclinic eddies in the
central North Pacific Ocean. J. Phys. Oceanogr.,
4, 613-624.

BERNSTEIN, R.L., and W.B. WHITE (1977): Zonal
variability in the distribution of eddy energy in
the mid-latitude North Pacific Ocean. J. Phys.
Oceanogr., 7, 123-126.

PAYNE, R.E., A.L. BRADSHAW, J.P. DEaXN and
K.E. SCHLEICHER (1976): Accuracy of tempera-
ture measurements with the VACM. W.H.O.1.
Ref. 76-94 (Unpublished Manuscript).

RODEN, G.I1. (1979): The depth variability of meri-
dional gradients of temperature, salinity and
sound velocity in the western North Pacific. J.
Phys. Oceanogr., 9, 756-767.

STEGEN, G.R., D.P, DELIST and R.C. VON COLLN
(1975): A portable, digital recording, expendable
bathythermograph (XBT) system. Deep-Sea Res.,
22, 447-453.

TAIRA, K. (1980): Direct observations of current in
the Kuroshio around the Izu Ridge. Doctoral
Dissertation, University of Tokyo, 68 pp.



La mer 19: 171-178, 1951
Société franco-japonaise d’océanographie, Tokyo

Surface Temperature-Salinity Front in
the Kuroshio South of Japan®

Isao TAKANO™®*, Shiro IMAWAKI** and Hideaki KUNISHI***

Abstract: Distributions of surface temperature and salinity in the Kuroshio are examined
from continuous records at nineteen crossings of the Kuroshio south of Japan in September
1975. A cold, low-salinity water spreads widely on the coastal side of the Kuroshio and a warm,
high-salinity water spreads on the offshore side. There exist abrupt changes of temperature
and salinity continuously along the Kuroshio axis, which are properly called a surface tempera-
ture-salinity front. Temperature and salinity differences of the front are 0.7°C and 0.6 %o,
respectively on averages. The width of the front is 3km on an average and the thickness
is about 20m.

Density difference in the front is fairly small because density changes due to temperature
difference and salinity difference tend to cancel each other, although the density is a little
larger on the offshore side due to relatively large salinity difference. Sharpness of the front
is not weakened in the meander region apart from the coast. A horizontal convergence
required for the sharpness to be maintained is roughly estimated in a simple model to be
about 107°sec™', which is comparable to observed surface convergences near the Kuroshio axis.

1. Introduction

In general, there are cold, low-salinity waters
on the coastal side of the surface layer in the
Kuroshio and warm, high-salinity waters on the
offshore side. The Kuroshio region is the transi-
tion region between these two kinds of different
waters. Water exchanges between these two
waters are important, especially in problems of
coastal water spreading. The way how these
two waters are in contact with each other in
the transition region, however, is not clearly
understocd.

FORD et al. (1952) observed water character-
istics of the surface layer across the Gulf Stream
and reported that a remarkable cold, low-salinity
water is extended along the Gulf Stream on the
coastal side of the axis. A similar cold, low-
salinity water filament is described by WEBSTER
(1961). VON ARX et al. (1955) discussed a fine

* Received July 15, 1981
** Geophysical Institute, Faculty of Science, Kyoto
University, Kyoto, 606 Japan
Present affiliation: Meteorological Satellite
Center, Kiyose-shi, Tokyo, 180-04 Japan
*** Geophysical Institute, Faculty of Science, Kyoto
University, Kyoto, 606 Japan

structure of temperature and salinity and pointed
out a frontal structure of the Gulf Stream near
the axis. SAUNDERS (1971) pursued an anti-
cyclonic eddy detached from the Gulf Stream
for several months and reported the property
changes of water contained within the eddy.
FisHER (1972) examined an entrainment of
the shelf water into the Gulf Stream and for-
mation of a cold filament along the Gulf Stream
by use of an airborne radiation thermometer.
Recently, LEE et al. (1981) observed eddies
formed at the front between the shelf water and
the Gulf Stream water, and examined water
exchange provided by the eddies. Near the
Kuroshio, several works were done on temper-
ature-salinity fronts in coastal regions (for ex-
ample, YOSHIOKA, 1971; YANAGI, 1980) but
few works were done on a water structure of
the surface layer in the Kuroshio.

The surface layer is complicated due to effects
of radiation, precipitation, evaporation, wind and
so on.
intervals are relatively wide, it is difficult to
describe a detailed water structure of the surface

By a usual observation, whose station

layer. In the present work, frontal structure

of the Kuroshio surface layer is investigated
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Fig. 1. A part of ship tracks and STD and XBT stations during the leg II
of the Hakuho Maru Cruise KH-75-5 (September 19 to October 4, 1975).
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Fig. 2. Surface salinity distribution observed during the tracking of the Kuroshio
(September 23 to 25, 1975) with a surface ST meter. Shaded area indicates the
region where salinity is between 33.6% and 34.0%. Open circles indicate
locations of the Kuroshio axis determined from GEK velocities.



Surface Temperature-Salinity Front in the Kuroshio South of Japan

from continuous records of temperature and
salinity.

2. Otservation

The Kuroshio began to take a stationary
meander path in August 1975. Just after the
beginning of the meander, a detailed survey of
the Kuroshio was carried out from September
19 to October 6 during the leg II in the Cruise
KH-75-5 of the R.V. Hakuho Maru (KUNISHI
et al., 1978). Figure 1 shows a part of the ship
track and locations of stations in the leg II.
Continuous records of temperature and salinity
of the surface water were obtained at many
crossings of the Kuroshio by use of a surface
ST (salinity-temperature) meter; it measured
temperature and salinity of water pumped up
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at a depth of 5 m continuously underway. Res-
olutions of the records are 0.03°C for temper-
ature and 0.006 %o for salinity. Surface currents
were observed by GEK (geomagnetic electro-
kinetograph) at selected stations. Several temper-
ature sections were also obtained with an XBT
(expendable bathythermograph) system and two
temperature and salinity sections (Sections SIK-
I, II and MEN) were obtained with an STD
(salinity-temperature-depth recorder).

3. Description of the front

A tracking of the Kuroshio was carried out
by means of the XBT system and GEK (Lines
TR1 to TR10). Figure 2 shows a distribution
of surface salinity obtained during the tracking
with the surface ST meter. Here locations of

-
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Fig. 3. Horizontal distributions of surface GEK velocity, temperature, salinity and the
thermosteric anomaly across the Kuroshio (a) on Line SIK-I (September 22 to 23,

1975) and (b) on Line TR 6 (September 24, 1975).

perpendicular to the Kuroshio axis.

water.

Records are projected on a line

Coastal and offshore edges of the front are
indicated by a pair of arrows in each panel.

A symbol F indicates a fresh
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the Kuroshio axis determined from GEK veloc-
ities are also shown by open circles. An isoha-
line of 34.0 %0 roughly coincides with the Kuro-
shio axis. Salinity is relatively low on the
coastal side and relatively high on the offshore
side. Ischalines of 33.6 % to 34.0 %c are closely
On the other
hand, surface salinity is fairly uniform both on
the coastal side and on the offshore side of the
Kuroshioc axis; especially, it is seen in the distri-
butions on Lines MEN and SIK-II, although
they are not shown here. Namely, the low-
salinity coastal water spreads widely on the
coastal side and the high-salinity offshore water
And there

seems to be a narrow transition region between

spaced along the Kuroshio axis.

spreads widely on the offshore side.

these two waters.

Horizontal distributions of surface temperature
and salinity are carefully examined at nineteen
crossings of the Kuroshio. Two of them are
shown in Fig. 3, which illustrates horizontal
distributions of temperature, salinity and the
thermosteric anomaly (dr) (a) on Line SIK-I
and (b) on Line TR6. Here scales of temper-
ature and salinity are chosen so that their
contributions to the density are equal to each
other. Surface velocities observed by GEK are

also shown in the uppermost panel. Since hori-
zontal distributions of water properties perpen-
dicular to the Kuroshio axis are intended to be
examined, records are projected on a line normal
to a direction of the strongest GEK velocity.
Near the Kuroshio axis, temperature and salinity
vary remarkably in a narrow interval. This
abrupt change is called here a surface temper-
ature-salinity front in the Kuroshio. On the
coastal side of the front, surface temperature
and salinity fluctuate a little in the slope region
(in the present article, a region where the Kuro-
shio flows near the continental slope, such as
off Shikoku, Shionomisaki, or Irohzaki, is called
the slope region) and they are quite uniform in
the meander region. On the offshore side of
the front, temperature is almost uniform and
salinity increases slightly as one leaves the front
southward.

Figure 4 shows positions of the fronts and
the Kuroshio axis observed during the tracking.
Fronts exist continuously along the Kuroshio
and they are close to the Kuroshio axis; more
precisely, they are considered to be on the
coastal side of the axis.

Horizontal variation of characteristics of the
front along the Kuroshio is shown in Fig. 5

. T-S FRONTS & KUROSHIO
| AXIS  Sep. 23-25, 1975
134°N
{32°
LR L
o et T — 30°N
132°E 134 136 138 140°E

Fig. 4. Positions of the fronts (a solid line) and the Kuroshio axis (a broken line)
observed during the tracking (September 23 to 25, 1975).
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which illustrates variations of the width 4z,
temperature difference AT, salinity difference
4S, and the thermosteric anomaly difference
467. The eabscissa is the distance along the
Kuroshio axis from off Shikoku to off Irohzaki.
The slope region and the meander region are
indicated at the bottom. Widths of the fronts
vary 1 to 5km with an average of 2.8km,
which is very narrow compared with the width
of the Kuroshio of about 100 km. Although
the width of the fronts varies a little from place
to place, there are no remarkable differences in
widths between the slope region and the meander
region. Temperature differences are 0.5 to 1.2°C
with an average of 0.74°C. Salinity differences
are 0.4 to 1.1 % with an average of 0.60 %o..
Salinity differences are larger in the slope region
than in the meander region. Density changes
due to temperature changes and those due to
salinity changes in the front tend to cancel
each other; i.e., an increase of temperature
from the coastal side to the offshore side results
in a decrease of the density, while an increase
of salinity results in an increase of the density.

5
" _
(m)\ \\ ﬁ\_/\/\/\/ —/
e \ \
° 500 1000
2
:I:) \\ N /
/\\// \r“"\(_<__
° 500 1000 "

SLOPE MEANDER

——sioe -
Horizontal distributions of the width,
temperature difference, salinity difference, and
thermosteric anomaly difference in the front
observed from September 19 to October 4, 1975.
The abscissa is the distance along the Kuro-
shio axis.

Fig. 5.

Density increase due to salinity increase across
the front is generally larger in the present
cases than density decrease due to temperature
increase. Therefore, the density is larger on
the offshore side than on the coastal side. The
thermosteric anomaly difference is about 30 cl/ton
in the slope region. In the meander region,
on the other hand, the density changes due to
temperature changes and those due to salinity
changes are almost equal to each other, result-
ing in a fairly small density difference.

Figure 6 shows a temperature section of Line
TR6 obtained with the XBT system in the
meander region. An isotherm of 28°C inter-
sects the sea surface at the front.
to a depth of about 20 m.

It is vertical
In the surface layer
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Fig. 6. Temperature (°C) section of Line TR6
obtained with an XBT system and projected on
a section perpendicular to the Kuroshio axis.
An open arrow shows the location of the sur-
face front determined from the surface ST
meter records.
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of about 20 m thickness, temperature and salinity
are vertically uniform. Hence the thickness of
the front is considered to be the thickness of
this surface mixed layer.

There are remarkably low-salinity waters on
the coastal side of the front in the slope region
as is seen, for example, in Fig. 3(a), indicated
by a symbol F. Salinities are about 0.4 %o
lower than those of the surrounding waters.
Temperatures do not differ from those of the
surrounding waters. The widths of these fresh
waters are about 10km. These fresh waters
are considered to be originated from the coasts
in Japan. In some cases, they come into contact
with the front and are elongated along the front.
Strong lateral shear of the Kuroshio on the
coastal side presumably extends the fresh waters
to long filaments.

Relatively low-salinity waters are also found
on the offshore side of the front at some cross-
ings. Salinities are about 0.2% lower than
those of the surrounding waters. Widths are
about 10km. These waters, however, have no
sharp boundaries as the fresh waters on the
KURODA (1969) also observed
relatively low-salinity waters with large diatom
populations on the offshore side of the Kuroshio
and suggested that the waters may be originated
from the coasts. Existence of these relatively
low-salinity waters indicates that water ex-
changes take place across the front.

coastal side.

4. Discussion

The surface temperature-salinity front exists
along the Kuroshio and is located very close to
the Kuroshio axis. The front is very sharp
and is not weakened in the meander region
apart from the coast. These features suggest
that some mechanism maintaining the sharpness
should exist. For the sharpness of the front
to be maintained, the cold, low-salinity water
should be always supplied from the coastal side
of the front and the warm, high-salinity water
should be from the offshore side of the front;
i.e., horizontal convergence should occur in the
front. Strength of the horizontal convergence
is roughly estimated in a simple model (Fig. 7).
Salinity of the surface layer is denoted by S
on the coastal side and S+4S on the offshore

S +4S
|
|
|
. l
le L N
] | \'
0 : | =
H U*' I -— )
_\L___J_‘__L_r_l___.
w w

Fig. 7. A convergence model of the surface
temperature-salinity front in the Kuroshio.
Upper is a horizontal distribution of salinity
and lower is a vertical section of the front.

side. Salinity varies linearly in the front. Width
and depth of the front are L and H, respectively.
At the coastal and offshore edges of the front
are assumed existences of horizontal flows with
a normal component u toward the center of
the front. Horizontal velocity is assumed to be
zero at the center. At the bottom of the front,
a downward flow w is assumed. Variations of
velocities and water properties along the front
A steady state is
considered, and precipitation and evaporation

are not taken into account.

at the sea surface are neglected. Conservations
of the mass and salinity in the coastal side box
are

uH = %‘wL

AS)L
27

48
where K is the horizontal eddy diffusivity co-
efficient. Elimination of u gives w=8KH/L?
The same result is obtained in the offshore side
box. A horizontal convergence is estimated as

. w 8K
—div V—-‘ﬁ = ‘17.
It implies that the strength of convergence
depends on the horizontal scale as well as the
eddy diffusivity. When K is 10°%cm?/sec, L 3
km, and H 20 m, the convergence is estimated
to be 0.9x 10 %sec™!.
KAWALI et al. (1969) observed horizontal con-
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vergences in the surface layer of the Kuroshio
off Shikoku by use of floating buoys and pro-
posed an existence of convergence zone of 107*
to 107®sec™! on the coastal side of the Kuroshio
axis. The surface temperature-salinity front
described in the present article seems to coin-
cide with this convergence zone though further
detailed surveys are needed for a firm conclusion.

The surface front in the Gulf Stream observed
by VON ARX et al. (1955) has a temperature
difference of about 2°C and a salinity difference
of about 1%. They are larger than those of
the present surface front in the Kuroshio. The
front in the Gulf Stream is also located on the
coastal side of the Gulf Stream axis.

Because the Kuroshio axis changes its position
with time, rapid observations are necessary for
the whole system of the front to be investigated
correctly. Sparsely-spaced observation stations
tend to miss small features, such as small-scale
meanders of the front or fresh water filaments
on the coastal side of the Kuroshio. Temperature
observations by means of airborne radiation
thermometers (for example, FISHER, 1972) and
by satellite infrared images (for example, LEE
et al., 1981) are very effective for these problems.
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A Study on the Three-Dimensional Structure of Marine Fish
Schools by the Stereo Method with Two Cameras*®

Eiichi HASEGAWA** and Hitoshi TSUBOI***

Abstract:

A stereo method with two cameras was used to determine the three-dimensional

position of schools of marine fish in the tank. Photographs of fish schools in the tank were
taken with two cameras set above it, and the depth of an individual position from the water

surface was determined by the horizontal parallax estimated from two films.

The average

absolute errors were 1.4 cm in vertical direction and 0.4 cm in horizontal direction.

The structure of schools of sardine Sardinops melanosticta, parrot bass Oplegnathus fasciatus,
striped pigfish Parapristipoma trilineatum and opaleye Girella punctata observed using this
method was discussed with respect to the density of the school, the distance between the fish

and the angular deviation of the school.
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Fig. 1. Diagam of correcting X, Y and Z by
photographs as taken from above.
A, object; i, angle of incidence; 7, angle of
refraction; f, focal distance; B, base line
distance; al and a2, length of X coordinate
on a film; X1 and X2, measured length of X
coordinate; b1, length of Y coordinate on a
film; Y1, measured length of Y coorditate.
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Relation among the number of fish in a school, the density of

the school and the extension of fish school in three dimensions.

Sardine (S. melanosticta)

Parrot bass (O. fasciatus)

Ttem™\, Number of fish 5 10 14 5 10 15
Xcm 19.6 36.8 26.5 18.9 27.8 31.2
Ycem 8.4 26.2 23.2 6.7 18.6 25.5
Zcm 10.4 17.5 9.1 12.1 12.4 20.8
Index of density 0.35 0.09 0.62
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HHEAL.
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Fig. 2. Frequency distribution of the distance
(cm) from fish to their nearest neighbors in
sardine school. O—0O, 5 fish; @---®, 10 fish;
©-+-0, 14 fish.
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Fig. 3. Frequency distribution of the angular

deviation between fish and their school in sar-

dine. O—0, 5 fish; ®--@®, 10 fish; ©-+--O,
14 fish.
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Fig. 6. Frequency distribution of the angular
deviation between fish and their school. O—C),
striped pigfish; @@, opaleye; ©---O,
parrot bass.

Table 2. Relation among the fish species, the density of the school
and the extension of fish school in three dimensions.

Species » X Y zZ Index of density
Striped pigfish (P. trilineatum) 32.2 24.8 9.0 0.6
Opaleye (G. punctata) 33.2 19.6 14.4 0.2

Parrot bass (O. fasciatus) 18.9 6.7 12.1 6.7
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(cm) from fish to their nearest neighbors in
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parrot bass. Mean B.L.: O—0O, 9.0cm;
® -8, 120cm; ©--Q, 17.0cm.
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A Note on the Haline, Thermohaline and Thermohaline-
Wind-Driven Ocean Circulation*

Kenzo TAKANO**

Résumé: Des expériences numériques ont été effectuées pour comprendre dans quelle mesure
la circulation générale dans un océan 2 profondeur constante dépend du flux de salinité de
surface, du flux de chaleur de surface et de la force d’entrainement du vent. Le flux de
salinité de surface affaiblit la circulation et augmente les températures & des couches inter-
médiaires. La force d’entrainement du vent intensifie la circulation, augmente les températures
et salinités de surface mais diminue la température moyenne de tout le bassin. En renforcant
la circulation verticale, elle augmente le transport de la chaleur vers le nord, tandis qu’elle
n’a aucun effet sur le transport de la salinité vers le nord. Il n’y a toutefois pas de différence
qualitative trds importante entre la circulation entrainée par les flux de salinité et de chaleur
de surface et la circulation entrainée par ces deux flux et la force du vent. Alors que la
présente étude, basée sur de nombreuses simplifications, n’a pas pour objet de simuler la
circulation telle qu’elle est dans un océan réel, elle ne réussit pas & bien simuler la présence
de la couche de salinité minimum, qui est une caractéristique commune a tous les océans.

D’ailleurs, des courants de surface sont convergents d’une maniére iréelle autour de 40°N au

voisinage de la cote est.

1. Introduction

A previous paper (TAKANO, 1978), hereafter
referred to as 7", showed that an oversimplified
equation of state for sea water as often used in
numerical models of the ocean circulation leads
to a result substantially different from a result
obtained by a better approximate equation of
state. Since the primary interest laid there in
the role of the approximation to the equation
of state, the ocean was driven by a thermal
forcing only. Neither surface wind stress nor
surface salinity flux was taken into account.

The purpose of the present study is to under-
stand to what extent the general circulation in
an ocean depends on a surface salinity flux, a
surface heat flux and a surface momentum flux.
A pioneering work by BRYAN and Cox (1967)
is alike in kind, but a very simple equation of
state is used and the salinity is practically ignored.

2, Model
The basic equations and the boundary con-

* Received on August 31, 1981
** Tnstitute of Biological Sciences, University of
Tsukuba, Sakuramura, Ibarakiken, 305 Japan

ditions are unless otherwise mentioned the same
as the previous ones in 7. The geometry of
the ocean basin, the grid structure and the
finite differencing schemes are also the same as
those in 7. Since these are described in T,
only some of the principal features are presented
here.

The ocean is bounded by two meridians 48°
apart and by two parallels 70° apart. The
southern boundary is on the equator. Symmetry
is assumed with respect to the equator. The
depth is 4000 m everywhere. The horizontal
grid size is 2° in both longitude and latitude.
The horizontal components of the velocity « and
v, the temperature 7 and the salinity S are
calculated at depths of 20, 120, 640, 1280 and
2760 m. The vertical component of the velocity
w is calculated at depths of 70, 380, 960 and
2020 m. When such a coarse grid is used, the
momentum advection becomes negligibly small,
so that the momentum equations are linearized.
The coefficient of horizontal diffusion is 2x 108
cm?s™! for the momentum and 2.5x% 107 cm?s™!
for both heat and salinity. The coefficient of
vertical diffusion is 1.5cm?s™! for momentum,
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heat and salinity.

There is no friction along the bottom and
the southern boundary, no slip along the western,
There is
neither heat flux nor salinity flux through the
bottom and the lateral boundary.

Three cases are studied. In the first case,
Case 1, the density varies as a linear function
of salinity S

northern and eastern boundaries.

p=p00(1+7S), (1)

where py is a constant and 7 is a constant, too,
assumed to be 7%x107%* It is a much better
approximation to use a linear equation for the
salinity dependency of the density than to use a
linear equation for its temperature dependency,
because 7 in Eq. (1) does not largely depend on
the salinity, while the coefficient of thermal
expansion depends to a greater extent on the
temperature.

Neither thermal forcing nor wind stress is
applied to the ocean surface. The temperature
is constant everywhere. Case 1 is concerned
with a haline circulation.

The surface boundary conditions for the

momentum and salinity are

~
N}
~

h

0
Dﬁﬁ_z(u’ v)=0,

-~

;g%—f:S(EwPr), (3

where £ is the coefficient of vertical diffusion,
=z is the vertical coordinate, positive upward, E
is the evaporation and Pr is the precipitation;
(E-Pr) is prescribed.

The second case, Case 2, is concerned with
In addition to Con-
ditions (2) and (3), the surface thermal condition
is given, as in T, by

a thermohaline circulation.

-

L _ari-19, (D

A
0z

cok

where ¢ is the specific heat, Ts is the calculated
surface temperature, T4 is a prescribed reference
atmospheric temperature and 4 is a constant,
assumed to be 50 cal cm~?day~?!.
The equation of state is a formula by

No wind stress
is given.
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Fig. 1. External forcing (E—Pr), T4 and <.

FrRIEDRICH and LEvITUS (1972), which de-
termines the density as a function of temper-
ature, salinity and pressure.

The last case, Case 3, deals with a thermo-
haline-wind-driven circulation. A wind stress
is applied to Case 2. In place of Condition (2),
we have

o, )= (5, 0) (5)
0z
where 7 is the zonal component of the wind
stress. There is no meridional component of
the wind stress. Conditions (3) and (4) remain
unchanged.

The external parameters (E-Pr), T4 and *
All is independent of the
longitude; (E-Pr) is the annual zonal mean of
the precipitation minus evaporation over all the
oceans, 714 is somewhat arbitrary and taken
here to be identical with that used in Cases 2
and 3 in 7', and 7 is the annual zonal mean of
the zonal stress over all the oceans estimated
by HELLERMAN (1967, 1968).

The time integration is achieved as follows.

are shown in Fig. 1.

In Case 1, starting from a motionless state of
a uniform salinity of 35 %, it is continued up
to 251 years with a time step of 8 hours. The
salinity field at the end of the 60th year is
taken as the initial salinity field for Case 2.
The initial temperature field in Case 2 is the
temperature field at the end of the 64th year
in Case 1 in T where the density is calculated

With the

by a linear function of temperature.
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formula by FRIEDRICH and LEVITUS, Case 2
starts from the initial state defined by these
temperature and salinity fields and the geo-
strophic velocities calculated by them, and runs
over about 112 years with a time step of 5
hours.

In Cases 1 and 2, the vertical integral of the
horizontal velocity vanishes everywhere, because
there are no wind stress, no depth change, no
bottom friction, no momentum advection. In
Case 3, however, subject to a wind forcing, the
vertical integral of the horizontal velocity does
not vanish any more. It is determined by the
wind stress curl.

The vertical mean (barotropic component) of
the velocity is decoupled from the shear current
Although the vertical
mean affects to a certain extent the shear cur-
rent through the horizontal advection of the
heat and salinity, there is no energy exchange

(baroclinic component).

between these two components of the velocity.

The vertical mean is obtained from the vorti-
Starting from the initial state
planetary

city equation.
advection s
balanced with the wind stress curl, the time
integration is forwarded over 545 days with a
The velocity field aver-
aged over the last 44 days is used as the vertical
mean for Case 3.

where the vorticity

time step of 12 hours.

Together with the vertical mean of the ve-
locity obtained in this way, the shear current,
temperature and salinity at the end of the 18th
year in Case 2 are used as the initial state for
Case 3. With the wind stress, the time integra-
tion is forwarded over 118 years with a time
step of 5 hours. The total period of integration
is 172 vears in Case 2 and 190 years in Case 3.

The relaxation time of the whole ocean basin
is so long that no steady state is reached in
At the end of
the time integration, the overall mean salinity
is increasing at a rate of 0.50x107*%. year™!
in Case 1, 0.16x107° %0 year™ in Case 2 and
0.12%x107* %0 year™* in Case 3. The overall
mean temperature is also ‘increasing at a rate
of 0.10x1072°C year™! in Case 2 and —0.16 X%
10-2°C year™* in Case 3.
gest that an almost, though not complete, steady

such a short time integration.

All these figures sug-

state be reached in each case.

3. Velocity field

Case 1. Figure 2 shows the horizontal ve-
locity distribution at a depth of 20m. Three
gyres spread over the whole ocean surface. Of
them, the anticyclonic gyre in the tropics is
strongest with a well developed western bound-
ary current flowing northward.
speed is 7.6 cm sl
high latitudes is weakest with a broad, not well
defined western boundary current.
in Fig. 1, the meridional gradient of (E-Pr) is
negative between the equator and 8°N, between
24°N and 50°N, and between 60°N and 70°Ns
It is positive in the remaining zonal belts. Sub-
ject to the boundary condition (3), the surface
density tends to increase with (E-Pr).
the geostrophic relation should hold good, east-

Its maximum
The anticyclonic gyre at

As is seen

Since

ward currents develop at the surface layer in
the zonal belt where (%(E*Pr) (¢: latitude) is
positive, and westward currents develop at the
surface layer in the zonal belt where 50;—9 (E-Pr)

is negative. This gives rise to a three-gyre

circulation as shown in Fig. 2. Because the
0 . ..
absolute value of T(E—Pr)} either positive or

negative, is small at middle and high latitudes,
the resulting gyres are weak, whereas the strong
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tropical gyre results from the sharp gradient of
(E~Pr).

The circulation pattern at a depth of 120 m
is similar to that at 20 m, though the motion
is a little weaker. The maximum speed is
decreased from 7.6cms™! at 20m to 6.4 cm s,

At a depth of 640 m, the cyclonic gyre which
is present at middle latitude upper layers is
still persistent, but there is no well developed
gyre at high latitudes. In this regard, a depth
of 640 m might be considered as a transition
layer from the upper layer motion to the lower
layer motion, the former characterized by an
anticyclonic gyre at high and low latitudes and
a cyclonic gyre at middle latitudes, the latter
characterized by a cyclonic gyre at high and
low latitudes and an anticyclonic gyre at middle
latitudes.

Figure 3 shows the velocity field at 1280 m.
A cyclonic gyre is well developed at high lati-
tudes. There is another cyclonic gyre, not so
well organized but stronger, in the tropics.
Middle latitude currents flow westward between
these two cyclonic gyres.

At a depth of 2760 m a well organized anti-
cyclonic gyre appears at middle latitudes. With
a westward current at the equator, the circu-
lation in the tropics is anticyclonic rather than
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Fig. 3. Horizontal velocities at a depth
of 1280 m in Case 1.

cyclonic, while the high latitude gyre remains
clearly cyclonic.

Case 2. Figure 4 shows the velocity field at
20 m. Comparison with Case 1 (Fig. 2) indi-
cates that the surface heat flux and the surface
salinity flux work so as to weaken the haline
circulation and thermal circulation each other
except in the tropics and in the central and
eastern portion at low latitudes.

It might be remarked that the formulation in
Case 2 in T, hereafter referred to as Case 27,
is identical with that in Case 2 except for the
salinity which is constant (35 %) everywhere in
Case 2T, but variable in the present Case 2.
For comparison, the velocity field at 20m in
Case 2T is reproduced in Fig. 5. Figures 4 and
5 are different from each other in two regions,
one is north of 57°N except in the eastern
portion and the other is between 5°N and 21°N
except in the eastern portion and near the
western boundary. It is readily seen that the
result in Case 2 is not merely a linear super-
position of the result in Case 1 upon the result
in Case 27 ([Fig. 4]+#[Fig. 21+ [Fig. 5]).

The motion is slower in Case 2 than in Case
2T, indicating that the salinity variation weakens
the circulation. The maximum speed is de-
creased from 25.7 cms™! in Case 27 to 22.0 cm

T b et i e B B B

e

Fig. 4. Horizontal velocities at a depth
of 20m in Case 2.
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s7' in Case 2. The ratio of the total kinetic
energy in the whole ocean basin in Case 2 to
that in Case 27 is 1:1.40.

No significant qualitative difference is found
between the circulation at 20 m and the circu-
lation at 120 m, though the latter is a little
weaker. The maximum speed is decreased from

> 23=17.1 o> 317.1-21.¢ B 01.4-75.7
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Fig. 5. Horizontal velocities at a depth
of 20m in Case 27.
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Fig. 6. Horizontal velocities at a depth
of 1280 m in Case 2.

22.0cms™! at 20m to 18.8cms! at 120 m.

At 640 m, the equatorial current changes its
direction to flow eastward. The western
boundary current in the tropics also changes
its direction and flows southward. Currents in
the mid-ocean are predominantly westward at
middle latitudes and eastward between 53°N
and 59°N. North of 59°N, there is still a
cyclonic gyre, similar to that at a depth of 20 m,
though it is much weaker. The current pattern
at this depth is similar to that in Case 27
except north of 61°N where the currents are
predominantly eastward in Case 27

Figure 6 gives the velocity field at 1280 m.
A large cyclonic gyre overspreads except near
the equator and the eastern portion around
40°N. This pattern is similar to that in Case
27T shown in Fig. 7. The most significant quali-
tative difference between Case 2 and Case 27
is in the current direction at 1°N.

Comparison with the result in Case 27" shows
that, except at 1°N at a depth of 1280 m, the
effect of the salinity variation is pronounced
north of 60°N only where the temperature is
so low that the effect of its variation on the
water density is small.

Three gyres appear at 2760m; a well organized
gyre at high latitudes, another anticyclonic gyre
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e S S D
B e v
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Fig. 7. Horizontal velocities at a depth
of 1280 m in Case 2T.
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in the tropics and a cyclonic gyre at middle
latitudes. The pattern in Case 27 is much
simpler. It is rather a single cyclonic gyre
pattern with its center at 33°N.

Case 3. Figure 8 gives the vertical mean of
the velocity obtained from the vorticity equation
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Fig. 9. Horizontal velocities at a depth
of 20m in Case 3.

as mentioned above, which exclusively depends
on the wind stress curl. The wind stress curl
vanishes at three latitudes, around 4°N, 18°N
and 48°N. Four gyres, separated by these
three parallels, are correspondingly developed.
The western boundary current flows at a maxi-
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mum speed of 2.0cms™!. The transport of the
western boundary current is 15.7x10'2 cm?s™1.
This small transport results from the small
longitudinal extent of the ocean basin and from
the large coefficient of horizontal eddy diffusion
which in turn results from the coarse grid size.

Figures 9, 10 and 11 show the velocity field
at 20, 120 and 1280 m. Although Cases 1, 2
and 27 indicate no significant difference be-
tween the velocities at 20 m and those at 120m
in each case, Case 3 is another thing in two
respects. First, due to the surface wind stress,
the 20m layer is much more active than the
120 m layer. Secondly, the surface Ekman layer,
though not well resolved by the coarse grid
used here, makes the current pattern quite
different from each other south of 25°N except
for the northward flowing western boundary
current. The equatorial current flows westward
at 20m but eastward at 120 m, certainly related
to the equatorial undercurrent, though not well
resolved by the poor vertical resolution. North
of the equatorial current, currents flow north-
east to north at 20m but south to southwest
at 120 m.

The surface circulation is different from that
in Case 2 in two respects. First, currents flow
The maximum speed
is increased from 5.1cms™ to 30.9cms! for
the equatorial current, and from 21.9cms™! to
32.7cms™! for the western boundary current.
So is the circulation at 120m, too. The maxi-
mum speed of the equatorial current is increased
from 2.1cms ! to 7.2cms™ and its direction is
opposite to that in Case 2. The speed of the
western boundary current is increased from
18.8cms™! to 28.0cms™!. Secondly, the high
latitude cyclonic gyre is shifted to the east and
enlarged to the south. Its southern boundary
lies on about 50°N instead of 55°N in Case 2.

Hence, the wind-driven, thermohaline circu-
lation is much stronger than the thermohaline
circulation. The total kinetic energy of the
baroclinic component of the velocity in Case 3
is 3.21 times as large as that in Case 2.

At 640m, the currents are generally weak,
and meridional rather than zonal. The western
boundary current is correspondingly not well
organized. It is directed southward in the

much faster everywhere.

tropics. The equatorial current flows westward
at the eastern half.

At 1280 m, the western boundary current is
broad, though more distinctly defined than at
640m, and flows southward all along the
boundary. The equatorial current changes again
its direction. The overall pattern is not signifi-
cantly different from that in Case 2 except in
the eastern half of the equatorial region where
the current direction is reverse and except in
the northwestern corner where a small cyclonic
gyre is present in Case 3.

At 2760 m, the western boundary current still
flows southward almost all along the boundary.
What is peculiar to Case 3 is that the western
boundary current at high latitudes north of 50°N
flows southward from the surface down to the
bottom. The equatorial current is predominantly
westward. The frequent reverse of its direction
with increasing depth is another peculiarity in
Case 3.

4. Salinity field
Case 1. Figure 12 shows the salinity field at
120 m, which is almost identical with the salinity
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Fig. 12. Salinity at 120 m in Case 1.
Contour interval: 0.1 %e.
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field at 20m. Because the water density is
determined by the salinity alone, the vertical
stratification at the surface is stable or unstable
according as (E-Pr) is negative or positive.
Then, a strong vertical mixing takes place in
upper layers between 12°N and 38.5°N where
(E-Pr) is positive so as to restore a stable
stratification. Therefore, the positive (E-Pr)
increases not only the salinity at a shallow
surface layer but also the salinity at deeper
layers by the haline convection. The surface
salinity is consequently not readily increased,
whereas it is readily decreased wherever (E-Pr)
is negative “because of absence of the haline
convection. i

The southward pushing of isohalines near the
western boundary between 23°N and 40°N
results from the southward advection of low
salinity water by the southward boundary cur-
rent. It is also the case with the slight north-
ward pushing near the eastern boundary between
12°N and 22°N. The boundary current flows
northward there. However, the northward
pushing near the eastern boundary between
35°N and 55°N is another thing. The boundary
current is not northward but southward there.
No horizontal advection can account for it.
Instead, an upwelling brings a deep saline water
mass from a depth of 380m which in turn
originates by sinking from the surface layer
resulting from a large positive (E-Pr) to the
south. The maximum upward speed is about
1072 cm s™'.
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Fig. 13. Zonal average of the salinity in
Case 1. Numbers refer to (S-30 %o).

The salinity at 640m varies with longitude
rather than latitude. It is low at the eastern
boundary region in the tropics and at the
western boundary region at middle latitudes,
while it is high at the western boundary region
in the tropics and at the eastern boundary
region at high latitudes. To the contrary, the
salinity at 1280m and 2760 m is increased with
latitude with exception of a few limited areas
in the eastern and western boundary regions.

The zonal average is shown in Fig. 13. Isoha-
lines clearly reflects the formation and down-
ward spreading of the most saline water mass
between 20°N and 30°N, and the formation
of low salinity waters at high latitudes. The
density depending on the salinity only, the
salinity is monotonically increased with depth to
keep the stable stratification.

Case 2. So far as the vertical stratification is
concerned, the temperature works as a stabilizer
by surface heating at low and middle latitudes
where (T4-T's) is positive, and as a destabilizer
by surface cooling at high latitudes where (7 4-
Ts) is negative. The difference (T4-T5s) is
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Fig. 14. Salinity at 120m in Case 2.

Contour interval: 0.1 %c.
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mostly positive between 12°N and 38.5°N where
saline waters are formed as is seen in Case 1.
Therefore, the stabilization by heating does not
allow the surface saline water to sink into
Then,
the surface salinity is increased. The maximum
surface salinity becomes 36.51 %» compared with
35.09 % obtained in Case 1. The minimum
salinity, 34.13 %0, becomes higher in a similar
way than the minimum, 33.81 %0, in Case 1.
The ischalines at 20m and 120m (Fig. 14)
are alike in general configuration. A strong
sinking of the order of 1073*cms™! at a depth
of 70 m brings about the surface saline water
to the eastern portion between 20°N and 40°N.
The maximum salinity at this level, 36.03 %o,
is found there. To the north, associated with
strong convergence of surface currents, sharp
meridional gradients are formed around 40°N.
The isohaline pattern at 640m is not very
different from that at 120m. At middle lati-
tudes a tongue-like saline water mass extends
{from the eastern boundary far to the west. At
high latitudes the salinity varies very little with

deeper layers so readily as in Case 1.
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Fig. 15. Salinity at 1280 m in Case 2.
Contour interval: 0.02 %c.

longitude.

Figure 15 shows that a saline water mass
spreads almost uniformly far to the western
boundary at 1280 m. The salinity is decreased
with latitude in the greater part of the ocean
basin. Sharp gradients are seen in the north-
eastern corner. It might be noted that in Case 1
the salinity is increased with latitude at depths
of 1280m and 2760 m.

At 2760 m, the lowest salinity, 34.98 %, is
present at 30°N on the eastern boundary. The
salinity is increased to the north and to the
northwest,

The zonal average is shown in Fig. 16. Re-
flecting the meridional overturning governed by
the temperature rather than the salinity as
shown later in Fig. 30, the low salinity water
mass formed at high latitudes is not confined
into upper layers any more, which presents a
striking contrast to Case 1.
and to the south.
mass is confined into upper layers around 20°N.

Case 8. The Ekman drift is convergent in
zonal belts ranging from the equator to 11°N
and from 15°N to 43°N, while it is divergent
from 11°N to 15°N and from 43°N to 70°N.
The resulting vertical motion at the bottom of
the Ekman frictional layer is downward from
the equator to 11°N, and from 15°N to 43°N,
upward from 11°N to 15°N, and from 43°N to
70°N. As seen in Cases 1 and 2, the most
saline surface water is formed at the eastern
boundary around 24°N where (E-Pr) is largest.
The vertical motion due to the wind stress is

It spreads deeper
Instead, the saline water

[eN

T 1 dkm
T P

Fig. 16. Zonal average of the salinity in Case 2.
Numbers refer to (S~30 %o).



194 La mer 19, 1981

downward at the bottom of the Ekman frictional
layer in this zonal belt. Hence, the wind stress
tends to accelerate the sinking of the surface
water in this belt which is weakened by the
thermal stabilizing effect. Compared with Case
2, the highest surface salinity is decreased in
this way. It is 36.40 %, lower by 0.11 %0 than
in Case 2.

Due to the high latitude upwelling of saline
deep water resulting from the Ekman divergence,
the high latitude lowest salinity is increased up
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Fig. 17. Surface salinities in Cases 1, 2 and
3, and (E-Pr).

SALINITY F20M

rTUDE

AT

<35.1

20 30 40
LONGITUDE
Fig. 18. Salinity at 120m in Case 3.
Contour interval: 0.1 %c.

to 34.97 %0, higher by 0.84 % than in Case 2.

Figure 17 gives the zonal mean of the surface
salinity in the three cases together with the
prescribed (E-Pr). The zonal mean is closely
related to (E-Pr) in all the cases. For the
reason mentioned above, the thermal forcing
increases the surface salinity considerably. North
of 22°N and south of 5°N, the wind stress
makes the surface salinity higher than in Case 2.
Its effect is more pronounced at high latitudes.
The latitude where the salinity becomes maxi-
mum depends on the direction of the meridional
component of the currents at 2°~30°N; it is
directed southward (Fig. 4) in Case 2 and north-
ward (Fig. 9) in Case 3.

The salinity at 120m is shown in Fig. 18.
Although the isohaline pattern resembles that
in Case 2, the salinity is slightly lower around
24°N at the eastern boundary and higher at
high latitudes. These features are also seen at
20 m.

A remarkable contrast between Cases 2 and
3 is found in the salinity range on the equator.
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The difference between the maximum and the
minimum at the surface is 0.08 %> in Case 3in
place of 0.02 %0 in Case 2. This contrast, more
striking in the temperature, results from the
wind stress as mentioned later. The difference
at 640 m is 0.03 %0 in Case 3 against 0.01 %0 in
Case 2.

Due to the much stronger western boundary
current than in Case 2, isohalines at 120 m are
pushed northward more clearly at middle lati-
tudes and southward at high latitudes.

The isohalines at 1280 m (Fig. 19) are not so
distinctly zonal as those in Case 2. Further,
the salinity is horizontally much more uniform
than in Case 2.

The 2760 m isohalines run in the zonal direc-
tion rather than in the meridional direction,
while they are rather meridional in Case 2.’

Figure 20 shows the zonal mean. The wind
stress extends the upper saline water mass to
the north. Compared with Case 2, the high
latitude sinking into deeper layers suppresses
the tongue-like southward extension of low
salinity waters in intermediate depths which is
peculiar to Case 2. The salinity minimum layer,
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Fig. 20. Zonal average of the salinity in Case 3.
Numbers refer to (S-30 %o).

Table 1. Mean salinities (%0)

Depth (m) Case 1 Case 2 Case 3
20 34.49 35.25 35.29
120 34.65 35.22 35.28
640 35.01 35.01 35.09
1280 35. 08 34.93 35.02
2760 35.10 35. 08 35.01
Average 35. 038 35. 041 35. 047

present between 1000 m and 2000 m in Case 2,
disappears in this way.

Table 1 tabulates the mean salinities at the
five levels and the salinities averaged over the
whole ocean basin.

‘While the mean salinity is monotonically in-
creased with depth in Case 1 and decreased
with depth in Case 3, it becomes minimum at
an intermediate depth in Case 2. With the
wind stress, no salinity minimum layer exists,
which is in disagreement with the observation.
Another marked disagreement with the obser-
vation is in the horizontal distribution. The
observed salinity field shows no tongue-like
pattern extending westward from the eastern
boundary at middle latitudes. A high salinity
area in upper layers is located in the mid-ocean
in the North and South Pacific and the North
Atlantic. There is a tongue-like pattern in the
South Atlantic, but it extends from the western
boundary, not from the eastern boundary.

5. Temperature field
Case 2. Figures 21 and 22 give the temper-
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Fig. 21. Temperature at 120m in Case 2.
Contour interval: 1°C.
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atures at 120m in Cases 2 and 27. While iso-
therms are crowded around 50°N near the
eastern boundary in Case 27, they are crowded
around 40°N, lower by about 10°, in Case 2, due
to southward currents at 20m, 120m and 640 m
which the haline circulation produces along the
eastern boundary at middle and high latitudes.

The temperature at low latitudes is higher in
Case 2 by up to about 1°C than in Case 27.
Although this is also the case with the temper-
ature at 20 m, the difference between Cases 2
and 27 is smaller (<0.5°C), because the sur-
face layer is firmly governed by the prescribed
reference atmospheric temperature. Higher sur-
face temperatures in Case 2 should result from
a weaker low latitude upwelling as shown later.

The temperature at high latitudes at 20 m and
120m is lower in Case 2 than in Case 27". This
temperature difference should be interpreted as
follows. In Case 27 a deep convection pene-
trates from the surface down to the bottom at
high latitudes with downward motion along the
northern boundary. On the contrary, in Case
2 where the salinity works so as to decrease
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Fig. 22. Temperature at 120 m in Cose 27
Contour interval: 1°C.

the surface water density, the high latitude
convection is confined into a much shallower
layer with upward motion along the northern
boundary. The cooling is therefore stronger
than in Case 27.

Figure 23 gives the temperature at 640 m.
A sharp eastward increase in the western
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Fig. 23. Temperature at 640 m in Case 2
Contour interval: 0.5°C.
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Fig. 24. Zonal average of the temperature
in Case 2.
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boundary region is closely related to the north-
ward boundary current whose speed is 2cms™!
or less.

At middle latitudes a warm tongue-like core
extends westward from the eastern boundary.

At 1280 m and 2760 m no sharp gradients are
present in the western boundary region, where-
as the eastern warm core is persistent around
50°N near the eastern boundary.

The zonal mean is figured in Fig. 24 for Case
2 and in Fig. 25 for Case 27. 1In contrast with
Fig. 25, Fig. 24 reveals warming at low latitudes
subsurface layers and cooling at high latitudes
due to the salinity variation.

Case 8. The temperature field in Case 3 is
not significantly different from that in Case 2.
The only remarkable difference is in the equa-
torial surface temperature. In Case 2, the sur-
face temperature varies very little with longitude
except in the vicinity of the western and eastern
boundary where isotherms push slightly north-
ward. It ranges from 27.54°C to 27.73°C at
the equator. However, in Case 3 it is much
more variable with longitude; 28.75°C in the
west and 21.66°C in the east at the equator.
This wide range arises from the wind stress.
The Ekman drift turns out an upwelling of
2x103cms™! in the eastern half, which de-
creases the surface temperature. In Case 2,
the vertical velocity is upward, but of the order
of 1074cms™! or less, at the equator, at least
one order of magnitude less than in Case 3.
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Fig. 25. Zonal average of the temperature
in Case 27T.
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Fig. 27. Temperature at 640 m in Case 3.
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Fig. 26. Temperature at 120 m in Case 3.

Contour interval: 1°C.
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This difference between Cases 2 and 3 is not so
pronounced at 120m as at 20m, as shown in
Fig. 26 to be compared with Fig. 21.

Figure 27 shows the temperature field at 640m.
Compared with Case 2 (Fig. 23), the tempera-
ture in the eastern tropics varies with longitude
rather than latitude. Related to the intensified
boundary current, the horizontal thermal gradi-
ent at middle latitudes along the western bounda-
ry becomes sharper than in Case 2. Except for
these two respects, the difference between Cases
2 and 3 is almost negligible. It is further
smaller at 1280 m and 2760 m.

The zonal mean is shown in Fig. 28. The
isotherm pattern is closer to that in Case 27T
than to that in Case 2. Compared with Case
2T, however, isotherms above 4°C are pushed
up to make a sharper thermocline at low and
middle latitudes; in other words, comparison
with Case 2 (Fig. 24) demonstrates the effect
of the wind stress cooling low and middle lati-
tude subsurface layers and warming high lati-
tude surface layers.
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Fig. 28. Zonal average of the temperature
in Case 3.
Table 2. Mean temperatures (°C)
Depth (m) Case 2T Case 2 Case 3
20 18. 54 18. 44 18. 50
120 14. 38 15.14 14.78
640 4,39 5.94 5.30
1280 2.16 2.74 2.20
2760 1.76 1.74 1.53
Average 3.52 3.94 3.58

The mean temperatures at the five levels in
Cases 27T, 2 and 3 are tabulated in Table 2.
The wind stress warms a little the top layer
but cools lower layers, and increases the overall
vertical stability.

6. Total meridional circulation

Integration of the equation of continuity from
the western boundary to the eastern boundary
gives '

1

53 a—i—jvcoswdl—i— aa—sz cospdz=0,

where w is the vertical component of the veloc-
ity, A the longitude and R the earth’s radius.

The transport stream function @ for the
meridional circulation integrated over the zonal
extent of the ocean basin is defined by

ng cos ¢ dA=— —agi,

. 0z

( 1 09
S“LUR cos ¢ dl—? ‘—6?

Case 1. Figure 29 shows the meridional circu-
lation in Case 1. The sinking region between
11°N and 31°N coincides fairly well with the
zonal belt between 12°N and 38°N where (E-
Pr) is positive. Two main gyres, one clock-
wise and the other counterclockwise, are con-
fined into upper layers. The former is centered
at 31°N, 960m, and transports —7.3sv. The

latter is centered at 11°N, 380 m, and trans-
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Fig. 29. Total meridional circulation in Case 1.
TUnits: sv.
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Fig. 30. Total meridional circulation in Case 2.
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Fig. 31. Total meridional circulation in Case 27.
Units: sv.
ports 5.0sv. Its shallowness relative to the

former could be interpreted by a shorter space
scale variation of (E-Pr) between the equator
and 20°N. Other two small gyres, located at
low latitude deep layers transport —3.2sv and
0.6 sv, respectively.

Case 2. Figure 30 refers to Case 2. Figure
31 is reproduced for Case 27. Compared with
Case 27T, the high latitude sinking is weakened
and does not penetrate into deep layers. Its
area is shifted to the south. The wane of the
meridional circulation by the weak high latitude
sinking results from the stabilizing effect of the
low surface salinity at high latitudes.

The transport of the upper main gyre is de-
creased from 24 sv in Case 2T to 14 sv, while
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Fig. 32. Total meridional circulation in Case 3.
Units: sv.

the transport of the deep gyre is increased from
3.8sv to 13sv.

Case 3. As is seen in Fig. 32, the application
of the wind stress to Case 2 suppresses the
weak upwelling along the upper northern bound-
ary, enlarges and intensifies the upper gyre,
which transports 21.3sv. It also brings about
an equatorward intensification of the deep cen-
tral gyre. The strong sinking along the deep
southern boundary is mainly due to the sinking
at the eastern half of the equator.

7. Total zonal circulation

Integrated with respect to the latitude from
the southern boundary to the northern boundary,
the equation of continuity yields

-

Su do+ %Sw cosedo=0.
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The transport stream function @’ is defined, as
a measure of the total zonal circulation, by

~h’
SuRd(p:—OQi,

1 00’
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Case 1.
in Case 1.
almost all over the whole domain and a small
counterclockwise gyre occupies the upper west-
The upper western boundary region
The former transports

Figure 33 shows the zonal circulation
A large clockwise gyre spreads

ern corner.
is a sinking region.
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9.1sv and the latter 4.6sv. The zonal circu-
lation is stronger than the meridional circulation
which transports 7.3 sv.

Case 2. Figure 34 refers to Case 2. A clock-
wise gyre develops over the whole upper layer
1000 m deep with a strong sinking in the eastern
boundary region and a fairly strong upwelling
in the western boundary region. Its transport
is 19.8sv, about 1.3 times as large as the trans-
port of the meridional circulation (Fig. 30). For
comparison, the zonal circulation in Case 27 is
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Fig. 33. Total zonal circulation in Case 1.
Units: sv.
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Fig. 34. Total zonal circulation in Case 2.
Units: sv.

reproduced in Fig. 35. The introduction of the
salinity variation considerably weakens both
upper gyre and lower eastern gyre. Without
salinity variation, the upper clockwise gyre
transports 24.1sv and the lower eastern gyre
transports 28.7sv, and the western boundary
is an upwelling region from the surface to the
bottom. The zonal circulation is as intense as
the meridional circulation (Fig. 31).

Case 3. Figure 36 shows the zonal circulation
in Case 3. Compared with Case 2, the trans-
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Fig. 35. Total zonal circulation in Case 27
Units: sv.
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Fig. 36. Total zonal circulation in Case 3.

Units: sv.
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port of the upper clockwise gyre is a little in-
creased from 19.8sv to 24.7sv. A wide-spread
clockwise gyre of 35.2sv appears in the deep
western half, while another clockwise gyre of
44.6 sv is in the deep eastern half. The circu-
lation is, therefore, clockwise in the whole
domain:

8. Meridional salinity transport

The northward salinity transport across a
latitude circle is achieved by the total meridional
circulation, the total horizontal circulation and
the subgrid scale eddy diffusion. The first gives
rise to the net northward salinity transport by
bringing surface waters northward and deep
waters southward, both waters having different
salinities. The second brings western boundary
waters northward and central and eastern region
waters southward, both waters having different
salinities, which turns out a net meridional
salinity transport. The third brings salinity
from saline waters to less saline waters by
diffusion. The sum of these three components
is the total meridional transport.

Figure 37 gives the total transport in the
three cases. As is readily seen from the distri-
bution of (E-Pr), there are two salinity sinks,
north of 38°N and south of 12°N, and a salinity
source between 12°N and 38°N. The salinity
transport is correspondingly southward south of
22° ~23°N with its maximum around 11°N, and
northward north of 22°~23°N with its maxi-
mum around 38°N. Since the surface salinity
flux is proportional to the surface salinity, which
is lowest in Case 1, the sink and source are
weakest in Case 1. Roughly speaking, Case 1
transports, therefore, the smallest amount of
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Fig. 37. Total meridional salinity transport.
Numbers 1, 2 and 3 refer to Cases 1, 2 and

1)

3, respectively.
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Fig. 38. Meridional salinity transports in Cases
2 and 3. Symbols M, H and D refer to the
transports by the total meridional circulation,
total horizontal circulation and subgrid scale
eddy diffusion. Subscripts 2 and 3 refer to
Cases 2 and 3, respectively.

salinity, though the difference between Case 1
and Cases 2 or 3 is very small.

Although the total transport at a given latitude
circle is almost equal to each other in the three
cases, the relative importance of each of the
three components is not so. In Case 1, the
meridional circulation is most important. Ex-
cept between 20°N and 36°N, the transport
by the horizontal circulation is almost negligible
and much smaller than the transport by eddy
diffusion.

Figure 38 shows the three components in
Cases 2 and 3.
ported northward by the meridional circulation
and southward by the horizontal circulation.
The transports by both circulations are almost
cancelled out each other. In Case 3 at high
latitudes the northward transport by the meri-
dional circulation is increased and the northward
transport by the eddy diffusion is decreased.

The salinity is mostly trans-

9. Meridional heat transport

Just as the meridional salinity transport, the
meridional heat transport is achieved by the
total meridional circulation, the total horizontal
circulation and the subgrid scale eddy diffusion.
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Fig. 39. Meridional heat transport in Case 2.
Symbols T, M, H and D refer to the total
transport, to the transports by the meridional
circulation, horizontal circulation and eddy
diffusion,

Fig. 40. Meridional heat transport in Case 27.
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Fig. 41. Meridional heat transport in Case 3.

Figures 39 to 41 show the transport by each of
them and the total transport in Cases 2, 27T
and 3. In all the cases, the meridional circu-
lation is of the greatest importance. Its trans-
port is northward almost all over the latitude
circles. Contrary to the salinity transport, the
horizontal circulation is of minor importance.

Its transport is southward except at high lati-
tudes. In Case 3, associated with the north-
ward Ekman drift by the wind stress, the
transport by the horizontal circulation is north-
ward in a narrow zonal belt south of 5°N. As
in the salinity transport, the importance of the
subgrid scale eddy diffusion relative to the other
two components is increased at high latitudes.
Compared with Case 2, the wind stress increases
by about 20 9% the transport by the meridional
circulation as well as the transport by the hori-
zontal circulation.

10. Summary and discussion

The above results are summarized as follows.

(1) The surface salinity flux weakens the
circulation in the greater part of the ocean
basin by working opposite to the thermal and
momentum forcing.

(2) However, the overall effect of the salinity
is not so pronounced that the results in Case 2
and Case 27 are almost alike except in a few
respects such as general wane of the current
velocities and of the total meridional circulation,
general warming of deep waters, particularly at
intermediate depths.

(3) In any case, surface currents converge
at 40~50°N near the eastern boundary. The
convergence is particularly strong in the case
of the uniform salinity (Case 277), which brings
a lot of cold surface waters to deeper layers.

(4) The wind stress increases the current
velocities as a whole, decreases the temperature
averaged over the whole ocean basin, but in-
creases the surface temperatures, intensifies the
total zonal circulation as well as the total meri-
dional circulation, increases the total meridional
heat transport, but does not affect the total
meridional salinity transport.

(5) Although the salinity averaged over the
whole ocean basin is not significantly different
from each other in the three cases, its vertical
The averags surface
salinity is éspecially low in Case 1. In Case 2
only a salinity minimum layer exists at a depth
of 1280 m.

(6) In Cases 2, 3 and 27, the total meridional
circulation splits into two gyres. There is no
overall overturning. When a cold water mass

distribution is not so.
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sinks from the high latitude surface layer, both
its temperature and surrounding pressure are
increased with depth. Because the compres-
sibility of sea water is decreased with pressure
and temperature, the density increase by sinking
is somewhat suppressed. In addition, the down-
ward increase of the temperature works to de-
crease the water density, though the coefficient
of thermal expansion is very small at low
temperatures. In this way, the high latitude
sinking could not readily reach down to the
bottom layer. A large single gyre meridional
circulation is produced when the water density
is calculated from a simple equation of state
using a constant coefficient of thermal expansion
and ignoring the effect of the pressure and the
salinity (for instance, BRYAN and Cox, 1967;
TAKANO, 1978). In that case, no such pro-
cesses as mentioned above come into play to
weaken the sinking. Then, the model convec-
tion is made too strong, which results in over-
estimate of the meridional overturning.

The primary objective of the present study is
to have some insight into the effect of the sur-
face salinity, heat and momentum flux on the
general circulation in an ocean in the framework
of wvarious simplifications and assumptions.
Hence, it is out of the scope to investigate its
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results in detail in view of the observation in
a particular ocean. With these reservations,
the calculated features are not in
agreement with observed features in some re-
spects such as salinity minimum layer missing,
convergence of surface currents around 40°~
50°N near the eastern boundary.

The computation was done on FAcoMm 230-
75 at the Institute of Physical and Chemical
Research. Thanks go to Mr. M. NOGUCHI and
the staff of the computer room. Ms S. MATSU-
YAMA of the Computation Center of the Hosel
University took charge of a part of the pro-
gramming.

however,
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