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ABSTRACT 

The volume transport o[ the Tsushima Warm Current in the 

Tsushima St•·ait has been beli eved to show a remarkable seasonal 

variation with variation range large r than 2 Sv, with its maximum 

value in summer-autumn and its minimum value in winter-

spr i ng. Such arguments, howeve r, are based on geostrophic 

calculations ass11ming no current neal· the bottom or deduced from 

the seasonal variation on the sea level difference across the 

strait. Tawara et a l. { 1984) found that currents with 

signif i cant magnitude ex i st near the bottom of t he strait 

and inciicated Lhat the assumption of no current near the 

IJottom woulcl not a lwttys he valid . Recenlly, Egawa et al. 

( 1993 ) indicated that t he seasonal variation of the surface 

current of the Tsush ima Warm Current is rather small by 

analyzing the data o f Acoustic Doppler Current Profiler 

( ADCP ). The puqlOse of t his paper is to clarify the nature of 

the seasonal va r iation of the Tsushima Warm Current in the 

Tsushimu Strait. The previous knowl edge of the Tsushima Warm 

Current is shortly reviewed in Section 1. 

Tn SecLion 2 , results of the repeated AOCP and CTD 

observations are a nalyzed . The ADCP and CTD observations were 

mad e flve Limes: on 4 July, ll September and 31 Octobe r , 1990 and 

Harch and 30 April, 1991. Total volume transport o f t he 

Tsushima Warm c urrent deduced from t he ADCP su r vey is about 1 Sv 

on July 1990, on 4 Harc h 1991, and on 30 April 1991, and is 

about Sv on 11 September {the data is not available in t he 

Western Chann e l on 31 October 1990 , and was not used). If we have 

nol the singu l a r value on 11 Septembe r 1990, we may conclude that 



there i s no seasonal variation in transport. Since a snap-shot 

type of Llw measurement may be influe nced by short-period 

l'luc Luations, and s ince Lhe transport on 11 September appears to 

be reinforced by a strong wind, it is hard to conclude the 

nature of the seasonal variation from t hese limited data. It 

s hould be no t ed , ho•·ever, that significant current velocity 

was observed near the bottom for all of these observations. 

This impli es Lhat Lhe t r ans po rt deduced by dynamic computation 

assuming no c urrent near the bottom would be erroneous i.n the 

'J' s us ld rna SLra i L. 

The CTD observat i ons show thut Lh e bottom cold water , which 

o ri ginates from the .Japan Sea Proper Water , exis ts in lhe Western 

Chan nel 

September 

lhroughou t the year . The ADCP observation in 

shows a strong barocl ini c current component just off 

the Korean coast in the Western Channel, being associated 

with the existence of the bottom cold water . Since such 

barocl in i c c urrent component produces 

ransport, the kn ow ] edge of the seasonal 

no net volume 

variation of the 

bottom co l d w11Ler is es s entia l f o r estimating the seasonal 

variations of Lhe cur r ent structure in the st rait and of the 

sea l e vel diffe rence across the strait. 

In Section 3 , the influence of the bottom co ld water on 

the current structure and the sea l eve l distributi on in t he 

Ts us hima Strait is i nvestigated numer ically by using a simple 

mod~ l of a baroclinic adjustme nt proble m. We consider a 

c han ne l with a r ec tangular c ross-section. To describe the 

s ha 1' P season a I ther·mocline, we adopted a fiv e- lay e r system 

for s ummer condition, but a two- laye r system fo r winter 



conditi on where the stra tifi ca tion is very weak except t he 

ex i s t e nce of the botlom cold wate r. The bottom co ld water is 

treated as the lowest bottom layer , and a rectangular upheave 

o f the uppe r boundary of the lowest laye r is placed in still 

waLers as an initial condition. By selecting s ui tab l e 

experimental paramete r·s and the size a nd position of the 

upheaved po rti on so tls that the r esulted con f iguration of each 

inte rface a nd di s tributi o n o f lhe c urre nt in eac h layer fit 

t.h c o bsen•ecl o nes , t he s ur· face c urr·en t distribution an d the 

sea surface distribution are es timated. 

For the Slimmer morl .l (~lode ] I) in wh ich t he bottom co ld water 

is pl aced j ust off t he Ko r ean coas t in the fiv e-laye r system, 

Lh e sea l eve l at the Korean coast i s l owered by abo ut 8 e m 

r e lati ve to that at the Japanese coast . If we place the bottom 

co ld wate r just off the Korean coast for the winter 

st ratifi ca tion (Mode l 2) , the sea level drop at the Ko rean coast 

decr·eases t o 3 em. For the winter· model i n whi c h the botto m 

cold waler i s s h ifted 50 km o ffshore for the winte r 

s tra tifi cat i o n (Model 3), a sea l eve l drop of about 1 em occurs 

in midway of the strait and t he sea l e vel at t he Korean coast 

i s r aised by a bout 2 e m, but the sea leve l at the Japanese 

coas t i s a l so raised by abou t 2 em. So, the no sea l e vel 

diffe r e nce is 1·esul ted from the bottom co ld water ac r oss whole 

st r a it in wi nte r. Whe n we confine our attention t o t he 

seasonal variation o f the s e a lev e l across the Western Channel o f 

t he Tsu s hima Strait, the magnitude of t he variation predi c ted by 

ou ,. mode 1 ( d i r f erence betwe en Mod e l 1 and ~lode 1 3) r eaches ll 

e m, and is compa r a ble with the obse r ved value. This means 
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that the influence o f Lhe barocl Lni c molions induced by the 

bottom co l d water on- t he sea level dif fe rence ac ross t he 

Wes t ern Channe l is lar·ge enough 

Lhe vo lume transpo r t through 

to affect the estimation of 

the Weste rn Chann el from the 

observed sea l eve l diffe rence . I t s hould be noted t hat t he 

posilion of Lhe bottom cold water plays an impor tant role in 

produc ing a consi dera bl e sea l eve l diffe r ence . 

By comhiuing the data o f Lhe sea l eve l difference and o f the 

hydrogr aphi c ohse rvatjons , we intend to es timate the 

seasonal variation of t he ne t volume t ransport thr·ough t he 

Ts us hima Str ait in Section 4. The data used in th i s section 

are the sea l eve ] data observed at Hakata , I zuhara and 

the CTD data obtained by the Yamaguchi Pu san a.nd 

Pre fec tura l Open-Sea Fisheri es Experimental Station on 

monlhly base during the pe riod from 1988 to 1990. The 

ve r t ica l profil e of the geostrophic current is ca l culated 

a l. each obse rvation station , and the baroclin ic co mponent 

whose vertical integration is zero is ob tained . Then, t he 

baroc l ini c sea l eve l diffe r ence resulted from the baroc l inic 

current component was calculated across the 

Strait for each observat ion time. The barotropic sea 

Tsushima 

l eve l 

diffe r ence , whic h is equivalent to the net volume transpor·t 

through t he Tsushima Strait can be es timated by subtracting the 

ba roc lini c sea l evel diff er ence from the obse rv ed sea leve l 

diffe r ence . The resu lts indi ca te that t he t otal volume transport 

through the Ts ushima Str a it has a maximum in earl y winte r and a 

minimum in earl y spring . The variation r ange of the vol um e 

trans port is es timated to be about 0.7 Sv. This va lue i s from 



1/3 to 1/2 o f "Lhe variati on deduced only from the observed sea 

l evel el i fference ~<he r·e t he effect o f t he baroc lin ic sea 

l eve l diff erence i s i gno r ed. 
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1 . I NTROD//CT ION 

The Japan Sea is connec t ed to the adjacent seas through f ou r 

st r·ai t s: the '!'sushi rna Strait to the East China Sea, the Tsugaru 

St r a it to the North pacific and the Soya a nd t he Mamiya Strait to 

the Okhotsk Sea . Subtropical wa te r s flow i nto the Japan Sea 

throug h l: he Tsushi ma Stra i t t o form the Tsus h i ma Wa rm Cu rrent 

whic h i s one of the major currents i.n the Japan Sea . The hea t 

and S!l 1 in i ty flu xes and the transport of larva t hrough the 

Tsus hima Strait are essential to the studies on the 

oceanography, meteo r o l ogy and fishery sc ience in the Japa n Sea . 

AI t houg h th Tsus hima Warm Current is str ong and is we ll defined 

in Lhe Ts us hima St r ait, its feeding current system in the 

East Chi na Sea is obscur e and no consp i cuous cu rren ts can be 

observed in the sea west of Kyusyu. The Tsushima Warm Current 

Water cons ists of the mixed water between the Surface Kuroshio 

Wate r and the coastal s he lf waters in the East Chin a Sea ( e .g., 

Lim 1971 a nd Nagata 1982). Because the sill depth of the Tsushima 

St rait i s only about 140 m and because winte r convect i on in this 

a r ea eas ily r eaches to t.he bottom, the Tsushima Warm Current has 

rather a shallow structure and its water 

exhib it a conside r a ble seasonal variation. 

characte ri stics 

The Tsushi rna War·m Current has been investigated by many 

oceanographe rs, and it has been be lieved that the transpo rt or 

the curr·ent velocity of the Ts ushima Warm Current in the Tsushima 

Strai t shows a considerable seasonal variation. For example, 

ll iduka a nd Suzuki (1 950 ) and Yi (1966 ) esti mated the su rface 



current veloc ity of the Ts ushima Warm Current in t he Westet•n 

Channe l of the Ts ushima Strait (see Fig . 1}, and obtained 

values of about 80 crn·s- • in August-October and of 20 - 30 cm· s·• 

in December-May. However, si nce t he direct current 

measut·ements are very 

deduced from t he 

few, the seasonal va riation is usuall y 

dynami c computation assuming that the 

current speed is negligible at the bottom, or from the 

seasonal variation of the sea l eve l deference ac ross the 

stra i t. ~li i La(l976} investigated current structure across the 

Stra i t in su mmer , usi ng histori cal data o f the direct current 

measurement in 1942 and 1943 whe r e the measuring periods are 

25 hou rs. They found that the in tense current ex i sts near 

t he bottom o f Lhe Tsushima Strait, and s hed t he doubt about 

the v a 1 i d i ty of the dynami c calcu l ation assuming ze r o 

ve l oc ity at the bottom. 

The sea ]pve l diffe r ence ac ross the Tsushima Strait i s used as 

a n indicator for the volume transport or the surface 

current 

Kawabe, 

veloc ity in the strait by many investigators (e . g., 

1982 and Toba et al . , 1982}, As seen in Fig. 2, t he 

the sea l eve l difference across the Western Channel o f 

Tsu s h.lma Sl:ra i t shows significant seasona l variation, and 

the diffe r ence i s large from August through October (maximum 

in Augus t} and s mall Decembe r through ~lay. Thi s is 

reason that t he Tsushima Warm Curren t is 

t hought to hav e a l arge seasona l variation. 

Recent l y, Egawa et al. (1993} ana l yzed ADC P (Acousti c Doppl e r 

Current Profll e r) data obtai ned on board the vessel s belonging 



Flg . l. Temporal variati on of the surface curre nt velocity in the 
Weste rn Cha nnel o f the Tsus hima Strait, deduced from the 
dynamica 1 computation assuming that the current speed is 
negli g ibl e near the bo ttom. (after Hidaka and Suzuki, 1950). 

Flg .2. 5-day running means of diffe rence in daily mean sea level 
betwee n 1 zuhara and Pusan and be tween Hakata and I zuhara from 
1966 t o 1976 . The mean value of each c urv e f ro the whole eleven
year period is take n as the zero point of the o rdibate . The 
diffe r ence a r e obta ined by subtracting the value at Pusan from 
t hos~ at l zuh a ra, and the value a t I zuhara from those at Hakata . 
(afte r Kawabe , 1982) 

3 



to the Maritime Safety Agency during the period from February 

1987 to November 1990. As the main source of the data is patrol 

boats, t he data are available for al l months in t he area of the 

Tsushima Strait. Th~y pointed out that the seasonal variation 

of the currents in the strait is much smaller than that suggested 

in the previous papers, and that the northeastward current 

component of the main flow in the Western Channel is relatively 

high October through December. 

The main par·t of the Tsushima Warm Current flows out into the 

Pac ifi c Ocean through the Tsugaru Strait. It has been also 

believed that the transport t hrough the strait shows a large 

seasonal var in. tion. However, the results of the direct 

c ~~r· rent mea~urements using bottom installed ADCP (Shikama et al., 

1991) indicate that the seasonal variation of the transport 

through the Tsugaru Strait is very small, though the 

st ratification and the water mass properties of the current show 

considerable seasonal variations. 

In t hi s s·tudy, to clarify the reason of the discrepancy 

between t ho> past knowledge and t he recent observational results 

and to know t he details of seasonal variations of the oceanic 

condiUons in the Tsushima Strait, the data of the repeated 

ADCP s urveys across the Tsushima Strait will be analyzed along 

with CTD data. It will be shown both through data analysis and 

simple numerical expe rim nt that the sea l eve l difference across 

the strait is largely influenced by baroclinic motions whi ch 

produce no ne t volume transport. It will be also discussed how we 

can es t imute the seasonal var·iation of the net volume transport 



from t he sea l eve l diffe r ence data by r emovi ng the e ff ect of 

baroclinic moti ons . 



2. CURRENT STRUCTURE IN THE TSUSf/IMA STRAIT AND ITS VARIABILITY 

DEDUCED FROM REPEATED ADCP AND CTD OBSERVATIONS IN 1990-1991 

2.1 OBSERVATIONS 

ADCP( be 'l onging Lo Research lnsti tute for Applied Mechan i cs of 

Kyu s hu Univ e rsity) obse rvations across the Tsushima Strait were 

r epeatedly ca rri ed out o n board the R/V Kuroshio-Maru of 

the Yamag uc hi Pre f ectura l Open-Sea Fisheries Experimental 

Stati o n in 1990-1991 . The obse rvati o n line (see Fig. 3) is a 

part of Lhe routine observat i o n network of the expe rime nta l 

station. CTD measurements we r e car ri ed ou t aL Stations 

through 9, but the order of occupation is diffe rent for 

each obse r vation run. The ADCP measure ments we re made 

be t•;een al l o f t hese CTD stations. The obse rvation was carried 

out fiv e tirues during the pedod; 4 July, 11 September and 31 

October, 1990 and 4 ~lar ch and 30 April, 1991. The starting time 

of Lhe CTD measure me nt a t each station for each obse rvation run 

i s 'li sted in Table 1. The edge of the I ine (Station 1) on the 

.Japanese si de i s l oca t ed just off Kawajiri-misaki, but on the 

Korean si de (Station 9 ) is selected t o be about 30 km offshore 

o f Ul san, jus t outside the Korean territorial water. 

The towed-type of ADCP sys t e rn developed by Kan e ko et al. ( 1990) 

,;as used. The fi s h o f the ADCP ~<as towed by 50 m l ong rope , and 

adjusted to be at 8 m de pth during the measurement . The signal is 

sent to the r ecorder o n board. The Ts ushima Strait i s shallow 

e no ugh Lo use a r e turn signal from seabed to dete rmine Lhe 



N 

+ 
N 

0 km 50 t 
Japan Sea 

Ocean 30 

SOUTH KOREA 

F l g.3. 

Str·a it. 
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The nume rals attached to the isobath indicate the depth 

in m. ADCP obse rvation line is shown with bold strait line, and 
the the positions of the CTD observations, Sta. 1 through Sta . 9 
are s hown in black ci r c les . Open c irc les show the positions of 
Lidul current observations conducted by the Imperial Navy in 1942 
and 1943. A open triangle in the eastern channel denotes the 
posilion of the tidal current observation, the data of which was 
analyzed by Odamuki (1989). This point is used as a reference 
point in this study. 



Table 1 T·ime table for ADCP s urveys 

1990 1991 

4 July 11 Sept. 31 Oct . 4-5 Mar. 30 Apr . ~ l May 

Sta . 1 04:02 19:01 12:01 15:42 12:47 Japan 

Sta . 2 06:25 18:03 12:57 16 :46 13:53 

Sta.3 07:50 16:34 14:15 18:02 15:12 

Sta.4 09:20 15:07 15:35 19:23 16:30 

Sta. 5 10:40 13:40 16:50 20: 46 17:50 

Sta.6 12:00 12:17 18:09 22:02 19:09 

Sta.7 13:30 10:59 19:23 23:24 20:26 

Sta.8 14 :50 09:40 20:40 00:55 21:45 

Sta .9 16 :52 07 : 15 22:43 03:00 00:56 Korea 
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movement of Lhe ship, and the cu rrent profiles relative to the 

seabed were obtained (e.g ., Simpson et al., 1990). Velocity data 

wer·e samp l ed eYery minute at depth intervals of 8 m. When the 

irregular fish moti o~ occurs accidentally and the rolling and 

pitching angles var·y considerably, the ADCP signals become 

erroneous . By c hecki ng the signals on fis h motion, we eliminated 

s uc h er r oneous data . Due to the acoustic shadow zone, ADCP data 

are not avai l able in the bottom layer, the t hi ckness of which 

is nbo11t. 14% o f the tota l depth (Kaneko et al.,l988), and t he 

ext. r·apolation 

transport. 

procedure is needed to obtai n 

2.2 TIDAL CURRENT CORRECTION 

the volume 

There exist strong tidal currents in the Tsushirna Strait, and 

its magnitude exceeds one knot in the western c hannel of the 

Tsushimn Strait. (Odamaki, 1989). To obtain the net 

transport through the strait, we need to subtract tidal 

compone nts fr·om the ADCP velocity data. 

The direct measu r e ments of the tidal current components were 

car ried out near our observation line in 1942-1943, and the data 

are available in the JODC catalog ( JODC, 1985). The position of 

the observations are shown in Fig. 3 with open ci rcles: Stations 

A t hrough E. The data lengths of these observations are one 

Junur day, and only the harmoni c constants of the diurnal 

tide Ml, the semi-diurnal tide M2 and their highe r constituents 

such as M4 component having about 6 hours period would be 



calculated . As these harmonic constants vary with lunar age 

and declination of the moon on the observation day, these 

data cannot be used for our tidal current correction, directly. 

The more complete tidal data are available at the sites shown 

with a open triangle in Fig. 3, and Odamaki (1989) gave the 

harmonic constants of the "Principal lunar" 

solar'' S2, ''Luni -solar diurnal'' K, and ''Principal lunar diurnal'' 

0, tidal curre nt constituents for this point. Yanagi and 

lliguchi ( 1980) gnve a method to convert the data of m, M2, and 

M4 constituents into the harmoni c constants of the M2 , S2 , K, 

and O, 1 when there are accurate data on these constituents at 

some reference point nearby. The tidal currents in the strait 

are predominant in the direction parallel to the axis of the 

strait, and the basic natut•e of the tide at Odamaki 's point 

i s considered to be the same as those at Stations A through 

E. By choosing Odamaki's point as a reference point, we 

calculated the tidal current veloc ities at Stations A 

through E at the time of ADCP observations. 

By using the harmonic constants of the four principal 

components, M.,s. ,K, and 0, given by Odamaki (1989), the tidal 

current at the reference point was calculated for the day of 

each current measurement, and the harmonic constants for Ml and 

M2 constituents was calculated at the reference point . Using the 

har·monic constants for Ml and M2 constituents, we calculated the 

ratios of the amplitudes at each station to t hose at reference 

point, the difference between the phase lags at each station and 

th"ose at reference point. The harmonic constants of Ml and M2 
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components at each station we~e converted to those of the !'our 

principal components by using the ca l culated ratios and 

differences. In this procedure, the ratios and the differences 

for K, and 0, and for M2 and 82 are assumed to be the same. 

By using these constants, the tidal current at Stations A 

through E nt the Ume of ADCP measurements were cal culated as 

s how u in Fig. 4. Tida l currents along the ADCP observation line 

were obtai ned by linear interpolation f~om esti mated values at 

these staLions which are ass umed to be aligned on the line. For 

the po1·Lion between Stations 8 and 9, northwest of Station 

(Station 8), t he cur~ent we~e inte~polated by assuming 

the currenL at: the Ko~ean coast is ze ro. We considered only 

the barotropic tides, and the influence of the internal tides 

are ignored. 

2.3 RESULTS OF THE OBSERVATION 

2 . 3. 1 Hydrographi c observations 

The obtained cross-sectional dist~ibutions of temperatu~e, 

salinity and sigma-t are shown in Figs. 5, 6, and 7, 

respectively. In each figure, the distributions for five 

observational runs are shown in (a) through (e) . 

As seen in the distributions in Septembe~ 1990 (Fig 5b, 6b and 

7b), the sharp the~mocline and halocline develop in the 

summer . The strat if ication is also clearly found in July 1990 

and in October 1990, and a warm and less saline water occupies 

the upper laye r to form a sharp pycnocline below it. The 
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Flg.4. Distribution of the northeastward 
predi c ted tidal c urrent at. each time of the 

component of the 
ADCP observation. 

The uppermost figure shows the position , where the tidal c urrent 
co mponent is pr edicted , relative to the ADCP observation line. 
The aLtached Sta. numbers indi cate the positions of the CTD 
observations. The positions are located very near to the line, 
and we assumed that the positions are aligned on the line. The 
dates attached to t he each figure indicate the starting time and 
terminating time of the cove rage of the ADCP observation line . 
The northeastward current is taken to be positive. 
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thickness of the layer increases in October . On the other 

hand, the st raLificaLion is very weak in March 1991 and in 

April 1991' indicating Lhat the winter convecLion reaches 

nea rly to the bottom. However, near the bottom from 

Stations 5 to 9, some stratifications i n temperature and 

s igmu-t 1u·e found, and will be discussed later. 

As Lypi ca ll y shown in the distributi on in July, some wiggl e of 

i so therms ( a I so in i sopycnals) or S-shaped structure can be 

oh"e ,·v.,d near Sta li on 6. By analyzing J 5-year hydrographi c data 

in this reg i on, Ogawa(1983) showed that the S-shaped 

configurati on of the seasonal pycnocline in the c ross-section is 

a common fea ture in t his r egion. This structure is often 

assessed as an eddy formed on the lee side of Tsush i ma Island 

(e .g. ,l soda ,l989), but, at least partly, can be accounted for 

the adjustment process associated with the intrusion of the 

bottom cold water in the Western Channel (see Section 3). 

Except this portion, the isopycnals generally tend to 

s l ope down southeastward (to the right in the figures). This 

suggests that the northeastward currents (at least, the 

geos trophic component) are dominant both in the western and 

eas tern channels . 

Anothe r thermocline can he found in deeper depths between 

Stations 8 and 9 just off Lhe Korean coast. This the rmocUne is 

obse r ved throughout the year . Kawabe (1982) discussed on the 

ve r·t.ical distribution of the sigma-t in this region in 1973, and 

pointed out that the thermocline corresponding to this deeper 

thermocline is a continuation of the main thermocline found in 



Lhe .J upan Seu. This thermocline always acco mp ani es n strong 

pycnocline. Hereafter, we shall refer this thermocline as 

the main t he rmoc l i ne . 

The ma in t hermoc'line is formed above a co l d water existing 

near the bottom just near Korean coast . The t hez·mocline is sharp 

in s ummer· (in .Jul y and in Septembe r), but the temperature at the 

cente r or the cold water appea r s not to c hange considerably . 

Kuwabe (1 982 ) and Ogawa (1 983) also indi cated the existence 

of the ma in t he rmoc line or pycnoclin e anrl its seasonal 

varialions which is Lh e same as we observed. In the 

t e mpe ratur·e distribution i n Septembe r, the depth o f the main 

Lhe r·mocl ine appears to decrease in compari son with other months. 

Though it is hard to conc lude from our limited da t a , t hi s mi ght 

be r e l ated to he cold water upwelling near the Korean coast 

in summer (Byun, 1989 ), A very fres h water havi ng the salinity 

less than 32 psu is found i n t he upper layer of the western 

c ha nne l in September . The appea rance of the fresh wate r in 

summe r was reported by various invest igations (Uda, 1934 ; 

Uda,l936; Kajiura et al. ,19 58; Kawabe,l982; Ogawa,1983). 

2 . 3.2 ADCP s urveys 

The horizon ta l ve locity field obta in ed by ADCP measurements 

is s hown in Fig. 8 with stick diag ram for each obse r vation 

run. The hor i zontal velocities s hown he r e are r aw data 11i thout 

ti dal correction. The upward component of the vectors deno tes the 

not·thward 

eastward 

velocity, and the ri ghtwa rd component t he 

ve l ocity . '!'he max imum ve l ocity measured was about 80 
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c m· sec- 1
, whil e t he predicte d tida l components are .less t han 

50 c m· sec- • during these obse rva tions (see Pig. 4). 

The no r t hward o r northeas tward currents prevail except in 

the centra l pat"t near Station 6. In the central part, weak 

southwa rd or southwestward cunents appear to ex i st, though some 

o f t hem may be induce d by tidal currents. The g ross current 

f ea ture s hows good co rrespondence to the r esu l ts o f t he 

hyd r·og ,.aph ·i c observaUons eli scussed i n the pre vious sub-section . 

Since we need about 12 hours for each obse rvation run, the 

tidal components would vary gradually ac ross the section . The 

s ho rt wave variations of the obtained current fields would 

r esul t f rom c urrent flu c tuations both in time and space o r from 

inte rn a l tide compone nts . We made tidal current co rrections by 

us ing t he method desc ribed previously , and then r e moved 

small-scaled fluc tuations by smoothing the data with a 10 

km x 16 m r ec tangular window. The resulting c urrent fi elds 

are s hown in Pig . 9 for t he northeastward component. The 

nor theas t direc tion rough l y corresponds to the direction o f t he 

ax i s o f t he 

section . In 

strait , 

figures , 

and are perpendicular to the 

t he northeastward component is taken 

to be positive as it corresponds to the main current direct ion 

o f Lhe 'fsushima Warm Current in t he strait. He r eafte r, we s hall 

call the southwes tward current component as a countercurrent. 

The maxi mum ve loc ity alwa ys take s place in the West e rn Channe l 

(Lo Lh e no rLhwest o f Station 7), except in October, 1990 when no 

daLa avai l abl e ·there . The maximum velocity is found in the 

Septe mbe r section, and exceeds 80 cm· sec- 1 • The current in 
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the western channe l is barotropic except in September, 

1990 when the stratif i cation is most significant (see Fig. 

7 (b)) 0 '!'he current fi e ld in t he eastern chan nel is mu ch 

more variable, and a northeastward current zone is seen near 

the Japanese coast onl y in the July and September sections, but 

the c urrent direction is rather southeastward in the ot her 

sections. 'I' he maximum value is found in the .July sect ion, 

and is abo ut 40 cm ·sec- 1
• 'I' he magnitudes of the velocity 

obtained in the western and eastern channels are very sim liar 

to those given by Miita ( 1976) for summer season . 

'!'he counte rcurrent appears in all sections shown in Fig. 9, 

but its width and strength are var i ab l e section by section; it is 

very strong in the July section and i s concentrated within 

a limited narrow zone of the cent r al pat·t in the July and 

September sections, but spreads out for whole eastern 

c hann e l in the October and April sections. In the 

March section, the countercurrent is separated into two 

zones; one is in Lhe central part and the other is located just 

near the J apanese coas t. 

2 . 3 . 3 Volume transport deduced from ADCP data 

To ca l culate the volume transport (vertically 

integrated velocity) at each point , we need to estimate the 

curr-nt ve locity fi e lds in the bottom shadow zone where no ADCP 

data at•e available . We applied three different methods. In Case 

\, we assume no current in t he shadow zone. In Case 2, the 

velocity i s assumed to vanish at the bottom, and th e velociLy 

21 



profile in the s hadow zone is linearly interpolated . The more 

elabor:aLe method is adopted in Case 3, 

profil e in the zone is extrapolated in 

follows (Bowden and F~irbrain,1952): 

and the 

quadratic 

ve l oc ity 

form as 

u(~)=u·(l.l5-0.425·~2 ) (2-1) 

where u is the vertically averaged velocity in the uppe r layer 

whe re ADCP data exist, ~ is t he fractional depth defined by the 

ratio z/h of the depth z to the total depth h. This profile is 

applied to the shadow zone. 

We have no data between Station 9 and the Korean coast . The 

volume transport in this region is assumed to decrease from the 

value at Station 9 to zero at the Korean coast . In the 

case of September, the data near Station 9 were missing, and 

Lhe station nearest to Korea is used instead of Station 9 . In 

the case of October 1990, the data we r e missing in the broad 

area 

volume 

in the western channel, so we did not estimate 

transpor·t there. If the data gap exists in 

the 

the 

ve l oc.ily data along t he observation line, the velocity there is 

given by linear interpolation from the velocity profiles at 

nearby two ADCP stations where data exists. 

The vo lume transports a r e calculated at intervals of 10 km 

a l ong the observation l ine for each run, and shown in Fig. 10 

fo r Lhree cases of the extrapolation on velocity profile in the 

sh;,dow zone. The northeastward volume transport is taken upward. 

The results for three cases of extrapolation are almost 
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idenli ca l, and the contribution from the s hadow zone appears to 

be s mall. 

It can be clea rl y seen also in these figures that the 

no•·theastward volume · transport is large in the wes tern channel 

for all sections . In the eastern channel, the northeastward 

transport appea rs in July, whilst the southwestwa rd t ran sport i s 

dominant in ~!ar ch. The volume transport is small in Septembe r, 

October and Apr i 1. A r e latively strong northeastward current is 

observed along the J apanese coast in the July and September 

sec ti ons, but a southwes tward current appears in the October, 

Marc h a nd April sections. 

By int eg rating the vo lume transport shown in Fig. 10 across 

Lhe stra it, the total transport through the Tsush i ma Strait is 

obtained for each observation run, and shown in Fig. 11. As the 

ADCP data a re not available for the wide area in the wes te rn 

c hanne l a nd the strong current zone appears to exist in that 

area in the case of October 1990, we do not calculate total 

trans port for this case. 

The total transport through the strait shows the maximum value 

in September , and is 4.0-5.9 Sv, the value of which depends on 

t.he ext rapolation method of the current profile in the s hadow 

zone. The transport for the other observation runs is 0.7-1.0 Sv. 

2·. 4 01 SCUSSJ ONS 

The r e peated ADCP observation indicates that the total 

transport through the Tsushima Strait is very large in September, 
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1990, and is about 5 Sv . This might support the r esu lts of the 

p-revious s tudi es (llidaka and Suzuki,l950;Yi,1966) . The 

transport esti mated in July 1990, in March and April 1991, 

however , has a lmost t he same value of order of 1 Sv, and this 

suggests t hat the seasonal variation is small or, at 

least , is not sinusoidal. If we hav e not a si ngular value 

in September, we might cone] ude that there is very small 

seasonal variation. 

1 t shou .Jd be noted Lhat the t ransport estimated f rom ADCP 

data is o f a type of snapshot, and that the value may be affected 

by flu c tualions having shorter periods. The total transport in 

Septembe r might includ e temporary wind drift transport, as strong 

soulherly 

observed 

winds of 7 in Beaufort's wind-force scale were 

during the observation (see Fig. 12). This may 

happen to increase the transport value in the observation 

time. In addition, tidal current correction used in this 

paper mi ght hav e a sys tematic error. The effective number of 

ouP observation runs is only 4, and is too small to get any 

concrete conc lus ion on the seasonal variation of the 

transport through the Tsusbima Strait . It is highly desired to 

increase the ADCP observations and to cover the observation 

li ne regularly. In this paper, furth e r discussions 

seasonal variation of the total transport will be 

f or 

made 

the 

by 

analyzi tlg the hydrographic data together with the data of the 

sea level difference across the strait in t he following sections. 

One o f t he interesting features in the c ross-sectional current 

dis tr i hu Liom; in rig. 9 is the barotropic nature o f the current 
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structu t·e. 'l'he s i gnificant c urrent velocity ls observed near the 

bottom throughout a year. 'l'his implies t hat the t ran sport deduced 

by dyn a mi c computa tion assuming no c urrent near t he bottom would 

be e t·roneous in t he 'l'sushima Strait and gives an underestimate 

o f the transpor t value . Mii ta (1 976 ) r e por·ted that the 

no rLheustwarrl cunent i s intensified in t he upper layer of the 

Wes t e rn Chan ne l in s umme r . 'l'his phenomenon i s c l early seen in t he 

c urrent struclure in Septernbe t· 1990 (Fig. 9). 'l'he a nol he r 

complex i Ly of the oceanic st t·ucture o f the Western Chann e l is the 

exis t e nce of the ma in t he rmocl ine near t he bottom . 'l'he main 

the rmo c line gives a upper boundary of t he bottom cold water, and 

the bo t tom cold water ap pea rs to originate from the upper part 

o f t he Japan Sea Proper Wate r or t he thermocline wa ter in the 

J a pun Sea ( Byun and Seung , 1984 and Lim and Chang , 1969). 

The water temperature at the center o f the wate r is r e lativel y 

constant t hroughout year, but its thickness a nd the position 

appt"a r to make signifi cant seasona l var iation as seen in Fig. 

5 . The variation o f the bottom co ld water would cause the 

variati o n o f the sea level height a l ong the Korean coast . Thi s 

e ff ec t will be quantitatively esti mated in Sect i on 3. 

To see the baroclinic nature of the c urrent structure and 

its seasonal va r·iation, ba roc linic compone nts of the 

northeas t.wa rrl Cllt're nt a t·e calculated at each observation point by 

s ubtract ing t he vertically averaged velocity from t he ve locity 

s ho wn in F'ig. 9. 'l'he r esu lts are s hown in Figs. 13(a) a nd ( b) 

f or the cases o( Septembe r, 1990 and ~larch, 1991, respectivel y. 

The forme r wou ld r e present the summer state with s trong 
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stratification and the latter the winter state with weak 

straLificat ion. The northeastward component is taken o be 

positive . It can be clearly seen that the baroclinicity or 

vertical current s hea~ is strong in summer and weak in winter 

according to the strength of the stratification . In summer, 

the strongest vertical s hear is seen just off the Korean coast 

in the western channe l. The difference of the current speed 

between at the surface and at the bottom exceed 30 em · sec-' . As 

seen in Fi g . 5(b), the first thermocline ( the seasona l 

thermocline) is l ocated aL about 30 m depth and is the most 

s har·p in the cross-section. Also in this regi on, the clear main 

thermocline exists in the depth range from 50 to lOOm above the 

botLom cold water. This sLrong shear zone seems to be created by 

the intensified surface cu rrent (Tawara et al., 1984) and the 

bottom cold water developed in summer. 

In winter, the current shear is generally small as seen in 

Fig. 13(b) 0 However , a significant baroclinic velocity 

with magnitude lar·ger than 10 em· sec-' can be seen near the 

bottom at Stations 1, 6 and 8. It should be noted that the 

botLom cold water exists near the bottom at·ound Stations 6 and 

8 (see Fig. 5(d)), and the baroclinic currents seen there would 

be related to the bottom cold water. 

As discussed above, the bottom co ld water exhibits a 

cons iderable seasonal change, and this influences the current 

natt~r e in the Western Channel where the main part of the 

Tsushima Warm Cun·ent flows through. To see the effect of the 

seasonal variation of the bottom cold water on the current field 
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and on the sea l eve l he i ght, we shal l deploy simpl e 

numerical experi ments in the next section. 
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3. Tf/E BOTTO~£ COLD WATER AND ITS INFLUENCE ON SEA LEVEL 

DISTRIBUTTON IN Tf/E TSUSf/IM.4 STRAIT 

3.1 THE BOTTOM COLD WATER 1 N THE WESTERN CHANNEL OF THE TSUSI!l MA 

STRAIT 

As dcscussed in the previous section, it is reported that the 

bottom cold water is observed in the Western Channel for all of 

our five obse rvation runs, and it is suggested that the variation 

of the nature of the bottom cold water influences strongly on 

the current s true tu re in the Western Channa l where the main 

part of Lhe Tsushima Warm Current flows through. 

1'he horizontal distribution on the l evel just above the bottom 

in Lhe Western Channel of the Tsushima Strait in August 1963 and 

in November 1966 are cited in Fig.14 from Lim and Chang (1969). 

They argued that the origin of the bottom cold water is the Japan 

Sea Proper Water on the basis of hydrographic data analysis. Byun 

and Seung (1984) confirmed this argument by their direct current 

measurement. 

To check whether the cold water found in September 1990 in our 

observation cs the bottom cold water or not, we draw the 

hor i zon tal temperature distribution just above the bottom in the 

western channel in August 1990 by using the data obtained by the 

Nalional Fisheries Research and Developed Agency of Korea (NFROA, 

1992) (Unfortunately, no observation was made in September 1990). 

The result is sh01m in Fig. 15. It can be seen that the bottom 

cold watet' is c l ea rly extended from the Japan Sea into our 
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observation s i te in the summer of 1990. 

ln this section, the influence of the bottom cold water on the 

sea level distribution in the Tsushima Strait will be 

Inv es ti gated by a sim~le numerical model experiment of baroclini c 

adjustment. Namely, we shall put the bottom cold water in a 

layered strait with no motion, a nd watch the time variation of 

the cunenls and the dep th(s) of the interface{s). By adjusting 

the initial conditions, we seek the distribution of the sea l eve l 

across Lhe strait whe n the induced cu rrent and stratification 

almost fit to the observed states. 

3.2 HODEL USED AND NUHERICAL PROCEDURE 

The southwest edge of the bottom cold water is 

usually l ocated near the southern tip of Tsushima Island s , and 

has a t hree dimensional structure. In this study, howeve r, ••e 

assume that the phenomenon can be desc ribed two 

dime nsionally for simplicity. This si mplification may not be 

applicable to the region near the southwestern tip of the 

cold wate r area, but it position is far from our observation 

site. The scale of the cold water in the direction along the 

s tr·ai t ax is wou ld be r easonably assumed to be much larger than 

that in the di r· ec tlon across the strait . Also, j f the 

phe nome na are confined near the Korean coast and if the Korean 

coast acts as a coastal waveguide on the rotating earth, the 

scal e o f the phenomena would be elongated in the direc tion of 

the wave propagation. So, we assume that the phenomenon can be 
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treated as a two-dimensional problem. 

We use t he Cartesian co-ordinate system as shown in Fig. 16, 

and take the x-axis horizontally in the cross-strait direction 

from the Ko r ean coas t," t he y-axis hori zontall y along the Ko r ean 

coast , and the z-ax is vert i cally upward from the sea s urface , 

r espective l y. The width of the strait is L, and the Japa nese 

coast is l ocated at x = L. The phe nomenon i s assumed to be t.wo

dime nsional, i . e . a/a y = 0. Fo r s implicity , the water depth of 

t he strait H is assumed to be constant. 

Three t ypes o f the initial stratifi cation will be examined in 

this study . ~lod e 1 1 r ep r esents the summer stratification a nd 

Mode l s 2 and 3 Lhe winter stratifica tion (see Fig. 16). The fiv e 

l ayer system i s adopted for Model 1 to desc ribe the strong 

s trati fi cation in s ummer , and t1•o layer system for Mode l s 2 and 3 

to describe the weak stratifi cation. P• is the density, and h" 

the thickness o f the k-th laye r. r.h, is H (i=l, 2, 3, 4, 5 f o r 

Model and i=l, 2 for Models 2 and 3). 

We de no t e t he displacement of the upper boundary of the 

k-th laye r with n.( x , t) and the transport ( ve rti call y 

integra t ed velocity) i n the direction a l ong the coast in the k-

th laye r with v.(x , t), respec tively. By comparing t he 

ca l c ulated dis t ributions of n. and v. with the observed ones , 

we shall get the distribution of the sea surface elevation 

(n,) unde r the presence o f the bottom cold water. The r~ · t e r 

i s assumed to be immi sc ible across the laye r boundaries. 

In the initial condit ions, the fluid is at r est , a nd the 

bot.\om co ld water is r ep r esentetl as a r er tangular-shape upheave 
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Fl g. 16. Skematic vie w of the models and the initi a l shape of the 
uppe r bound a r·y of the botto m cold wa t e r used in this study: (a) 
Model 1, and (b) Model 3. The stratifica ti on in Mode l 2 is the 
same as flode l 3, but the initial position of the bottom co ld 
wa t er i s Lh e same as in Mode l l. See the text fo r de tail s . 
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of the upper bound a ry of lltC· Lowest laye r. The bottom co ld wnler 

is placed j 11st; oft' the Korean Coast in ~lodels l and 2, wh! le it 

is placed Ht the distance LO apart from the K"•·ean coast ( s~e 

Fig. 16( h)). As seen in Figs. 5 and 7, the magnitud e of 

the undulation of the uppe r boundary of t he bottom co ld water is 

50- 100 m. In the models, tl•e vert i ca l sca l e of the upheave is 

take n as 50 m, and t!;e ho ri zo nLal. scale as 50 km . Model in 

Fig . 16(a) is <•SSllmed l.o r e present the observed summer cond i tion 

(Fig. 7: SepLember 1990), and Mode l in Fig . 16(b) the 

ob!>erved winter condi tion (Fig. 7 : March 1991 ). ~lodel 2 is 

use tl Lo c heck Lhe influence of the position of the bottom cold 

wRLer on the surface eleva tion . The stratification parameters 

used in the numerical expe riments are shown in Table 2, 

Logether with several other parame ters. These parameters in 

mode ls are se l ected in a t t•ial-and-error manner so as that the 

ca l cu Ia ted velocity and density fields repr·esent reasonably the 

observed ones. 

The initial upheave of the upper boundary of the bottom cold 

water adopted is 50 m, and is large and co mparative with the 

thickness of each laye r, and the nonlinear terms would not be 

ignored in the equations of the motion. The non- linear advective 

terms a t'e considered. Bottom friction is consider ed and given in 

quadrati c for m, but no friction is assumed along each interface . 

By uss und ng lmcompressibility and by using hydrostatic 

appr·ox imation, we hav e the following horizontal momentum 

equations and the conti nuity equation: 
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Table 2 Parameters used in the numerical experiments 

Model 1 Model 2,3 

llt 10 sec 

t1X 10 km 

H 250 m 

L 200 km 

f 0, 83 X 10- . sec- 1 

g 980 cm·sec- 2 

'Y 2.5xto-• 

h, 30 m 150 m 

h. 10 m 100 m 

h. 10 m -

h. 100 m -

ha 100 m -
p, 1. 022 g·cm-• 1. 025 g·cm- 3 

Pa 1. 023 g·cm- • 1. 026 g · cm-• 

Pa 1.024 g·cm-• -

P• 1. 0245 g·cm- 3 -

Pa 1.027 g·cm- • -

Lo - 0 km(2), 50 km(3) 
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- fv .. 

(3-1) 

+ fu .. 0 (3-2) 

0 ( 3-3) 
at ax 

(k=l, 2, 3, 4, 5 for Model 1 and k=l, 2 for Models 2 and 3) 

where u .. , and v .. are defined by 

(3-4) 

and u( x,z,t ) and v(x,z,t) are the x- and y-components of the 

velocity. g is the gravitational acceleration, f the Coriolis 

parameter and y the bottom drag coefficient. Po 0, l1e 0 

for Model 1, and n. 0 for Models 2 and 3. 6 0 except for 

the bottom layer (k 5 for Model 1 and k 2 for Models 2 

and 3) where 6 is taken to be 1. The boundary condition 

imposed is that the velocity components normal to the coast in 

each layer vanish at the coast walls ( x 0 and x L). 

Equations (3-1)-(3-3) are conve r ted into a finite difference 

sche me by applying the cente r ed difference and leap-frog scheme 

with a time increment t.t. To suppress numerical instabi lit)', the 
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Euler-backward scheme is applied eve ry 20 ti me steps. The 

evolution of t he velocity and dens ity structures in the strait 

i s nume rica lly ca Lc ul ated under t he initi.al and 

condition s described above . 

boundary 

The ca l culated structures achieve a lmost a quasi-s teady 

state afte r one ine rtia period (around 21 hours at 

In our experiments , ti me integration was carried out for ten 

inertia pe riods (arou nd 8 days ) . The cal cula ted r esults usually 

exhibit s hor t period fl uctuations , and the averaged fi elds for 

Lhe l ust 21 hou rs a r e used for t he following discussions. 

3. 3 RESULTS OF EXPERIMENTS 

3.3.1 The disLI'ibution o f the surface elevat ion in the summer 

season 

For Lhe case of Model 1 (the s ummer state), the cal culated 

c ross-strait distributions of t he displacements o f the upper 

boundary and of the ave raged current component uk( x ) parallel to 

the coast are given for each laye r in Fig . 17(a) . The 

current component is de fin ed by v,. = Vk/(h,. +nk -n ... , ), 

ave raged 

It can be seen that the displacement of the uppe r boundary of 

the bottom cold water ( 11 6 ) dec r eases monoton ically from the 

Korean coast to the Japanese coast, and the most sharp 

gradi ent 

bound ary 

OCCUt'S at X 50 km where we set the offshore 

of Lhe bottom cold water in t he initial 

cond ition. The r esu lted conf iguration r oughl y co rresponds 

to that o f the main the rmoc line shown in Fig. 5. 
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Yl• and Yl• correspond to the upper and lower boundaries of the 

sellsonal (first) thermocline, r espectively, and n3 are set to 

repr·esent the sharpness of the summer thermocline. These 

interfaces are lowered' near x 40 km and heaved near x 70 km. 

Such S-sha.ped configuration is seen for the observed seasonal 

thermocline, halocline and pycnocline shown in Fig . 5,6 and 7, 

respectively . It should noted that the positions of 

depression and upheave in t he model correspond well ~<ith those 

observed ones. The amplitude of the undulation of the calcul ated 

seasonal thermoc line reac hes about 5 m (t5 m: see t he profile of 

in Fig. 17), while the observed amplitude is about 10 m 

between at Sta. 5 and Sta. 7 in 11 September, 1990 (see Fig. 

the 5). Tn our model, the upheave of the upper boundary of 

bottom cold water is assumed to be 50 m, but the observed upheave 

is a little larger than this value (50-100m). So, our modeled 

results seem to show fairly good agreement with the observed 

situation. 

According to the deformation o.f the thermocline, the 

northeastward cu r r ents (v,-v.) in the middle layers appeared 

around at x 50 km in t he middle layers, and have the magnitude 

of about 20 cm·sec- '. The counter current flowing 

southwestward of about 10 cm · sec-' appeared in the bottom layer . 

The intensified current zone with high vertical shear appears 

well to correspond to the cu r rent field near the Korean coast 

observed by ADCP survey in September 1990 (see Fig. 13(a)) . 

The northeastward current of about 15 cm·sec- ' is seen also 

in the surface layer· around at x 50 km, though the width of the 
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current zone is widen in comparison with in the middle layer. The 

resultant confi guration of the sea surface hh) is monotonically 

increases from the Korean coast to the Japanese coast. The sea 

level is lowered by about 5 em at the Korean coast (x=O km) . 

The sea level difference across the Strait is about 8 em. It 

should be noted that the sea level i s very flat in the Eastern 

Channel, and that sea level gradient can be seen in the 

Western Channel between x=O and x=lOO km. 

3.3.2 . The dist ribution of the surface elevation in the winter 

season 

In Model 2, the stratification is changed into the winter 

state, bul the position and the shape of the initial bottom cold 

water are just the same as in Model 1. The calculated c ross

st rait distributions of the displacements of the upper boundary 

and of the averaged current component parallel to the coast are 

given for each layer in Fig. 17(b). 

As the vertical density gradient is weakened in the winter 

stratification, and as the internal radius of deformation is 

s maller, the displacement of the upper boundary of the bottom 

cold water (n.J is more confi ned near the initial offshore 

boundary of the bottom cold water (x = 50 km) in comparison with 

the result in Mod el 1. 

The northeastwar-d current (v,) of about 10 cm·sec-' appeared 

in the uppe r laye r, and the southwestward current(v 2 ) of about 5 

cm·sec- ' appeared in the bottom layer. The width of the current 

zone in each layer is narrower than that of the Model 1 . 
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The sea l evel (,.,) is lowered by about 2 em at the Korean 

coast, and the sea l evel difference ac ross the Strait is about 3 

em in Model 2. The depression of the sea l eve l occurs on the 

le ft-hand side of the Strait (the Weste rn Channel) as in Mode l 1. 

ln ~lod e l 3, the position of the initial bottom cold wate r is 

moved offshore by 50 km as s hown in Fig . 16(b). The calculated 

cross-strait distributions of the displacements of the upper 

boundary and of the averaged current component parallel to the 

coas t are g ive n fo r each layer in Fig. 17(c). 

The both edges of lhe r ec tangular s hape o f the .initial 

di splacement o f the upper boundary of the bottom co ld water 

are s moothed and the shape of n. becomes a bell-shape 

af t er adjustment process just as seen in the observed one 

(Fig. 5). The weak northeastward and southwestward currents 

(v,, v2 ) a ppear in the surface layer around at x 50 

km and at 100 km corresponding the inshore and off shore 

edges of the initial upheave of t he inte rface , 

respect i vely . The counter currents corresponding to these 

currents are seen in the bottom laye r . The magnitudes of the 

velocity o f the current in the both layers are of the same 

order of those in Model 2, respectively. These values are about 

the half of those in the Model 1. 

The sea l eve l (n,) is l owered just above the bottom co ld 

wate r, and it is raised both at t he Korean coast and at the 

Japanese coast. The maximum displacement of the sea leve l occurs 

at x 80 km and its magnitude is 2 em. This value is also 

about the half of the maximum displacemen t in ~lodel 1. 
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3 .3 DISCUSSIONS 

- The magnitude of the seasonal sea level variation -

The results of the model calculation indicate that the 

existence of the bottom cold water yields considerable 

influence on the sea level dist ribut ion across the Tsushima 

Strait, and that the resultant sea level difference across 

the st rait is of order of 8 em in summer (Model 1) . The sea 

J vel gradient i.s very significant near the Korean coast or 

in t he \'/estern Channel. When the stratification is weakened in 

winter, the sea level difference across the strait decreases to 

of order of 3 em (Model 2} , if the position of the bottom cold 

water 

case . 

is 

If 

just off the Korean coast just as in the su mmer 

the position of the bottom cold water is shifted 

southeastward by 50 km so as to fit the observed winter 

situation (Model 3), the depression portion of the sea level 

moves southeastward as the depression occurs just above 

the bottom co ld water. Its magnitude, however , is not 

changed significantly for the given parameters, and the sea 

level difference between at the center of the bottom cold 

water (x = 80 km) and at t he Korean coast is about 3 em . ln 

cont rast to the su mmer condition, the sea level at the Korean 

coast is predicted to rise in winter by about 1 em. It 

be noted that the sea level at the J apanese coast ri ses 

should 

about 

em in summer and 1 em in winter. The winter situation 

modeled in Model 3 does not arise significant sea level 
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difference across the whole Tsushima Strait . As many 

investigators (e.g., Hi daka and Suzuki 1950, Kawabe 1982) 

ind icated, t he seasonal vari ation in the transport or t he current 

velocity in the Tsushi~a Strait occurs in the Western Channel, we 

shall conf ine our d iscussions mainly to the Western Channel (say, 

between x =0 and x = 80 km). 

Kawabe (1 982) poi nted out that the range of the seasonal 

variation of the sea level diffe r ence across the Wes t ern Channel 

reaches about 15 e m. The sea level difference ac ross the Western 

Channel is 8 em in summer (Model 1) and -3 em in winter (Model 

3), and the range of the seasonal variatlon is 11 em. (Note that 

Lhe 50 m upheave of t he upper boundary of the bottom co l d water 

might be underestimation as discussed before.) The predicted 

range 11 em is almost comparable with the observed one, 15 

em. (The range averaged for the period from 1988 to 1990 is 12 

em us will be discussed in the next section ). This means that 

t he ex istence o f the bottom cold water or the baroclinic 

nature in the Western Channel gives conside r ab l e influence on 

t he sea l eve l difference and that the sea level difference 

across the channel may not give a good information f or the 

seasonal variation of t.he transport or cu r rent velocity in t he 

Tsus hirna Strait . 

rt s hould be noted t hat the position of the bottom cold wate r 

is essent i a l to create s uch a l a r ge sea l eve l difference. If the 

bottom co ld water is l ocated just o ff t he Korean coast i n winter 

as just as in summer, the range of the seasonal variation is only 

about em (compar e the results of Model 1 and ~1odel 2 ) . As 
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discussed in the previous sub-section, the internal radius of 

deformation is smaller in winter. The influence o f the initial 

upheave of the upper boundary o f the bottom cold water is 

confined to rather. narrow domain, and does not reach t.o the 

Korean coast within the experimental paramete r range. We did not 

check t he dependence of the sea l evel difference on the 

position Lo 1 but t he con figurations of t he sea levels in Fig . 

17 would give some ideas on t his effect. The sea level 

measurements are most feasib l e for long-term monitori ng of he 

oceani c condi tion, and the sea level diffe rence across the 

strait contains the information for t he transport or the 

su rface ve locity through the strait . In the next section , we 

sha ll Lry to es timate the seasonal varlations of t l1e 

t ran sport of t he Tsushima Warm Cur r ent in the Tsushima Strait 

by combining the data of sea l evel difference and of 

hyd rographi c obs ervations. We hope that t he result may help to 

f i nd the possible way to remove the baroclinic influence 

from t he observed sea level difference in orde r to use the sea 

l evel dif ference informations for the 

of t he Tsushima Warm Current in the 

future. 

50 
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4. ESTlM.4TJON OF THE NET TRANSPORT OF THE TSUS/IIMA WARM CURRENT 

AND ITS SEASONAL VARIATION 

4.1 DATA AND ANALYSTS. PROCEDURE 

4.1.1 Sea level data 

The sea level data at flakata, Izuhara and Pusan have been used 

by many investigators to estimate t he seasonal variation of 

the transport of the Tsushima Warm Current in the Tsushima 

Strait (See Fig. 3 for the location of these tidal stations). 

The daily mean sea level data at these stations from 1988 to 1990 

were used by courtesy of the Japan Oceanographic Data Center . 

In Fig. 18, the sea level difference between fzuhara and 

Pusan (the Western Channel: the upper figure), and between 

Hakata and Izuhara (he Eastern Channel: the lower figure) are 

given for the analyzed period from 1988 to 1990 . The relative 

height of the datu m levels between in Korea and i n Japan is not 

known, and the sea leve l difference is measured from the three 

year averaged sea level difference for each channel . The 

barometric adjustment was not conducted because the distances 

between stations are only about 100 km and atmospheric pressure 

differences between the stations would be small in typical 

conditions. The sea l eve l difference across t he Western Channel 

s hows a remarkable seasonal variation with the range of about 12 

e m, whilst di stinct seasonal variation is not seen in the Eastern 

Channel. The variation range in the Western Channel is a little 

sml\ lle r than that given by Kawabe (1982) as a averaged value for 
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Table 3 Date of t he CTD casts or the dynamical computation 

1988 5 Apr., 10 May, 7 June, 3 Aug . , 2 Sept . 

1 Nov . , 2 Dec . 

1989 14 Mar . , 10 May , 4 Ju l. , 7 Sept . , 5 Oct. 

15 Nov. 

1990 6 Mar . , 11 Apr., 4 Jul. , 3 Aug., 5 Sept. 

11 Sept. , 3 Oct., 31 Oct . 
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the period from 1966 to 1976. However, the gross features of 

the. variation characteristic in both c hannels are very 

si mi lar to those discussed by various investigators (Hidaka 

and Suzuki 1950, Yi 1966, and Kawabe 1982). The temporal 

variation of the sea level differences in Fig. 18, however, 

should be influenced by the variation in baroclinic 

structures as discussed in the previous section , and cannot 

be related direct ly to the variati on of the transport and the 

current ve l ocity of the Tsushima Warm Current in t he Tsushima 

Strait. 

4 . 1.2 llydrographic (CTD) data 

The CTD observations across the Tsushima Strait have been 

conducted routinely by the Yamaguchi Prefectural Open-Sea 

Fisheries Experimental Station. Though no observation is made in 

Korean territorial water, and though the observations in winter 

are seldom due to severe weather conditions, this observation 

line i s the most frequently covered one in the Tsushima Strait. 

area. The positions of the observat ions, Stas. 1 through Sta. 9, 

are s hown in Fig . 3. About 30 cruises along this observation 

line were conducted in the pe riod from 1988 to 1990. However, we 

used CTD data of the 21 cruise when the simultaneous sea level 

difference data are available. The dates of the CTD observa tion 

used in this analysis are shown in Table 3. 

The temperature, salinity and sigma-t distributions are 

shown for al l observations in Table 3 in Figs. 19 (a: 

temperature), (b :sal in ity ) and (c: sigma-t). The bottom cold 
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water is always found near the Korean coast throughout the 

period, though its cross-sectional area and the ana ly zed 

sharpness of the main thermocline are very changeable 

seasonally and interannually. The offshore shift of the position 

of t he bottom cold water in winter-spring discussed in the 

Section 3 i s clearly seen in the sections on 2 December 1988 

and on 10 May 1989. But the situati on is very changeable year by 

year a nd the shift is not so c l ear in other winter sections. lt 

may be anti c ipated from the cross-sections shown in Fig . 19 that 

Lhe barocli ni c motion is predominant especially in the Weste rn 

Channel, and that its nature is very changeabl e . So, the sea 

level difference induced from the barocllnic current would be 

large and be changeable seasonally and i nterannually in the 

Western Channel . 

The seasonal thermocline is well developed in summer-autumn, 

and there is a general tendency to decline towards the Japanese 

coast . lts sharpness and the configuration is changeable again 

both seasonally and inter-annually, especially in the Eastern 

Channel. The influence of the baroclinic currents on the sea 

l evel distribution would be significant, at least, in the Eastern 

Channel. 

4.1.3 The procedure to obtain sea su rface distribution due 

to baroclinic current component 

To obtain the sea l evel difference associated only with 

the barotropic mode of the oceanic structure, we need to 

subtrac t Lhe sea level difference associated with the baroclinic 
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mode from the observed sea leve l diffe r ence . In this paper, the 

sea l evel difference associated with the baroc lini c mode is 

calcu lated as follows. 

Take A and B as two neighboring stations where the ve r tical 

di stribution of the density was observed (Fig. 20). We take the 

x-axis sou Lheas tward along the observation line , the y- ax is 

nor th~<e s tward, and z-axis vertically upward from the sea su r face. 

The current i s assumed to flow in the y-d irection . We shall 

de fin e the baroc l inic current compon-ent so a s t hat its vert ica lly 

integ rated value from t he sea surface to the bot tom vanishes. To 

obtain the baroc lini c current from the observed vertical dens ity 

pro fil es, we first seek t he reference depth 

the baroclinic component becomes zero (Fig . 20) by 

following relation: 

0 

f~X I [ (dD,.-dDA) - R - (&0,.-dDA)z ]dz 

-H 
0 

(z=-R) wh e r e 

using the 

(4-1) 

where f is the Coriolis parameter (=8.34xto - •sec-',35°N) . H the 

mean depth , dX the distance between Stas . A and B, dDA( z ) and 

dD,.( z) the dynamic depth anomaly calculated from CTD data at Sta. 

A and Sta., B, respectively. The subscripts-Rand indicate 

that t he values s hould be estimated at the depths -R and Z, 

respectively . ln the area under consideration, the oceanic 

s tructure is simple enough that the cu rrent profiles satis f ying 

t he equation (4-1) has a form as schematically s how n with dotted 

curve in Fig. 20 . Then, the sur face current ve locity (V
0

) o f the 
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baroclinic mode is given by 

1 
Yo = -- (li.Da-li.D,. l - R 

fli.X 
( 4-2) 

The sea level difference associated with the baroclinic mode 

(ll.n,) between A and B is obtained by 

f 

g 
( 4-3) 

The sea level distribution relative to the Japanese coast 

(Sta. 1) is obtained by applying (4-3) successively from Sta. 1 

to Sta. 9. We have no hydrographic data between Sta. 9 and 

the Korean coast, and the sea level at Sta. 9 will be 

considered to represent that at the Korean coast in this paper. 

4.2 RESULTS OF THE ANALYSIS 

The space-time plot of the sea surface displacement 

associated with the baroclinic mode is shown in Fig. 21. The 

di sp lacement is given relative to the sea level at the Japanese 

coast (Sta. 1). The intense depressions of the sea level are 

fouud on the Korean side of the Strait in summer-autumn. Its 

magnitude exceeds 5 em every year, but is very large in 1990 

(July and September) and exceeds 10 em . 

The bottom cold liater exists usually to the west of Sta. 6, 

and the eddy-like structure, which might be generated on the lee 
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F1g .21. The temporal and spatial var iation of the baroc lini c sea 
leve l. The sea l evel is plotted relative to that at the Japanese 
coast . The contou r i nterval is 1 em. The shaded area indicates 
the domain where the sea level lower t han -5 e m. 
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side o f the Ts ushima I sland, i s often observed near at Sta. 

6 . We s hall divine the strait into two r eg i ons to the west of 

and the e ast o f this stati on convent ionally. The forme r r egion 

(from Sta. 6 to Sta . 9) will be consirlered as the Weste r·n 

Channe l and t he latte r (from Sta. 1 to Sta. 6) as the Easte rn 

Channel. 

The te mpo r a l variations o f the sea l evel d ifference 

associated with the baroclinic mode (blac k ci rcl es) are s hown in 

Fig. 22 f o r t he Weste rn Channel (the upper figure) a nd fo r the 

Eastern Cha nnel (the lower figure ). The sea l eve l diffe r e nce is 

measured from the mean values for anal)•zed three years. The 

observed sea l evel differences taken on the same day of t he CTO 

obse rvations are picked up from 30-day mean sea l eve l data, 

a nd are shown with ope n ci rcles also in Fig. 22. These observed 

values s hou ld be the sum of the sea surface displacements 

associated with the barotropic and baroc linic modes. The 

variation o f the sea leve l diffe rence associated with the 

baroc li ni c mode has similar magnitude and changes roughly in 

phase with that of the observed one in the Western Channel. This 

indicates that the observed sea leve l is considerably influenced 

by the barocl inic motion in the Wes tern Strait. 

In the Eastern Channel, the amplitude of the variation of the 

obse rv ed sea leve l diffe rence is very small, and sea l evel 

diffe r ence varies rather irregularly. The variation of the 

baroclinic sea l evel difference (blac k circles in the lower 

figure in Fig. 22), however, tends to s lightly increase in 

summer and to decrease in winter . This would be resulted ft·om 
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the variation of the thermocline structure near the Japanese 

coast. 

The temporal variation in the due sea level difference (the 

barotropic sea level difference ) which is associated only with 

the barotropic component of the current is obtained 

subtracting the sea level difference associated with 

by 

the 

ba•·oclinic mode from the observed sea level difference. The 

barotropic sea level difference calculated are shown in Fig. 23. 

The variation of the barotropic sea level difference , 6n can 

be converted into that of the total volume transport, Q by the 

r e lation, Q (g/f)(6n)H (H is the mean depth of the 

channel). 

The barotropic sea level difference or the volume transport 

through the Western Channel takes higher values during su mmer

autumn and lowe r values during winter-spring. It should be noted, 

however, that the magnitude of the seasonal variation of the 

barotropic sea level difference dec rease in comparison with 

the observed sea level difference. The seasonal variation 

of the volume transport through the Western Channel should 

be much smaller than that expected from the observed sea 

l evel difference across the channel . 

The strong signal of the interannual variation can be seen 

in Fig. 21, and the cross-sectional area of the bottom cold 

water was abnormally large in 1990 . The barotropic sea level 

difference was very large in the summer-winter of 1990. This 

mi ght 

1990. 

be related to the abnormal oceanic condition occurred in 
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In the Eastern Channel, the barotropic sea level difference 

tends to increase in winter and to decrease during summer. 

4.3 DISCUSSIONS 

-The nature of the seasonal variation of the Tsushima 

Warm Current in the Tsushima Strait-

To eliminate the interannual variations and to obtain the 

gross nature of the seasonal variation of the Tsushima Warm 

Current transport, the obtained three kinds of the sea level 

differences across each channel (observed, baroclinic and 

bar.otropic) are aligned in order of the observed month by 

ignoring the observed year, then are averaged for every two 

months; March-April, May-June, July-August, September-October, 

and November-December. Unfortunately, no data is available for 

January-February. The results are shown in Fig. 24 for both 

channels ( Lhe upper figures for the Western Channel and the 

l ower figures for t he Eastern Channel) and for three kinds of 

the sea level differences obtained (the left figures for the 

observed, the center figures for the baroclinic, and the right 

figures for the barotropic). 

In the Western Channel, the observed sea level difference 

has a seasonal variation of the magnitude of about 12 em (the 

upper left figure in Fig . 24). If the effects of the baroclinic 

sea level difference is ignored, this would indicate that the 

range of the seasonal variation in volume transport through the 

Western Channel is of order of 2 Sv . However, the contribution to 
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the sea level difference from the baroclinic motions is 

significant as seen in the upper central figure in Fig. 24. We 

need to make a correction to remove it. The real seasonal 

variation should be estimated from the barotropic sea level 

difference s hown in the upper right figure of Fig. 24. The r·ange 

of the seasonal variation of the barotropic sea l evel difference 

is about 8 em, and the resulted variation range i n the volume 

transport through the Western Channel is about 1.3 Sv (0.65 Sv in 

amplitude). For the analyzed peri'od from 1988 to 1990, the 

seasonal variation of the barotropic sea l evel difference (the 

upper ri ght figure in Fig. 24) i s roughly in phase with that of 

the observed sea level difference (the upper left figure in Fig. 

24). If this r elation holds in general, the observed sea level 

could be a good index for monitoring the variation of the 

transport in the Western Channel. Further investigations are 

needed to check the relati on quantitatively . 

ln the Eastern Channel, the variation of the observed sea 

l evel difference is very small (the lower left figure in 

Fig.24), but tends to slightly decrease in summer-autumn . On 

the other hand, the baroclinic sea l evel difference shows a 

significant seasonal variation, and tends to increase in 

summer (the lower central figure in Fig . 24) . The 

barotropic sea level difference exhibits rather clear 

seasonal variations as seen in the lower right figure in Fig. 

24, indicating that t.he transport through the Eastern Channel 

increases in winter. 

Tawara and Fujiwara (1985) analyzed the sea s urface 
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temperature across the Tsushima Strait, and reported that a cold 

wate r always exists near the coast of Kyushu in winter. Such cold 

wate r can not be identified in the temperature cross-sections 

shown in rig. 19(a), and may be a narrow coastal phenomena . 

However, when the water ls a considerably thick, the cold 

water has the effect to lower the sea level in winter. Since 

this e ffect is not included, the amplitude of the seasonal 

variation of the baroclinic sea leve l diffe r ence across 

the Eastern Channel might be a li tt'le bit underestimated in ou r 

analysis. 

The total volume transport flowing into the J apan Sea i s the 

s um of the volume transports of the Wes t ern and Eastern Chan nel. 

The seasonal variation of the barotropic sea level difference 

across the whole Tsushima Strait is shown in Fig. 25. The r ange 

of the seasonal variation of the total volume transport 

through the whole Tsushima Strait is 0.7 Sv. This value is 

smaller than that through the Western Channel, as the variation 

in the Eastern Channel is out of phase to that in the Weste rn 

Channel. 

The seasonal var lations of the observed sea l eve l 

difference across the strait and the bottom refe rred geostrophic 

transport obtai ned from the observed density distribution are 

s hown also in Fig . 25 for comparison. It should be noted that 

the amplitude of the barotropic sea level difference is mu ch 

smaller than and is from 1/3 to 1/2 of that of the observed sea 

l eve l diff erence 

transport). 

(or that of Lhe cor r espond i ng geostrophi c 
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The total volume transport takes a maximum in early winter 

(Nove mber-December), and a minimum in spring (March-April). The 

similar t endency is s hown f or the surface current velocity by 

Egawa eta al. ( 1993), who analyzed the data of direct cu rrent 

meas urement (ADCP data). It s hou ld be a l so noted that the i>hase 

o f the seasonal variation of the total transport is different 

from that esli mated fr·om t he observed sea level difference as 

shown in Fig. 25 . This g i ves an explanation why other previous 

invest igator s (llidaka and Suzuki,' 1950; Yi, 1966; Knwabe, 

1982 ; Toba et al. , 1982) a rgued that the maxi mum total volume 

transport takes place in s umme r-autumn. 

Tn t he discussions abo,•e , we emphasized the i mportance of the 

bottom cold 11ate r and its variability on the current system in 

the Western Channel and on the sea level at the Korean coast. 

The variation of the ve rtical temperature profile at Sta. 9 from 

1988 to 1990 i s s hown in Fig. 26 . The bottom cold water may be 

r epresented by the wate r havin g the temper ature lower than 10 °C 

(Lim and Chang, 1969 ). In the figure , the portion wh e r e the 

temperature is lowe r than 10 oc is shaded , and that lowe r t han 5 

oc is s haded heav ily. The intrus ion of the bottom cold water is 

enhanced in s umm e r-autumn every year. Thi s summer-autumn 

intrusion is most remarkable i n 1990, and the cross-sectional 

area and the horizontal extent of the bottom cold water are a l so 

large in summer-autumn in 1990 (see Fig . 19(a)) . The 

intrusion phenomenon and its variability can be traceabl e 

also i n the s pace-ti me diagram o f the sea leve l di splacement 

in Fig . 21. The de pression at the Korean coast exceeds 10 em in 
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summe r -autumn 1990. This s uggests that the process of lhe 

ba r oc lin ic adju stment following t he intrusion of the bottom 

cold water discussed in Section 3 pl ays an im portant role i n 

l owe ring Lhe sea leve l at the Korean coast. 

It s hou ld be noted that t he i ntru sion of the bottom cold water 

in lhe Wes tern Channe l is u local phenomenon, and does not r each 

t he Easl China Sea (Li m and Chang , 1969) . The baroc lini c 

co mponent of the surface current may have a small horizontal 

sca l e , and may depend on t he selectdd position of the cross

sect i on . 

In the Eastern Channel, a lmost s imul tan eo us CTD observations 

we re carried out a l ong two observ ation lines in summe r-autumn 

(October 1988, July 1989 and July 1990 ) by the Japan 

Meteorologi cal Agency (JMA, 1990-1992). The positions of the 

lines are shown with A-A' and B-B' i n the uppe rmost figure in 

Fig . 27. The cross-sectional temperature distributions are 

shown in Fig. 27 for each observation: The distributions along 

A-A' are s hown in l he uppe r row and those along B-B' in the lower 

row. The observations in October 1988 are s hown in the left 

co lumn, those on July 1989 in the centr al column, and t hose 

in July 1990 in the right column. 

The seasonal thermocline is well developed in these c ross

section, and the isotherms tend to slope down toward t he right in 

each c ross section, suggesting that the dominant baroclini c flow 

is · northeastward. The l a rges t contrast in the temperature 

st ructure between two sections is seen in t he l owe r l aye r near 

the Japanese coast for each observation time. The re, the 
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isotherms run nearly vertical in A-A' l i ne, while the tilt ing of 

t he isotherms is not so large in D-B'. The associated baroclinic 

current would be muc h stronger in A-A' section than in B-B ' 

sect ion . This a l so indicates that the baroclinic component of the 

current is very changeabl e place by place . Although we focused 

our discussion on the cross-st rait structures in this study, the 

more elabora te t hree-di mensional analysis would be needed to 

evaluate the influences of the baroclinic currents on the sea 

l eve l di stributi on around the Tsushim~ Strait. 
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F 1 g. 27. Cross-sectional temperature distributions along line 
A-A'(the upper figures) and along line B-B' (the lower figures) 
in October 1988 (the left column), in July 1989 (the central 
co lumn), and in July 1990 (the right column) when almost 
si multaneous CTD observations were carried out both of these 
observation lines. See the uppe rmost figure for the positions of 
A-A ' and B-B'. The date of the observation is shown below each 
figure. Note that these observations we r e made in su mm er-autumn 
when the seasonal thermocline was well developed. 
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5. CONCLUSIONS 

The seasonal variation of the volume transport of the 

Tsushi ma War m Curren't in the Tsushima Strait has 

investigated 

hydrographic 

by using both sea level difference data 

been 

and 

data. According to the former invesLigations 

based on the sea level difference or the geostrophic 

calculation assuming no current near the bottom, the volume 

transport and the surface current • velocity of the Tsushima 

Warm Current show a remarkable seasonal variation with large 

ampl i tude of about 2 Sv. It was also argued that the maximum 

transport occu •·s in summer-autumn. By considering the influence 

of the baroclinic component of the currents on the sea level 

difference, we showed that these arguments are not correct. The 

results in this study are summarized below: 

(l) ADCP data indicate that the intense current is found even 

near the bottom in the Tsushima Strait throughout the year. 

The dynamical calculation assuming no motion near the bottom is 

not valid to estimate the volume t ransport through the Tsushima 

Strait. 

(2) The observed sea level difference across the Tsushima Strait 

conta in s the influence of the baroclinic current field . To obtain 

an index for the volume transport and its variation, we need 

to evaluate the baroclinic sea l eve l difference induced by 

baroclinic currents, and to subtract it from the observed sea 

l eve l difference . 

( 3) It has shown that the baroclinic cu rrent structure, 
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especially in the Western Channel , corr esponds to the existence 

of the bottom cold water in the Tsushima Strait. bottom cold 

water seems to influence the configuration of the 

thermocline and the ' current structure even in t he 

Channel. 

seasonal 

Eastern 

(4) The analysis of the CTO data being combined with the observed 

sea level difference data indicates that the total volume 

transport through the Tsushima Strait has a maximum in early 

winter and a minimum in early spring . The va riation range 

of the volume transport through the Strait is estimated to 

be about 0 . 7 Sv. This value is from 1/3 to 1/2 of the 

variation deduced from the obse r ved sea level difference 

where the effect of the baroc lini c sea level difference is 

ignored. 

(5) The volume transport through the Western Channel, however, 

shows t he variation similar to the observed sea level 

variation, though its magnitude is significantly reduced. 

The max imum transport occurs in September-October, and the 

minimum transport ill March-April. The volume transport through 

the EasLern Channel is high in November-April, and low in 

July-Oc tober, showing rather negative correlation to the 

variation through the Western Channel. 

( 6) The baroc linic current structu r e is suggested to have a 

relatively small horizontal scale (and so s mall time scale), and 

to depend on the position of selected cross-section. 

( 7) The total volume transport through the Tsushima Strait 

est imated by a snap-shot type ADCP observation indi cates rathe•· 
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large seasonal variation of order of 5 Sv. We think this is the 

overestimation as the e rror is arisen from temporary 

shorter fluc tuations, from possibl e wind drift and so on. 

Surveys throughout the year show that the volume transport is 

a round 1-6 Sv. 
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LIST OF FIGURES 

Fig . 1.. Temporal variation of the surface current velocity in 

t he Western Channel of the Tsushima Strait, deduced from 

the dynamical computation assuming that the current speed 

is negligible near the bottom . (after Hidaka and Suzuki, 1950). 

Fig. 2. 5-day running means of difference in daily mean sea 

l eve l between I zuhara and Pusan and between Hakata and Tzuhara 

from 1966 to 1976 . The mean value of each curve fro the whole 

eleven-year period is taken as the zero point of the 

ordibate. The difference are obtained by subtracting the value 

at Pusan from those at I zuhara, and the value at I zuhara from 

those at Hakata. (after Kawabe, 1982) 

Fi g . 3. The bathymetric char t in the vicinity of the 

Tsushima Strait. The numerals attached to the isobath indicate 

the depth in m. ADCP observation line is shown with bold strait 

line, and the the positions of the CTD observations, Sta. 1 

through Sta. 9 are shown in black circles . Open circles show 

the positions of tidal current observations conducted by the 

Imperial Navy in 1942 and 1943. A open triangle in the eastern 

channel denotes the position of the tidal current observation, 

the data o f which was analyzed by Odamaki (1989). This point 

is used as a reference point in this study . 

Fig. 4. Di str ibution of the northeastward component of 
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the predicted tidal current at each time of the ADCP 

observation. The uppermost figure shows the position, where the 

tidal c urrent component is predicted , relative to the ADCP 

observation line. ·The attached Sta. numbers indicate the 

positi ons of the observations. The posi t;ions are 

located very near to 

CTD 

t he line, and we ass um ed that Lhe 

pos itions are aligned on the li ne. The dates attached to the 

each figure indicate the starting time and terminating time of 

t he cove rage of the ADCP observation line. The northeastward 

current is taken to be positive. 

Fig. 5. Coss- sectional distributions of water temperature in 

oc. The depth in m is taken in the ordinate, and the scale of 

the hor·izontal axis is shown in the right-botto m o f each 

figure . The positions of the CTD stations are shown above each 

f igure . The date of the observation is s hown 

figure( a-e). 

Fig. 6. Cross-sec tional distributions of salinity . 

Fig. 7. Cross-sectional distributions of sigma-t. 

below each 

Fig. 8. Horizontal velocity field obtained by ADCP 

obse r vations . The velocities are shown in vectors by taking 

t he northward component upward, and the east co mponent 

ri ghtwa rd. The magnitude of the vector is shown at the 

bottom o f each figure. The tidal current correction has not 
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been made. The date of the observation is shown below in each 

figure. 

Fig. 9. Distributi ~ns of the northeastward component of 

t he current velocity in em/sec. The northeastward 

di r ecLion is perpendicular to the section and coi ncides 

r oughly with the strait axis . The tidal correction (see 

Section 2-2) has been made, and the values are smoothed by 

taking average for each 16m x 10 km rectangular area . The date 

of the observation is shown below each figure . The domains 

whe r e the current is southwestward are shaded. 

Fig. 10 . Temporal and spatial variations in the volu me 

transport. The volume transport is defined as t he vertically 

integrated c urre nt at each point, here. They are the total 

values for each 10 km segment. The ADCP data is not available 

near the bottom, and we used three kind of assumption to 

fill the current profile in the shadow zone: no current in 

the shadow zone is assumed i n case (the uppe r left 

figure), a linear profile vanishing at the bottom in case 2 

(the upper right figure), and a quadratic profile in case 3 

(the lower figure). See the text for details. 

r egion indicates southward volume t r ansport. 

Fig. 11. The total vol ume transports in 

integrated transport over the whole section) 

The shaded 

Sv (the 

for four 

observation ti mes. The integration does not made for the data on 

87 



October 31, as the data are not available in the Western Channel 

whe r e the s trong current zone of t he Ts us hima Warm Current 

flow s. Ope n circles denote the estimations for Case 1, and the 

c losed circles for Case 2 , the open triangles f o r the Case 3 . 

Fig . 12. Wind in the Beaufo rt's scal e measured on the s hi p 

dur· ing observations . 

Fig. 13. The same as in Fig. 9, except for t he 

northeastward component of the baroclini c fl ow in em/sec: (a) in 

Septembe r 1990 and (b) in Marc h 1991. The former is 

conseide r ed as ll representative fo r summer-autumn 

contd ili on, and the latter f o r winte r-spring. The shaded area 

indi ca t es southwestward flow . 

Fig . 14. Hor izontal distributions of the tempe rature in oc in 

the bottom layer of the Western Channel in August 1963 ( t he 

left figure) and in November 1966 (the right figure ). (after 

Lim and Chang,1969) 

Fig. 15. Hori zontal distribution o f the temperature in the 

bottom l aye r of the liestern Channel in August 1990 . 

Fig. 16 . Skematic view of the mode l s and the initial shape of 

the uppe r boundary of the bottom cold wate r used in this study: 

(a) Model I, and (b) Mode l 3 . The stratification in Model 2 is 

th e same as Mode l 3, but the initial position o f the bottom 
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cold water is the same as in Model 1. See the text for details. 

Fig. 17. The shapes of the surface/interface elevation 

(full line: see the left ordinate for its scale) and 

of the northeastward component of the velocity 

parpendiculer to the section (broken line: see the right 

ordinate for its scale ) after a qusi-steady state is 

achieved: (a) for the Model 1' (b) Model 

3. Note that the vertical scale for the 

changed figure by figure. 

2 and (c) Model 

displacement is 

Fig . 18. The temporal variations of the differences in daily 

mean level upper between sea Izuhara and Pusan (the 

figure) and between Hakata and lzuhara (the lower figure) from 

1988 to 1990. The broken line shows the 30-day running mean. 

The differences are obtained by subtracting the value at 

Pusan from that at Izuhara for the upper figure, and the 

value at I zu hara from that at Hakata for the lower figure. 

The zero line corresponds the averaged sea level difference in 

the analyzed period. 

Fig . 19. Cess-sectional distributions of water temperature (a: 

in °C), sal inity (b) and sigma-t (c). The depth in mistaken in 

the ordinate. The positions of the CTD stations are shown abo·ve 

each figure. The date of the observation is shown below each 

figure. 
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Fig. 20 . Model used to calculate the baroclinic current 

profile (dotted line), the baroclinic surface speed (V
0

) and 

the sea level gradient t.n, between the neiboring satations A 

and B. See the text· for details. 

Fi.g . 21. The temporal and spat i al variation of the baroclinic 

sea level. The sea level is plotted relative to that at the 

Japanese coast. The contour interval is 1 em. The shaded area 

indicates the domain where the sea level lower t han -5 em. 

Fig. 22. Temporal variations of the sea level difference (in 

em) across the Western Channel (the upper figure) and across 

the Eastern Channel (the lower figure). The baroclinic sea 

level difference is show n with a black circle, and the 

observed sea level difference ( 30-day running mean) with a 

open circle . The sea level data for the observed 

difference are shown only when the baroclinic sea 

l evel difference data are available . 

Fig. 23. The same as in Fig. 22, except fot the barotropic 

sea level differences . 

Fig. 24. Seasonal variations of the observed sea 

l evel differences (the left c ulumn), the barocl inic sea 

level difference (the central column) and the barotropic sea 

level difference (the right co lumn) across the Western 

Channel (the upper figure) and across the Eastern Channel (the 
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lower figure). 

Fig . 25 . Seasonal variation of the barotropic sea level 

difference (in em, see the left ordinate: the solid line) across 

the whol e 'l's us hima Strait. The cor responding value of the 

tr·an,;porL in Sv is taken along the right ordinate. '!'he observed 

sea level difference (in em, see the l eft coo rdinate: dash-dotted 

line) across the strait and the bottom-referred 

geostrophic transport (in Sv, see the right coordinate: dashed 

line) obtained from the density distribution shown in Fig. 19, 

are also shown in the figure . 

Fig. 26 . 

at 

Temporal variation of the temperature profile (in 

Sta.9 in the Western Channel (see Fig . 3 for its 

pos ition) from 1988 to 1990. The domain where t he temperature is 

lower than 10 °C is shaded and that lower than 5 oc is shaded 

heavily. 

Fig. 27 . Cross-sectional temperature distributions along 

line A-A' (the upper figures) and along line 8-B ' (the lower 

figures) in October 1988 (the left column), in July 1989 

(the central column), and in July 1990 (the right 

column) when almost simultaneous CTD observations were 

carried out both of these observation lines. See the 

uppermost figure for the positions of A-A' and B-B' . The date 

of the observation is shown below each figure. Note that these 

observations were made in summer-autumn when the seasonal 
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thermocline was well developed. 
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