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A Numerical Modeling of the East Sea Circulation
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The East Sea circulation is numerically modeled with refined grid resolution elaborated open boun-
dary condition, and by directly imposing the measured surface temperature and salinity. Typical
features of the East Sea circulation are successfully modeled. The North Korean Cold Current and
the East Korean Warm Current are clearer than those in previous works. Among others, the Ulleung
Warm Water and the Intermediate Water of minimum salinity are nicely reproduced.

The latter is formed in the northern/northwestern coastal region in winter and is advected south-
ward by strong undercurrent The former is associated with a locally generated anti-cyclonic gyre.
The model indicates strong seasonal variation of Nearshore Current along the Japanese coast. from
wintertime barotropic t0 summertime baroclinic structures. The associated strong reversed under-cur-
rent in summer is not well understood. Global circulation pattern is characterized by two regions
of cyclonic and anti<yclonic gyres in the north and south, respectively. The presence of these gyres
indicates importance of local dynamics in East Sea circulation. This model, however, does not comp-
letely resolve the problem of overshooting of the East Korean Warm Current
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INTRODUCTION

The general feature of hydrography of the East
Sea has been summarized by Moriyasu(1972): A
very deep, cold and nearly homogeneous water,
called the Japan Sea Proper Water, occupies the
lower part of the basin. The upper thin layer is
dynamically more active and can be divided into

aXatal

two regions, namely, the warm region in the
south/southeast and the cold region in the no-
rth/northwest. In the former, the Tsushima Current
(TC) Water dominates, which enters into the basin
through the Korea Strait between Korea and Ja-
pan in the south, and flows out through the Soya
and Tsugaru Straits in the northern part of Japan.
In the latter, coastal waters of low salinity are typi-



Modeling of the East Sea Circulation 293

127.3 132.3 137.3 (°k)
T T

DEPTH IN METER

(*N)
: Section N

: Section P

: Ulleung Island
: Korea Strait
: Tsugaru Strait
. Soya Strait

44.3

n-IxCuUZ

39.3

343 K

Fig. 1. Configuration of model domain and its topogra-
phy.

cal off Siberia (Russia) and North Korea (cf. Fig
1.

Below the surface, the warm and saline TC Wa-
ter is found in the warm region and high oxygen
water is found in the cold region. The latter is
also found in the warm region beneath the TC
Water, forming the East Sea Intermediate Water
(ESIW) of salinity minimum (Uda. 1934; Kim and
Chung, 1984; Kim et al, 1991). This ESIW proba-
bly comes from the surface of the cold region.
However, the detailed physical process about it
is not yet known. The surface and subsurface hy-
drography described above is known to undergo
a seasonal change, especially after cold winters
(Hong et al.. 1984; Kim & Legeckis. 1986; Seung
and Nam, 1991).

The Volume transport of TC is believed to be
about 1-2 Sverdrup and has large annual fluctu-
ation (Yi, 1966). This current, after entering the ba-
sin, is known to split into 3 branches (Uda, 1934).
The first one. called the Nearshore Branch (NB),
flows along the Japanese coast. Yoon (1982c) ex-
plains that this branch is topographically controlled.

The third branch, called the East Korean Warm
Current (EKWC), flows northward along the Ko-

rean coast and separates from the coast where it
meets the soathward flowing North Korean Cold
Current (NKCC). The second branch, less clear.
may exist along the slope near Japan. According
to Kawabe (1982). it becomes prominent only in
summer; it consists of disturbances generated at
the inlet by increase of TC volume transport, to-
pographically trapped and propagates along the
slope. The EKWC and NKCC, after separation
from the coast, form a strong front which runs
in the east-west direction across the basin. Most
of the EKWC flows out through outets but the
NKCC makes a cyclonic recirculation gyre in the
north (Uda, 1934). Seung (1992) explains. using a
simple model, the formation of NKCC and sepa-
ration of EKWC as due to local forcings by wind
and buoyancy flux. Along the front, large mean-
ders develop associated with warm and cold ed-
dies. In fact there has been a different view about
branching of the TC (Naganuma, 1973). it empha-
sizes the role of meandering rather than bran-
ching.

Apart from the global features noted above.
some local observations are worth mentioning.
One is the frequent observations of warm water
accumulation off the Korean coast at about 37°N
near the Ulleung Island (eg. Kang and Kang,
1990; Kim, 1991); this water mass is called Ulleung
Warm Water (UWW) hereafter. It is believed to
be the center of a quasi-permanent anti-cyclonic
gyre. Another is the presence of deep southward
current measured directly (Lie et al, 1989) near
Korean coast at about 800 m depth.

Numerical modelings of East Sea circulation
have been initiated by Yoon (1982a, b and o).
Each of these models shows one of three typical
features: formations of the NB and EKWC and
seasonal variation of circulation. However, any com-
plete single model incorporating all these featu-
res has not been attempted yet. Recently, Kim
(1991) has also tried to simulate the East Sea Cir-
culation. However, many problems remain unsol-
ved. All these models have been relatively coarse-
gridded, and many of their results have not been
rigorously compared with available observations.
These models do not show, among others. the
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Table 1. Level thickness of the model

presences of the ESIW of salinity minimum and
the UWW which are typical of southwestern part
of the basin off the Korean coast. In these models.
the EKWC and NKCC are successfully modeled,
but the former overshoots the realistic separation
position and the latter is not so persistent.

In this study, we present a numerical model
which uses better grid resolution. in both horizon-
1al and vertical directions, than before. To remove
the uncertainties in surface fluxes of heat and wa-
ter vapor, surface temperature and salinity based
on available historical data are imposed directly
as surface boundary condition. Open boundary
condition for temperature and salinity is more ela-
borated by using either the radiation condition or
prescribed values, depending on the advection con-
dition. Baroclinic velocities at the inflow opening
are also computed directly from the equations of
motion. In the following second section. we des-
cribe about the setting of the model. In the third
section. comparisons between model results and
observations are made. Finally in the fourth scc-
tion. discussions are made about model results be-
fore. in section 5, conclusions are drawn.

MODEL

The numerical model used here is by Cox
(1984). which is a refinement of the model by Se-
mtner (1974). As is commonly done in many
OGCM, this model is based on the spherical coor-
dinates and assumes rigid-lid surface. The model
uses the B-grid configuration and the finite dif-
ferencing is such that mass, heat, salt. variances of
temperature. salinity and total energy are con-
served in the model domain. Other detailed descrip-
tions about the model are referred to Cox (1984).

The model domain (Fig. 1) is divided into hori-
zontal grid of 0.2°X0.2°, in latitude and longitude.
Vertically, it is consisted of 23 levels (Table. 1)
In the initial state. it is assumed that there is no

tevel 1-2 34 s-12 13 14
&\ig‘kﬂ&%s (m) 20 30 50 75 100

15 16 17 I8 19 20-23

125 150 200

300 400 500
cffect of the inflowing TC water and the whole
basin is filled with the water of 0°C and 34.1%
which are close to the temperature and salinity
of the Japan Sea Proper Water.

The surface temperature and salinity data used
for surface boundary condition are those from Ja-
pan Oceanographic Data Center {e.g. 1978). Data
are sufficient in arcas covered by Korean and Ja-
panese routine observations but largely insufficient
clsewhere especially in the north/northwestern part
of the basin. With these data. harmonic constants
of annual and bi-annual componcents are found
at cach available data point. Spatial interpolation
and extrapolation of harmonic constants are then
made using the cubic spline method so that tracer
(temperature and salinity) values are available at
all grid points at any time.

Likewise. the same procedures are applied to
the surface and open boundary conditions for
momentum flux and tracers. respectively: wind st-
ress at the surface (Na et al. 1992) and tracers
over the vertical section of inflow opening (eg.
Fisheries Research and Development Agency. 19
86) are harmonically analysed and the resulting
harmonic constants are interpolated and extrapo-
lated. However. in extrapolating the surface tempe-
rature to the area of insufficient data. ie. nor-
thern/northwestern part of the basin, it was const-
rained to be higher than 0°C. This is to keep the
surface water always lighter than the bottom water.
In other words, it is assumed in this model that
the winter convection occuring in the north/north-
west of the basin does not penetrate decp to the
bottom.

The measured tracer values are used in the sur-
face boundary condition of the maodel as follows:
Over the surface of the basin. a hypothetical level
is assumed, which has the prescribed observed tem-
perature and salinity. At the surface, a strong
vertical diffusion is then allowed. The diffusion
coefficient is taken as 100 cm?/s which gives a dif-
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fusive time scale of about 5.6 hours. This is quite
negligible compared with the seasonal time scale
considered here so that the response can be thou-
ght of as quasi-instantaneous. In the inflow open
boundary condition of the model. the measured
tracers are used in exactly the same way as that
proposed by Stevens (1991). In this method. the
tracers on the boundary are normally computed
by using radiation boundary condition. If the ve-
locity on the boundary is into the domain. then.
the measured prescribed values are imposed. In
the latter process, no relaxation time is needed
in keeping computation stable. Baroclinic veloc-
ities on the open boundary are directly computed
from the equation of motion as done by Stevens
(1991). Since the outflow openings are much nar-
rower than the inflow opening. simpler conditions
are applied: gradient of tracers and baroclinic ve-
locities are assumed vanishing along each outflow
channel axis. This assumption does not raise any
continuity problem because the depths are held
unchanged along these axes. The same assumption
is also made by Yoon (1982a. b) and Kim (1991).
Differently from conditions for tracers and baroc-
linic velocities, stream functions (transports) are
held fixed across the open boundaries. The total
transport is taken as 1.6 Sverdrup. This is shared
by the northern outlet (Soya Strait) and the sou-
thern outlet (Tsugaru Strait): 04 Sv for the former
and 1.2Sv for the latter.

Horizontal eddy coefficients are taken as 50X
10°cm?/s for viscosity and 1.0X 10¢ cm?/s for diffu-
sivity. Vertical eddy coefficients are taken as 1.0cm
*/s for viscosity and as 0.1 cm™/s for diffusivity. The
latter is one tenth smaller than the former. As
suggested by Bryan (1987). this is to prevent the
over-thickening of the TC water: the consequence
of over-thickening is discussed later. Due to the
surface cooling in winter. the water column beco-
mes vertically unstable. This is overcome by allo-
wing a very large vertical diffusion coefficient. 10*
c¢m2/s here. which induces an immediate vertical
mixing. This procedure is also taken when apply-
ing the surface boundary condition for tracers. as
mentioned earlier. Since the model uses wide ra-
nge of varable-vertical diffusion coefficients. an

implicit scheme is employed in calcutating vertical

diffusion processes.
COMPARISON WITH OBSERVATIONS

After about 60-ycars of run. the model results
reached quasi-steady state: they show repeated an-
nual variation without any significant long term
trend. Tracers in the first level show similar distri-
bution pattern as those observed (Fig.2). In the
fifth level (125m). however. discrepancies are re-
markable between the modeled and observed tra-
cers (c.g. Fig. 3): In the model. the narrow south-
ward intrusion of cold water along the western
coast is not clear and. consequently. scparation
of the EKWC occurs farther north than expected.
It seems that the model overestimates the mertial
effect of western houndary current; it appears
more enhanced in summer when the current be-
comes stronger (Fig. 4). More discussions about
overshooting of the EKWC are given later.

At about 200 m depth. current becomes weaker
and the similarity 10 the observation is again reco-
vered as shown by the annual mean temperature
distribution (Fig.5). At this depth, the model
shows the presence of warm water accumulation
(temperature higher than 45°C in Fig 5) at the
center of the anti-cyclonic gyre off the Korean
coast. This might be a reproduction of the obser-
ved UWW (temperature higher than 3°C in Fig. 5)
indicating that the UWW is associated with a local
anti-cyclonic gyre.

Model results are also compared well with the
observed temperature and salinitv section (called
section P) across the basin. for example. with the
one undertaken by Seifu Maru in 1964 (c.g.. Fig. 6.
This fact indicates that the mode! reproduces the
basin-scale features satifactorily.

Another reference is the section (called section
N) along 37.33°N off the Korean coast accross
the EKWC. for example the one undertaken by
KORDI in 1984 (Fig. 7). The warm and saline core
of the EKWC | at about 129.3°E. is nicely repro-
duced by the model and the presence of the
UWW_ at about 130.1°E. can be remarked too.
Most of all. the reproduction of the ESTW of <ali-
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Fig. 3. Horizontal distributions of temperature in March (upper) and September (lower) obtained from observation
(100 m depth) and model experiment (125m depth).
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Fig. 5. Distributions of annual mean temperature observed(200 m depth) and model-computed(225 m depth). The former
is compiled by JODC (1975). For comparison. model-computed current vectors are overlaid.
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Fig. 7. Vertical sections of temperature (upper) and salinity (lower) along the latitute 37.330 N off Korean coast (section
N, see Fig. 1) observed in 1988 by KORDI (left) and obtained from model experiment (right). both in May.

nity minimum is quite encouraging. In the model,
it 1s thicker and appears closer to the side boun-
dary than that in observation. Other observations
(cf. Kim et al. 1991) indicate that the location
and shape of the ESIW vary from year to year
so that the direct comparison between a particular
observation and the model result shown in Fig.7
can be hardly the same. On a larger scale (exten-
sion of the section N along the same latitude. see
Fig. 8), the layer of salinity minimum extends over
large area of the basin. More discussions about
the ESIW are given in the next section. It should
be noted, however. that, in the model (Fig. 7). there
is no fresh water just off the coast, probably due

to the overshooting of the EKWC.

The current at 875 m depth off the Korean coast
undergoes a seasonal fluctuation even though the
current is very weak. It is northward in winter
but becomes southward in summer season (Fig. 9)
confirming the measurements (Lie et al., 1989).

DISCUSSION

Despite some deficiencies, the separation of the
EKWC and formation of the persistent NKCC are
clear (Fig.4). The major surface currents are the
EKWC, NKCC and NB. but the so called the
second branch is not clear. The NKCC extends
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Fig. 8. Vertical section of salinity along the extended line
of section N in May.

southward down to about 40°N in summer, and
moves further south to about 39°N in winter. How-
ever, it is generally believed that the NKCC exte-
nds more to the south. A part of the EKWC, after
separation, flows offshore making large meanders
and the rest of it deviates southward making a
recirculation of the EKWC and local anti-cyclonic
gyres in it. One of these gyres forms the UWW
at its center. More discussions about the genera-
tion of these gyres will be given later.
Overshooting of western boundary current has
long been a common problem in numerical mo-
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deling. Lzer and Mellor (1992) point out, in a se-
ries of numerical experiments on local Gulf St-
ream problem. that thermodynamic effect is fun-
damental in maintaining southward advection of
cold water and thus preventing the overshooting
of the Gulf Stream. In this respect, the incorrect
surface boundary conditions of temperature and
salinity in the north/northwest of the basin may
be the major factor of the overshooting.

Bryan (1987) stresses the importance of the ver-
tical diffusion coefficient in controlling both the
thermocline depth and the overshooting. In our
study. it is certain that the small vertical diffusion
coefficient taken here has contributed to preven-
ting the TC water from thickening but this does
not secem to be the case for overshooting of the
EKWC. Furthermore. it
there arc any other factors involved. such as the

is not known whether

isopycnal diffusivity of the horizontal mixing
At the surface, both the EKWC and NB streng-
then in summer but the NKCC strengthens in wi-
nter (Fig.4). The formers seem to be due 1o the
summer ime intense baroclinic effect and the lat-
ter. due to the strong northerly monsoon winds
prevailing in winter in this region. These winds
may not only generale strong southward coastal
currents but. due to the presence of strong negative
wind stress curl in this part of the basin (Na et
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34.3

Fig. 9. Velocity

fields at 875m depth in February and August
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Fig. 10. Velocity fields at 125m depth in January and July. That in November is presented to show the time evolution

of velocity field.
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Fig. 11. Velocity fields at 1650 m depth in January and July.

at, 1992), also intensify the large-scale cyclonic
gyre and therefore strengthen the southward alo-
ngshore current. Especially, the NB undergoes a
large seasonal variation: it is largely barotropic in
winter but occupies only the upper 100m depth
in summer by leaving the deeper parts to a strong
under-current (Fig 10). It is not yet understood
how this under-current can be generated. The fol-
lowing explanation may be suggested: The impo-
sed thermal front at the surface as a boundary
condition in summer season generates baroclinic
motions (disturbances) through continuous geost-

rophic adjustments. The baroclinic current fields
thus generated along the front propagate westward,
probably as Rossby waves, and then anti-clockwi-
sely around the slope of the basin, probably as
internal Kelvin waves. The progressive extension
of this current field anti-clockwisely around the
basin during the summer season until November
(Fig. 10) seems to support this explanation.
Finally, It should be remarked that currents in
deep layer undergo large seasonal variation (e.g.
Fig. 11). This seems to be the effect of barotropic
response to seasonally fluctuating wind in this ba-
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Fig. 12. Distributions of stream function in January and July.
sin. the latter becomes more pronounced in summer

The volume transport of each current undergoes
a seasonal fluctuation. In summer. most of the
transport through the inlet takes place by the
EKWC and in winter. the volume transport of the
NB becomes the greatest (Fig 12). The transport
of NB. which is the most barotropic in winter,
seems to be most enhanced by topographic guide.
The pattern of basin-scale stream function is cha-
racterized by two regions of cyclonic and anti-cyc-
lonic gyres in the north and south. respectively
(Fig. 12). These two regions are separated by the
main stream of the TC which also coincides with
the polar front(cf. Fig.3). In the northern half
of the basin. there is a large cyclonic gyre which
embraces two small cyclonic gyres at both sides,
confirming the traditional view (eg. Uda, 1934).
In the southern half. there are several small anti-
cyclonic gyres of which the one associated with
the UWW is an example. It seems that the nor-
thern half is dominated by positive vorticity and
the southern half, by negative vorticity.

The former might be due to strong positive wind
stress curl (eg.. Na et al, 1992) and the latter may
be associated with diffusion of negative vorticity
created along the western boundary. In fact. the
former strengthens in winter when strong wind
ol positive stress curl prevails in the north and

when the EKWC is the strongest. These gvres are
locally generated and their presence indicates the
importance of local effects in the East Sea circula-
tion.

One of major interesting features in the East
Sea is the presence of the ESIW of salinity mini-
mum. In this model. regions of fresh water source
in winter (salinity lower than 34.0% in March in
Fig.2) are found along the northern/northwestern
and the southeastern coasts. Since winter convec-
tion occurs only in the former, the ESIW must
be formed in this area by sinking of surface water.
This water may then be transported southward
by current. In fact. the horizontal distribution of
salinity at intermediate depth (425m). in May for
example, and the current field affecting the distri-
bution. that in February for example, strongly sup-
port this hypothesis (Fig 13). This current field
does not change drastically through the year but
the southward current contributing to the transport
becomes the strongest in winter probably due to
the combined effect of strong wind and wintertime
barotropy. This model suggests us, therefore. that
the southwestern part of the basin (off the Korean
coast) is the arca directly affected by young fresh
water.

In another experiment without any restrniction
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Fig 13. Distribution of salinity in May and current field in February at 425m deprh.

on surface temperature condition. ie. allowing
deep winter convection. the formation of the fresh
water extends to much deeper layers. On the other
hand, employing larger value (1.0 cm®/s) of vertical
diffusion coefficient makes the TC Water much
thicker extending from the surface down to the
level beyond intermediate laver. The presence of
thick TC Water largely prevents the southward
movement of cold fresh water on the horizontal
plane of intermediate depth. Result is the appeér—
ance of salinity minimum layer at much deeper
layer. In this experiment, we realize therefore how
the intermediate/deep layers are sensitive 1o sur-
face boundary condition and wvertical diffusion
coefficient.

CONCLUSIONS

Progress in numerical modeling of the East Sea
Circulation 1s made by increasing the grid resolu-
tion, elaborating the open boundary condition, eli-
minating, to some extent. the uncertainty of surface
heat and salt fluxes by directly imposing the mea-
sured temperature and salinity on the surface, and
by employing appropnate vertical diffusion coeffi-
cient.

Many observed features are successfully repro-
duced here: the general hydrography across the

basin, branching of the TC into the EKWC and
NB, separation of the EKWC. persistency of the
NKCC and the presence of UWW: the UWW is
associated with a local anti-cyclonic gyre.

Among others, the reproduction of the ESIW
of salinity minimum. quite typical off the Korean
coast. i1s encouraging. This water seems to be for-
med in the north/northwest by winter convection
and advected southward along the coast by strong
under-current. The advection seems to be the stro-
ngest in winter probably because of the combined
effect of strong wind and barotropy.

Model results indicate strong seasonal change
of current structure in the NB: from barotropic
in winter to baroclinic in summer. In summer.
the strong under-current of reversed direction is
noteworthy. The model also characterizes the glo-
bal circulation as two regions of cyclonic and anti-
cyclonic gyres in the north and south. respectively.
The former seems to be due to the positive wind
stress curl. the strongest in winter. and the latter.
due to the negative vorticity diffused from the
EKWC which is the strongest in summer.

Despite some successes of the model. the over-
shooting of the EKWC still remains as the prob-
lem 1o be solved. There are many other numerical
results that await proper explanations. Among
others, the formaton of the anti-cyclonic gyre asso-
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ciated with the UWW may be explained by apply-
ing the vorticity dynamics and might be a good
subject of next work. The generation of the south-
ward under-current along the Japanese coast
should first be confirmed by observation before
any attempt of dynamic explanation is made.

ACKNOWLEDGEMENTS

This study is an output of 19%-1993 KOSEF
research support program. Discussions with Dr.
1. H. Yoon at RIAM/Kyushu University, Japan

were useful.
REFERENCES

Brvan. F. 1987. Parameter sensitivity of primitive equ-
ation ocean general circulation models. J. Phys
Oceanogr, 17: 970-985.

Cox. M.D.. 1984. A primilive equation, 3-dimensional
model of the ocean. GFDL Ocean Group Technical
Report No.l. GFDL/NOAA, Princeton Univ.

Ezer. T. and G.L. Mellor, 1992. A numerical study of
the varability and the separation of the Gulf St-
ream, induced by surface atmospheric forcing and
lateral boundary fows. J. Phys Oceanogr, 22: 660-682.

Korea Fisheries Research and Development Agency,
1986. Mean oceanographic charts of the adjacent
seas of Korea. Pusan. Korea.. 186pp.

Hidaka, K. and T. Suzuki, 1950. Secular variation of the
Tsushima Current J Oceanogr. Soc. Japan, 16:
28-31.

Hong. C.H., K.D. Cho and S.K Yang. 1984 On the
abnormal cooling phenomenon in the coastal areas
of East Sea of Korea in Summer 1981. J. Oceanol
Soc. Korea, 19: 11-17.

Japan Oceanographic Data Center, 1975. Marine Environ-
mental Atas. Northwestern Pacific Ocean: Statis-
tics of the Oceanographic Elements (all months)Ja-
pan Hydrographic Association.

Japan Oceanographic Data Center. 1978. Marine Enviro-
nmental Aflas, Northwestern Pacific Ocean [ Sea-
sonal and Monthly. Japan Hydrographic Associa-
tion.

Kang, H.E. and Y.Q. Kang, 1990. Spatio-Temporal cha-
racteristics of the Ullung Warm Lens. Bull. Korean
Fish. Soc. 23: 407-415.

Kawabe, M., 1982. Branching of the Tsushima Current
in the Japan Sea. Part I: Numerical experiment. J.
Oceanogr. Soc. Japan, 38: 183-192.

Kim. C.H., H.J. Lie and K. S. Chu, 1991. On the Inter-
mediate Water in the southwestern East Sea (Sea
of Japan). “Oceanography of Asian Marginal Seas”,
K Takano ed., Elsevier, 129-141.

Kim. H.R., 1991. The vertical structure and temperature
variation of the intermediate homogeneous water

near Ulleung Island. MSc thesis Seoul Nat Univ.
84pp.

Kim. Y. E.. 1991. A numerical study on the circulation
of the East Sea (Japan Sea). PhD thesis, Seoul Na-
tional Univ.. 211pp.

Kim. K. and 1.Y. Chung, 1984. On the salinity minimum
and dissolved oxygen maximum layer in East Sea.
“QOcean hydrodynamics of the Japan and East
China Sea”. TlIchiye ed. Elsevier, Amsterdam. 55-
65.

Kim. K. and R. Legeckis. 1986. Branching of the Tsu-
shima Current in 1981-83. Progr. Oceanogr., 17: 265-
276.

Lie. H.J. M.S. Suk and C.H. Kim., 1939. Observations
of southeastward deep currents off the east coast
of Korea. J Oceanol. Soc. Korea, 14 63-68.

Moriyasu, S., 1972. The Tsushima Current In “Kuro-
shio”. H.Stommel and K. Yoshida ed.. Univ. of Wa-
shington Press, 353-369.

Na. J.Y. J.W. Seo and S. K. Han. 1992 Monthly-mean
seasurface winds over the adjacent seas of the Ko-
rean Peninsula. J Oceanol Soc. Korea, 27: 1-10.

Naganuma, K. 1973. A discussion on the existence of
Tsushima Current third sub-branch News Fish. Res.
Japan Seq, No.266.

Semtner. A.J.. 1974. An oceanic general circulation model
with bottom topography. UCLA Dept. of Meteorol.
Tech. Rep. No9, 9pp.

Seung. Y.H. and S.Y. Nam. 1991. Effects of winter coo-
ling on subsurface hydrographic conditions off Ko-
rean coast in the East (Japan) Seca.

“Oceanography of Asian Marginal Seas”. K. Takano ed..
Elsevier, 163-178.

. 1992. A simple model for separation of East Ko-
rean Warm Current and formation of North Korean
Cold Current J Oceanol. Soc. Korea. 27: 189-196.

Stevens, D.P.. 1991. The open boundary condition in
the United Kingdom fine-resolution Antarctic model.
J Phys. Oceanogr. 21: 1494-1499.

Uda, M., 1934. The results of simultaneous oceanogra-
phical investigations in the Japan Sea and its adja-
cent waters in May and June, 1932. J. Jmp. Fish.
Exp. Sta. 5. 57-190 (in Japanese).

Yi. S.U. 1966. Seasonal and secular varations of the
water volume transport across the Korea Strait. J.
Oceanol. Soc. Korea, 1: 7-13.

Yoon. J. H.. 1982a. Numerical experiment on the circula-
tion in the Japan Sea, Part Il Formation of the
East Korea Warm Current. J. Oceanogr. Soc. Japan.
38 43-5].

—— . 1982b. Numerical experiment on the circulation
in the Japan Sea. Part I: Influence of seasonal va-
riations in atmospheric conditions on the Tsushima
Current. J. Oceanogr. Soc. Japan 38: 81-94.

. 1982¢c. Numerical experiment on the circulation

in the Japan Sea. Part IIl: Formation of the near-

shore branch of the Tsushima Current. J. Oceanogr.

Soc. Japan, 38: 119-124.

Accepted November 2. 1993



