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Modeling of Circulation for the East Sea Using Reduced
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Abstract[ ] Wind is one of the main forcing contributing the circulation of the East Sea. By using 1.5-layer
and 2.5-layer reduced gravity models, circulation in the East Sea is simulated. The bifurcation of the Tsushima
Warm Current (TWC), the separation of East Korea Warm Current (EKWC) from the east coast of Korea, the
Nearshore Branch of TWC, and the cyclonic gyres stretched from the East Korea Bay to the northern half of
the East Sea are compared well with the schematic map. The features of the upper and the lower layer are very
similar except for those of the central region. The Polar Front is the separating line of two different features.
The main feature of northern part of the East Sea, north of the Polar Front is cyclonic gyres, which are
composed of three cyclonic gyres in most seasons. North Korean Cold Current (NKCC) and Liman Cold
Current (LCC) are the nearshore part of these cyclonic gyres. In the south of the Polar Front the current
systems of both layers are anticyclonic in most seasons, except that those of the upper layer in winter and
spring are not anticyclonic. Along the coast of Korea and Russia, the velocity structure is barotropic, while
that of the central region is baroclinic. The effects due to the seasonal variations of wind stress and local
Ekman suction/pumping are studied by imposing the domain with modified wind stress, which is spatial mean
with temporal variations and temporal mean with spatial variations. It is found that the local Ekman suction/
pumping due to wind stress curl is important to the formation of the cyclonic gyres in the western and the
northwestern region of the East Sea.
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1. INTRODUCTION

After TWC enters the East Sea, it bifurcates into two
branches. The east branch is the Nearshore Branch,
which flows along the coast of Japan till it exits to the
North Pacific through the Tsugaru Strait. The west
branch is EKWC, which flows along the east coast of
Korea and then separates from the coast at about 37.
5°N. The separated EKWC flows eastward along the
Polar Front in the East Sea. In the earlier modeling
results, it was known that the Nearshore Branch is
steered by the bottom topography and the EKWC is
induced by the beta effect (Yoon, 1991). As for the
problem of the separation of the EKWC from the coast
of Korea, Kim and Yoon (1996) showed that the
proper separation latitude is due to the existence of the
northwestern cyclonic gyre by using a 1.5-layer
reduced gravity model. Schematic maps show that at
least one cyclonic gyre exists north of the Polar Front
in the East Sea (Uda, 1934; Yarichin, 1980). The
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Fig. 1. Schematic maps from Uda (left) and Yarichin (right).
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modeling results of Kim and Yoon (1996) also show a
rather strong cyclonic gyre at north of the Polar Front.
Although a lot of works have been done on the
circulation of the East Sea, there still remain some
questions to be answered. For instance; Is local Ekman
suction/pumping an important role in the circulation of
the East Sea? What are the different responses of the
upper and the lower layer to wind forcing? By using 2.
S-layer and 1.5-layer reduced gravity models, these

problems will be investigated in this study.
2. MODELS AND PARAMETERS

The models used here are 2.5-layer and 1.5-layer
models that came from Hurlburt and Thompson (1980).
After the primitive equations are integrated in each
layer with rigid-lid and hydrostatic assumptions, the

governing equations are formulated as follow,
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2 N
— z (Gu V(I —H)]+(T o = T 1)/ po+ Ay VPV,
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or g
where
k=1, 2 k th layer,
Vi velocity of k th layer,
hy thickness of & th layer at motion;,
V\k =hv, depth-integrated velocity of k th layer,

H, thickness of k th layer at rest,

8(P3— P )/ Py 15k .
Gy = g(0s—=p)/po 15k reduced gravity,

Py density of & th layer,
To=Tw wind stress,
T =Pock | Vi = Vi | 07 —Vk+1)

interfacial stress of k th layer,

Pu constant reference density,
f Coriolis parameter,
Ay coefficient of horizontal eddy viscosity.

The finite difference scheme used is almost the same
as that of Hurlburt and Thompson (1980) with a little
modification. By treating the term of pressure gradient
with semi-implicit scheme, we can use a larger time
step. To correctly simulate the Nearshore Branch,
which is induced by the bottom topography, we
employ the method of Kim and Yoon (1996). The
depth of the upper layer at rest decreases linearly
towards the coast of Japan. Here we should point out
that when treating the term of pressure gradient with
semi-implicit scheme, Hurlburt and Thompson (1980)
have used the depth of each layer at rest. In our
situation, after we incorporate the bottom effect
according to the method of Kim and Yoon (1996), the
coefficient matrix to solve the equations of interfacial
anomaly became an inconstant one if we used the
depth of each layer at rest, which causes some
computational problems. Here we prefer a constant
depth when we treat the pressure gradient term with

semi-implicit scheme. Results show that this modi-

Table 1. Definition of parametes.

G,;=0.025 m/s’, G,;=0.005 m/s’ Ax=Ay=18 km, At=
H=160 m, and decrease
linearly towards the Japanese
coast, H,=200 m

=2 Sv, 2,=0Sv, Q, and Q,
are transports of upper and
lower inflow in the Korea

Au=500 m’/s

P,=1.027 x 10° kg/m’

¢=¢,=0 B=1.9x10"" m’s’

fication is reasonable.

The boundary condition is non-slip condition except
for the open boundary. We input a constant 2 Sv
inflow at the Korea Strait. With an artificial transport
distribution of 80% and 20% of the inflow of the
Korea Strait to the Tsugaru Strait and Soya Strait
respectively, the velocity distributions of the outflow are
determined by a unique method of Hurlburt and Thom-
pson (1980).

The parameters are shown in Table 1.

3. RESULTS AND DISCUSSION

3.1 Wind Stress and Wind Stress Curl

The wind stress data used here are from Na ef al.
(1992). Wind stress over the East Sea has strong
seasonal variations (Fig. 2). During the winter, the
contours of the magnitude of wind stress approximately
parallel to the coastline of Russia and Korea. The
center of maximum wind stress is located at off
Primoriye, Russia. Wind stress off the east coast of
Korea also is rather large. Compared with the relative
large wind stress in winter, the wind stress in summer
is less than 0.2 dyne/cm’. The distribution of annual
mean wind stress is similar to that of winter due to the
weak wind stress in summer. The wind stress curl of
winter has the similar features as the wind stress. The
zero curl contour stretches from northeast to southwest
with positive curl northwest of zero curl contour and
negative curl southeast. There are two local positive
maximum regions. One is located at off Primoriye and
the other in the East Korea Bay. The wind stress curl

of summer is very different from that of winter. The
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Fig. 2. Wind stress and curl in the East Sea.

local maximum centers in winter disappear and are

replaced by small negative distributions in summer.

3.2 Model Results and Discussion

Presented herein are the results of four cases described
in Table 2.
3.2.1 Case 1

Considering the significant difference between the
distributions of wind stress in winter and summer, we

can postulate that there are strong seasonal variations

Table 2. Four different cases.

Case 1 2.5-layer model using wind stress from Na er
al. (1992)

Case 2 2.5-layer model using the annual mean wind
stress of Case 1

Case 3 2.5-layer model using spatial mean wind stress
of Case 1

Case 4 1.5-layer model using the same wind stress as
Case 1

of the circulation in the East Sea. To show the strong

seasonal variations, we give the results of February,
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Fig. 3. Seasonal variations of the velocities in Case 1.
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April, July, and October as the representative months
of the circulation in winter, spring, summer, and
autumn, respectively (Fig. 3).

(1) February

In the upper layer, the TWC bifurcates into two
branches after it enters the Korea Strait. The EKWC
flows along the east coast of Korea and separates from
the coast at about 36°N, while the Nearshore Branch
flows northward along the west coast of Japan. The
EKWC is relatively weak. A cyclonic eddy (hereinafter
referred as C1) exists north of the separation point of
the EKWC. It occupies the whole East Korea Bay. The
maximum velocity inside C1 reaches 15-20 cm/s. The
velocity of nearshore part is larger than that of offshore
part. There is a cyclonic gyre (hereinafter referred as C
2) northeast of C1. It is located at offshore of the
southern part of Primoriye. Furthermore, another larger
cyclonic gyre (hereinafter referred as C3) exists nor-
theast of C2. It looks like a deformed ellipse and
occupies most region of the northern half of the East
Sea. NKCC and LCC are the nearshore parts of these
cyclonic gyres. The most similar point of them is that
the nearshore part has larger velocities than those of
the offshore part, for instance, the maximum velocity
of the nearshore part of C3 exceeds 20 cm/s. In the
central region, the current is very weak.

In the lower layer, the circulation pattern is similar to
that of the upper layer except for that of the central
region. The cyclonic gyres are still clear. C3 occupies
the whole northern half of the East Sea. Compared
with the weak current of the upper layer in the central
region, a southwestward current appears in the lower
layer.

(2) April

In the upper layer, the Nearshore Branch becomes
weaker at north of 37.5°N. The separating point of the
EKWC is about 37°N, which shifts one degree
northward from that of February. After the EKWC
separates from the coast, it flows northeastward along a
meandering path rather than a straight one. Another
weaker northward current exists in the central region. It

looks like another branch of the TWC, as suggested by

some scientists.

In the lower layer, the cyclonic gyres are still clear.
C3 occupies almost the whole northern half of the East
Sea. In the central region, there is an anti-cyclonic
feature, with a southwestward current under the nor-
theastward current in the upper layer.

(3) July

In the upper layer, the EKWC is stronger than that
in April. The separation point moves northward and
reaches to 37.5°N. C1 and C2 still exist, but become
weaker. In the central region, a southwestward current
appears on the offshore side of the Nearshore Branch.
After this southward current reaches 37°N, it turns
northwestward and merges into the eastward extension
of the EKWC. The Nearshore Branch is still strong
after it passes through 37.5°N. Compared with that the
whole northern half of the East Sea is occupied by C3
in April, now a weak anticyclonic eddy appears to the
east of C3. The position of the cyclonic gyres has no
significant variation except for the slightly southward
shift of C2.

In the lower layer, the cyclonic gyres of C1, C2, and
C3 remain. C3, which occupies the whole northern half,
becomes slightly weaker. The circulation of the
northernmost part has changed from the cyclonic
feature to the anticyclonic one. The circulation in the
whole central region is anticyclonic as that of April.

(4) October

In the upper layer, the EKWC separates from the
east coast of Korea at 38°N, which shifts more
northward than that of July. Cl, which occupies the
East Korea Bay in the other three seasons, becomes
weaker and unclear. The Nearshore Branch is almost
the same as that of July. The weak southwestward
current in the central region has no significant changes.

In the lower layer, the cyclonic gyres become weaker,
especially C1 and C2. The central region still exhibits
anticyclonic features as those of April and July. The
anticyclonic feature in the northernmost region is still
clear.

From winter to the next autumn, the EKWC becomes

stronger and the separation point from the east coast of
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Korea moves northward. At least three cyclonic gyres
exist both in the upper and the lower layer, although they
become weaker in autumn. The Nearshore Branch in
spring is the weakest one among those of the four
seasons. The lower layer has some similar features to the
upper layer, such as the cyclonic gyres, and certain
different features as well. The most distinct feature is the
circulation in the central and the northernmost regions.
The circulation of the lower layer in the northernmost
region is cyclonic in winter and spring while anticyclonic
in summer and autumn. Along the coast of Russia and
Korea, the patterns of the upper and lower layer are very
similar. These similar patterns show that barotropic
component of velocity is strong. In spring and winter, the
directions of the currents of the upper and the lower
layer in the central region are totally different. This
feature shows that the baroclinic current dominates the
central region in these seasons.
3.2.2 Case 2

To investigate the annual mean circulation, we
impose the domain with the modified wind stress,
which is annual mean with spatial variations. The main
feature of the annual mean circulation (Fig. 4) is the
same as the schematic map of Uda (1934). In the upper
layer, the EKWC separates from the east coast of
Korea at 37.5°N. To the northeast of the separation
point is the cyclonic gyres. The whole northern half of
the East Sea is dominated by C3. The current is very
weak in the central region. In the lower layer, the
position of the cyclonic gyres is the same as that of the
upper layer. In the central region a cyclonic feature
exhibits. This cyclonic feature is composed of a
southwestward and a northward current. Recalling the
weak currents in the upper layer, we deduce again that
the current structure is baroclinic in the central region.
3.23 Case 3

The effects of local Ekman suction/pumping on the
formation of the cyclonic gyres, one of the main
features in the East Sea, are investigated by imposing
the domain with modified wind stress. We obtain this
modified wind stress by spatially averaging wind stress

inside the polygon, which is composed of the coast of
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Fig. 4. Wind stress and curl in the East Sea.

Russia and Korea and the thick line, and still keep the
temporal variation of the wind stress in this subregion
(Fig. 5). By employing this method, we separate the
effects of local Ekman suction/pumping from those of
pressure head that is created by the pileup of waters
from wind stress. In the upper layer, the EKWC has
the same separation feature as that of Case 1, which
from winter to autumn the separation point moving
from south to north. The cyclonic gyres become
weaker in summer and next autumn, which means the
local Ekman suction/pumping is important to the

formation of the cyclonic gyres, especially in summer
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and autumn. The Nearshore Branch has few changes
compared with that of Case 1, which means the
external effects of Ekman suction/pumping on the
formation of the Nearshore Branch are relatively weak.
Also, the seasonal variations of the cyclonic gyres in
the lower layer become weaker but still exhibit the
same features as those of Case 1.
3.2.4 Case 4
We experimented the 4th case with the same wind
stress as Case 1 to compare the results of 1.5 and 2.5-
layer reduced gravity models. The reduced gravity G,;
used in the 1.5-layer reduced gravity model equals
0.020 m/s”. The features, such as the separation of the
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EKWC, the cyclonic gyres, and the Nearshore Branch
are similar to those of the upper layer of Case 1 (Fig. 6).
C1 becomes stronger than that of the upper layer of Case 1.

4. CONCLUSIONS

Circulation in the northern half of the East Sea is
significantly influenced by winds. We investigated the
different effects of winds using reduced gravity models.
When imposed with realistic wind stress, the separation
point of the EKWC shows strong seasonal variations.
From winter to next autumn, the separation point
moves from 36°N to 38°N. In the mean time, the
EKWC becomes stronger. The Nearshore Branch in
spring is the weakest one of the four seasons. There are
cyclonic gyres north to the separation point both in the
upper and lower layer. In summer and autumn, the
circulation in the central and the northernmost regions
of the East Sea is anticyclonic both in the upper and
the lower layer. In the remainder seasons, the anti-
cyclonic features become weaker in the upper layer,
but anticyclonic circulation still dominates the central
and northernmost region in the lower layer. Along the
coast of Russia and Korea, the velocity structure is
barotropic, however, that of the central region in winter
and spring is baroclinic. When we impose the domain
with annual mean wind stress, the results still corres-
pond well with the schematic maps of Uda (1932) and
Yarichin (1980). The effects of local Ekman suction/
pumping are important for the formation of the
cyclonic gyres. The remote forcing of Ekman suction/
pumping is unimportant to the Nearshore Branch. The
1.5-layer reduced gravity model shows stronger cyc-
lonic gyres than those of the upper layer in the 2.5-

layer reduced gravity model.
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