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According to numerical experiments, the Sokcho Eddy is produced at 37.5~39.0°N by
strong offshore winds, whereas the Ulleung Eddy is produced at 35.0~37.0°N by an inflow
variation of the Tsushima Current. These locations compare well with visual observations. The
nonlinear 1%4-layer model showed that most of the East Korea Warm Current (EKWC) driven
by the Tsushima Current form the Ulleung Eddy that is larger and stronger than the Sokcho
Eddy. In contrast, the nonlinear 2%5-layer model showed that most of the EKWC travels
further northward due to a strong subsurface current, thereby enhancing the Sokcho Eddy
making it larger and stronger than the Ulleung Eddy. The Sokcho Eddy is also produced
relatively offshore due to an eastward subsurface current in the frontal region. Using the 1%
-layer model, when the mass of the Tsushima Current decreases, the two eddies are weakened
and produce a circular shape. In the 2%5-layer model the EKWC pushes the Ulleung Eddy
northward after 330 days, next the Sokcho and Ulleung eddies begin to interact with each
other, and then after 360 days the Ulleung Eddy finally disappears absorbed by the relatively
stronger Sokcho Eddy. This behavior compares favorably with other visual observations.

Key words : Sokcho Eddy, Ulleung Eddy, 1Y%-layer and 2)5-layer numerical models,
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1. Introduction

In general, the upper layer of the East Sea is
divided into a warm water region in the southern
part and a cold water region in the northern part.
A polar front is formed between these water masses
at a latitude of approximately 38 ~40°N. Many
small-scale eddies, less than 100 km in diameter,
form along this polar front. A strong mesoscale
variability also appears in the upper layer of the
East Sca. From satellite AVHRR images and ve-
locity distributions, two anticyclonic eddies of

about 150 ~200 km in diameter, called the Sokcho
Eddy and Ulleung Eddy, can be observed off the
East Coast of Korea (Kim, 1993; Kim, 1995; Shin
et al., 1995; Lee et al., 1995; Min et al., 1995).

Recently, there have been several studies of the
mechanisms affecting the formation of these eddies
(Lie et al., 1995; Lim and Kim, 1995; Kim et al.,
1997a and b; 1998). According to Lie ez al. (1995),
the Ulleung Eddy may be formed by the meandering
EKWC, which tends to flow along the isobaths
to conserve its potential vorticity. This phenomenon
would then seem to cause an omega-shaped me-
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ander that eventually forms a warm eddy. The eddy
in the Ulleung Basin also seems to weaken and
disappear when the inflow of the EKWC decreases.
In contrast, Wang(1987) showed that the strait
surface outflow generates an anticyclonic eddy after
passing through the strait due to nonlinear self-
advection. Accordingly, the Ulleung Eddy could
be generated by the seasonal change of the Tsushi-
ma Current or its nonlinear self-advection. On the
other hand, Lim and Kim(1995) studied the inter-
action of the Ulleung Warm Eddy using a nonlinear
quasi-geostrophic model. The demonstrated the
crucial role of topographic effects in the eddy mo-
tion process. They showed that the eddy is devel-
oped by a nonlinear advection term and dispersion
mechanism. However, this study only focuses on
the Ulleung Eddy, the Sokcho Eddy and its relation
to the Ulleung Eddy was not considered. Kim et
al. (1997a and b; 1998) analyzed the generating
mechanisms of both eddies and highlighted the
importance of offshore winds and variations in the
Tsushima Current for the Sokcho and Ulleung
Eddies, respectively. In their study they used a
1%-layer model, allowing for one active layer
above the infinitely deep motionless layer, and
carried out three different schemed numerical
experiments on the two eddies including an offshore
wind study, polar front study, and Tsushima Current
study. As a result, the Sokcho Eddy was generated
to be mainly due to strong offshore winds and
the Ulleung Eddy mainly due to the inflow of the
Tsushima Current. However, the interaction bet-
ween the upper and lower layers and role of the
subsurface current were not examined by the
nonlinear 114 -layer model. Furthermore, although
the real observation of thes phenomena is unclear,
itis necessary to investigate the interaction between
the Sokcho and Ulleung Eddies because the warm
water of the East Sea is supplied by the Tsushima
Current through the Korea Strait, and both Sokcho
and Ulleung eddies seem to be strengthened by
the warm streamer of the EKWC after formation.
Accordingly, the objective of this research is to
study the relationship between the Sokcho and
Ulleung Eddies and the Tsushima Current, the
actual interaction between the two eddies, and
finally the combined effect of the Tsushima Current
and offshore winds on the two eddies. Nonlinear
1% -layer and 214 -ayer numerical | models were

used for the study, and the results compared.

2. Model Ocean

2.1. Equations of motion

2.1.1. Nonlinear 1¥%-layer model

The nonlinear 1}4-layer model has a single,
active layer of density p overlying a deep, inert
layer of density p, where the pressure gradient
is set to zero. This model is very similar to the
nonlinear 24 -layer model described by McCreary
and Kundu(1988), except that it involves only one
active layer.

The equations of motion are as follows:

(hw) + (uhed) .+ (vhw) — fho+ hp,
=77 x+ v hvz(hu),

(hv) i+ (uhv) c+ (vho) s+ fhut by, (g
=7 y+ v hvz(hv)

he+(ha)  + (b)) = w,,

T+ uT,+0vT,=
Qh—wT—T)/h+ k2T,

and the pressure gradient is
Vo= egv[n(T— Td)]—-% € ghv T.(1b)

In these equations, ¥ and v are the zonal and
meridional components of the current velocity, re-
spectively, the instantaneous thickness of the
surface layer is A, its initial value is A, p is the
pressure in the layer, fis the coriolis parameter, v
is the coefficient of the horizontal eddy viscosity,
and g is the acceleration of gravity. The ocean
can be forced by either a meridional wind field
7’ or a zonal wind field ™. The quantities T and
T, are the temperatures in the surface layer and
deep ocean, respectively, and 7, remains constant.

€ is the coefficient of thermal expansion. Q, ks,
and w, are the heat flux through the ocean surface,
the horizontal diffusion of heat, and the velocity
of entrainment, respectively, and these thre ther-
modynamic processes affect 7.
The surface heat flux is given by
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o=(1- 1 (10)
h

where Ty is the initial value of T and #; is a measure
of the e-folding time for the upper-layer temper-
ature to relax back to To.
Entrainment is a crucial process in this model.
It acts to cool the upper layer, provide stress at
its bottom, and prevent the interface between the
two layers from surfacing. Entrainment is defined
by the choice of the entrainment velocity we, and,
following McCreary and Kundu(1988), a smooth
function was adopted:
w =[ (He— h)2/(teHe),h <Hey
€ 0 , Otherwise.
According to (1d), entrainment occurs only when
h is less than a specified value H., and w, increases
parabolically toward the maximum value of H/t.
as h goes to zero, where H. is the starting depth
of entrainment and ¢, is the thermodynamic time
constant. The selected entrainment time scale Z
must be small enough to ensure that the interface
does not surface in regions of intense upwelling.

(1d)

2.1.2. The nonlinear 2%-layer model

This model is a generalization of the preceding
1Y%-layer model that has two active layers, and
is essentially the same model as the one used by
McCreary and Kundu(1988). The equations of mo-
tion in the upper-layer, denoted by 1, are as follows:

(hyuy) o+ Cug hyuy) y+ (o yy) y— fy oy +
h1ﬁ1x= T x+ weu2+ 1% hvz(hlul),

(h] Ul)¢+ (ulhlvl),ﬁ- (vlhlvl),+fh1u1 +
hlply= ¥+ wev2+ vV hvz(h,vl),
h1,+(h1u1)x+(hlvl)y= W, (2a)
Tyt uTyutoT,=

Q/hy— w,(Ty— T+ kv T,

and the lower layer equations, denoted by 2, are
(hz uz),-i- (ughzuz)x+ (Ughzuz)y— fhz‘l}z +
Roboe=—wty+ v 4V (hyuy),

(hz 7)2);+ (uz hzvz)x+ (1)2 hz‘l)g)y‘*‘fhzuz -+

thzy"_—_ weU2+ v hvz(hzvg),

h2t+ (h2 ug)x+ (hz Ug)y"_—_ We, (2b)

T21= 0.
The pressure gradient in the two layers is given
by

Vh= € gV[hl( Tl - T3) + hz( Tz - T3)]

_% € ghlv Tl’
Vp2= & g( TZ— T3)V(h1 -+ h2), (20)

where T; is the temperature of the deep ocean.
The surface heat flux Q and entrainment velocity
we are the same as those in (lc) and (1d), yet
with the addition of subscript ! to H, h, and T.

22. Basins and boundary conditions

The model ocean selected was as similar to the
East Sea as possible, accordingly, the ocean basin
for the numerical solutions was 1200 km zonally
and 770 km (about 70) meridionally, as shown in
Fig. 1. The numerical solutions assumed a rectan-
gular basin, with the western and northern bound-
aries representing the east coasts of Korea and
Russia, respectively, and the southern and eastern
boundaries corresponding to the coast of Japan.
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Fig. 1. Idealization of domain of numerical model
ocean with the rectangular.

In this numerical study, the inflow of the Tsus-
hima Current with seasonal variations was allowed
for, as in Kim et al. (1997a). The Tsushima Current
entered the model ocean through a 120 km entry
width located at the western corner of the southern
boundary and it flowed out through an exit of the
same width at the eastern boundary. In the 214 -layer
model, an inflow and outflow conditions were
imposed on open boundaries in the upper and lower
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layers. Fig. 2 illustrates the spatial and temporal b |
structures of the inflow through the entrance of 1004 (@) spatial
the model ocean. The temporal structure consisted °
of a larger inflow in the upper layer (V,) and a 8 s
smaller one in the lower layer (V;) with =0 g
corresponding to December 1. V, was constant § 0.501
with 20 cms™ for the first 90 days, thereafter, it
increased linearly from 20 cms™ to 35 cms™ for =
2 months until day 150, at this point it remained . 000 i . i . .
steady with a constant speed of 35 cms™ for 4 o 20 40 0 80 10 120
months until day 270, and finally it decreased from distance (km) from westem boundary
-1 -1 . volume transport (Sv)
35 ems to 20 cms™ over 3 months until day 360. o 115 36 36 115
The temporal variation of V; was also the same Ve
as that of V, except that its maximum and minimum ] ®lemporsl stuchre v
speeds were 18 cms™ and 3 cms”, respectively. T 35 '
In the 1)4-layer model, the temporal and spatial é 30
structures were the same as those in the 215 -layer g
model except that the maximum speed of its upper S By .
layer was 50 cms’. The actual velocity value to 2 < N
be imposed on the southern open boundary was / 101 o \‘\
the velocity scale in Fig. 2(a) times the current T g h
velocity V, or V; in Fig. 2(b). °o %0 150 180 70 60
Julian day

Open boundary conditions, as defined by e-
quation(3a), were applied at the southern entrance
and eastern exit, whereas, close boundary condi-
tions(3b) were applied elsewhere.

u,=v,=0, T,=0, h,=0 (3a)
T,=0, h,=0 (3b)
where the subscript n indicates a partial deriv-
ative in the normal direction to the boundary,
and the conditions of 7 and % in the equations

(3) are based on heat flux and mass conserva-
tion.

u=v =0,

2.3. Numerical scheme and choice of
parameters

The numerical solutions were evaluated on a
staggered grid with a rectangular grid box of Ax
by Ay. The points for the 2 and T values were
located in the middle of the grid box, and the points
for u and v were centered on their meridional and
zonal edges, respectively. The equations of motion
were forward differenced in time using the
leap-frog scheme, and all fields were averaged
between two time levels every 40 time steps in
order to control any time-splitting instability. The

Fig. 2. A schematic diagram illustrating the spatial
(a) and temporal (b) structure of the inflow
of the Tsushima Current.

diffusive terms were evaluated at the backward
time level and all other terms at the central time
level, as with McCreary et al. (1989).

For all the solutions shown in the figures, the
grid dimensions were Ax=Ay=10 km and the time
step At=20 min. The selected time step was small
enough to satisfy the CFL conditions Ar< Ax/f2

V2¢, where c is the free wave speed.

The parameters for the present numerical study
are listed in Table 1. Their values were chosen
as realistic reflections of the observational data
for 1992 (Lee et al. 1995) and the mean ocean-
ographic charts of the adjacent seas of Korea
published by the National Fisheries Research and
Development Agency of KoreaNFRDA, 1986). In
Table 1, H; is the thickness of the upper layer
in the East Sea, which represents the thermocline
depth. H; is representative of the depth range of
the strongest subsurface currents. 7, is also set
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Table 1. Parameters for all the ocean models used in this study

H, initial upper-layer thickness 60 m
H, initial lower-layer thickness 240 m
H, starting depth of entrainment 60 m
T, initial temperature of upper layer 12°C
T, temperature of deep layer,1%-layer model 4°C
T, temperature of the second layer, 2)4-layer model 4°C
T, temperature of deep layer, 2}4-layer model 1°C
e coefficient of thermal expansion 3x10* °C’
t, thermodynamic time constant 1/8 day
t, heating time constant 50 days
vy horizontal mixing coefficient 2% 10° cm’s™!
b horizontal diffusion of heat 2% 10" cm’s’
k gravity acceleration 980 cm’s’
Agx grid space (= AY) 10 km
At | time interval 20 min

as a realistic value in the East Sea and 12T is
the typical value in the vicinity of 38°N for the
East Sea in the winter season, and T is a typical
temperature of the deep ocean. The coriolis
parameter (f) was calculated for each grid box.
While the wind forcing strengthened, the vertical
and horizontal mixings became active. Vertical
mixing was also necessary in order to include wind
stress effects. In general, the horizontal eddy
viscosity v, and horizontal diffusion of heat ki
were taken to be constant with values of 2 X 10°~2
% 10’cm’s™. The values of ¢ , . and #, can affected
the numerical solutions, however, in the present
study the numerical solutions were not sensitive
to these values according to various additional pre-
liminary experiments.

The model ocean was forced by wind fields
similar in strength and structure to the wind over
the East Sea during the winter season, as in Kim
et al. (1998). The wind fields had separable forms
as follows:

= X(x)Y(n)T()

r’ = - Xx)Y()T(),
where 7 "and r° are the offshore and alongshore
components, respectively. The negative sign (-)
means the northerly wind and X, Y and T are the
offshore, alongshore, and temporal structures of
wind fields, respectively. For determining the

spatial-temporal structure of the wind fields used
in this model, the distribution pattern of the winds
on the East Sea in the analysis by Kim et al. (1998)
was refferred.

Fig. 3 illustrates the wind fields that forced the
model ocean in this study. It shows the locations
of the wind fields as well as their spatial and
temporal structures, X(x), ¥(y), and T(z). The wind
fields included three components; a background
wind field 7% in the offshore direction, an along-
shore wind 7 ” hat represented the moderate north-
erly and northwesterly wind in the winter season,
and an offshore wind patch r*. Fig. 3a shows
the spatial structure. The maximum value of the
wind stress in the background wind field r *s was
1 dyne/cm2 at 39°N, which decreased smoothly
in both southward and northward directions rel-
ative to 39°N, and finally became zero at the
northern and southern boundaries. The background
wind was cut off offshore near the eastern boundary.
The northerly wind stress had an initial magnitude
of 1 dyne/cm2 between 42°N and 39.6°N, then
decreased gradually in a southward direction, and
finally became zero at 38.4°N. Furthermore, its
magnitude was essentially uniform relative to the
offshore distance. The wind patch r*; was 1.2°
wide and 200 km offshore. It was centered at 39°N
with a maximum value of 4 dyne/cmz. As a result,
the total wind stress field ("5 + 7 + ") repre-
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senting the wind behavior during the peak phase
of the northwest monsoon, can be shown in Fig.
3b. Fig. 3c shows the temporal structure 7T{(t) of
the maximum strength variation of 7”5, r’, and
¢ 7, with t=0 corresponding to December 1. The
temporal structure 7(z) of 7’ and background wind
fields ¢ “pincreased smoothly for the first 15 days,
and then remained constant from day 15 until day
75, after which point they gradually relaxed to zero
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Fig. 3. A schematic diagram illustrating the spatial
(a and b) and temporal (c) structure of the
wind field.

until day 90. The T{(¢) of wind patch ¢ % increased
and decreased with the cosine function from day
15 to day 35. The maximum value of the wind
stress was, therefore, about 5 dyne/cm2 at 39°N
on day 25.

3. Results and Discussion

This study investigated the evolution processes
of the Sokcho and Ulleung Eddies, their inter-
action, and the Eddy-Tsushima Current interaction
using a nonlinear 24-layer numerical model

though realistic observations about the mesoscale
phenomena in the East Sea are not clear. The 2}
-layer model solutions were then compared with
the solutions from a nonlinear 1%-layer model.
The model ocean for both cases was initially
motionless, then simultaneously forced by strong
offshore winds for 20 days and alongshore winds
for 90 days, and also allowed the inflow of the
Tsushima Current for 360 days.

After 30 days (Fig. 4), anticyclonic and cyclonic
gyres were developed due to the strong wind stress
curl on both sides of the offshore wind axis between
38.4°N and 39.6°N, as in Kim et al. (1998). A
southward coastal current with a speed of about
15 cms™ was transiently developed along the north-
ern and western boundaries due to the northerly
wind. The inflow was deflected eastward right after
entering the basin due to the coriolis force and
nonlinear self advection, and then continued flow-
ing to the east along the southern boundary as
a coastal current. The velocity fields in the 14
-layer model (Fig. 4a) were similar to those in
the 2%-layer model. However, the southward
coastal current along the western boundary in the
upper layer of the 2}4-layer model (Fig. 4b), was
considerably weakened due to the northward coast-
al current of the lower layer. The velocity field
in the lower layer (Fig. 4c) was very similar to
that in the upper layer except that a northward
coastal current with a speed of 10 cms’ ! was induced
due to the geostrophic balance. A symmetrical
counter-rotating circulation appeared at the peak
of the local winds.

After 60 days (Fig. 5), the anticyclonic eddy
with a horizontal dimension of about 150 km de-
veloped due to the nonlinear advection term. In
this study, this anticyclonic eddy is named the
Sokcho Eddy. All the regions where h was less
than H vanished because of entrainment, so that
the cyclonic eddy almost disappeared. The inflow
penetrated somewhat further to the north compared
to day 30 and then deflected eastward. In the 1}4
-layer model (Fig. 5a), the Sokcho Eddy was almost
circular in shape and its center (Xm, Ym) was located
at Xp = 70 km and Yy, = 38.3°N. The southward
coastal current nearly disappeared on the southern
part of the anticy clonic eddy and a northward
coastal current along the western boundary was
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Fig. 4. Current field of the upper layer (a) by 1)4-layer
(b) and lower layer (c) by 2%-layer model
at day 30.

generated by the inflow of the Tsushima Current.
In the 214 -layer model (Fig. 5b), the Sokcho Eddy
was completely circular in shape and its center
was located at X, = 130 km and Y, = 38.2°N.
In the ower layer (Fig. 5¢), very weak return coastal
currents developed along the eastern and southern
boundaries, accordingly, the northern boundary
current along the eastern boundary was weakened.
When comparing the two cases, the Sokcho Eddy
was located at the western boundary in the 1%

Fig. 5. As in Fig. 4 except at day 60.

-layer model, whereas, in the 24 -layer model it
was somewhat offshore due to an eastward
subsurface current. Unlike the 15 -layer model,
a northward coastal current developed along the
western boundary in the 214 -layer model due to
a subsurface northward coastal current. In addition,
the generating location of the Sokcho Eddy was
close to the results of other real observation studies
(Min et al., 1995; Lee et al., 1995; Kim, 1993).

After 90 days (Fig. 6), when the background
winds stopped, the northward coastal current along
the western boundary became stronger due to the
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disappearance of the wind patch. It overshot near
39.3°N, deflected to the east due to the wind stress
curl, and then flowed eastward out through the
eastern exit with a meandering motion. As a result,
a polar front was formed between 38°N and 39°N.
In the 1}4-layer model (Fig. 6a), the center of
the Sokcho Eddy was located at Xm = 90 km and
Ym = 38.2°N and its horizontal size was about
160 km. In the upper layer (Fig. 6b) of the 215 -layer
model, the center of the Sokcho Eddy was located
mear Xm=150km and Yn= 379°N and its
horizontal size was about 150 km. The overall
features in the lower layer (Fig. 6¢) were very
similar to those in the upper layer except for a
strong return current along the eastern and southern
boundaries. In the 214 -layer model (Fig. 6b), there
was an additional weak cyclonic circulation in the
northern part of the polar front because the eastward
current was much stronger than that in the 114 -layer
model and the southern boundary current became
weak as a result of the return currents in the lower
layer. Furthermore, the northward flow along the
western boundary in the 214 -layer model wrapped
and strengthened the Sokcho Eddy more than in
the 114 -layer model due to a subsurface current,
as a result the eddy in the 214-layer model was
stronger and bigger. According to Lee et al. (1995),
the strong northward EKWC, called a warm
streamer, enhances and wraps the circular Sokcho
Eddy. Accordingly, the result of the 2l4-layer
model is closer to real observation results.

After 120 days (Fig. 7), as the maximum speed
of the inflow through entrance increased, the
northward flow of the Tsushima Current increased
significantly. This flow became the EKWC and
strengthened the Sokcho Eddy. In the 114-layer
model (Fig. 7a), the eastward current along the
southern boundary became considerably stronger.
The maximum speed was 46 cms™ at the entrance.
In the 2)4-layer model (Fig. 7b), the eastward
coastal current along the southern boundary be-
came weaker than that in the 1Y%-layer model
because most of the EKWC flowed northward due
to a strong subsurface current thereby enhancing
the Sokcho Eddy.

After 180 days (Fig. 8), the inflow penetrated
further to the north and the clockwise deflection
of the inflow increased. In the 115 -layer model

(a) g

Fig. 6. As in Fig. 4 except at day 90.

(Fig. 8a), the EKWC made the Sokcho Eddy more
elliptical in shape. The center of the Sokcho Eddy
was located at X =90 km and Y =38.1°N. In
the 214-layer model (Fig. 8b), the northward
coastal current became stronger and made the
Sokcho Eddy more circular in shape. A weak east-
ward meandering current on the eastern side of
the Sokcho Eddy was also evident. After 240 days
(Fig. 9), the anticyclonic eddy near the Korea strait,
changed to become an enclosed eddy, as in Kim
et al. (1997a). In this study, this anticyclonic
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Fig. 8. As in Fig. 4 except at day 180.

eddy is called the Ulleung Eddy and its generating
location was found to be similar to that of other
real observations, as with the Sokcho Eddy.
Therefore, the Sokcho and Ulleung eddies clearly
exist along the western boundary. With time, the
Ulleung Eddy moved slowly to the north. In con-
trast, the Sokcho Eddy neither moved nor changed
its size in spite of variations in the inflow. In the
1%-layer model (Fig. 9a), the Ulleung Eddy
R L e T changed its circular shape to 200 km in a zonal
Fig. 7. As in Fig. 4 except at day 120. direction. The center of the Ulleung Eddy was
located at Xm=140 km and Yn= 35.6°N.
Whereas, in the 214-layer model (Fig. 9b), the
150 km diameter Ulleung Eddy changed to an
elliptical shape in a meridional direction due to
the strong EKWC. The centers of the Sokcho and
Ulleung eddies were about X = 120 kmand Y
=38.3°N, and X,=110km and Yn,=357°N,
respectively. The eastward meandering current
became stronger and more evident, and by day
240 its wavelength increased to about 160 km.
After day 300 (Fig. 10), the Ulleung Eddy grad-
ually moved to the north. In the 1%4-layer model
(Fig. 10a), the center of the Ulleung Eddy was

U141 (160 davm) > B
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Fig. 9. As in Fig. 4 except at day 240.

located at Xm=140km and Y =359°N and
its horizontal size was about 210 km. In the 214
-layer model (Fig. 10b), the Ulleung Eddy gradually
changed to a more elliptical shape due to the
EKWC. The centers of the Sokcho and Ulleung
eddies were at X, = 130 kmand Y,, = 38.2°N, and
Xm = 105 km and Y = 36.2°N, respectively. The
diameters of the Sokcho and Ulleung eddies were
about 160 and 150 km, respectively. The 114 -layer
model showed most of the EKWC forming the
Ulleung Eddy, accordingly, its scale and strength

were larger than the Sokcho Eddy, plus the eastward
coastal current was very strong due to a channelling
effect, as illustrated by Wang(1987). While in the
2% -layer model, most of the EKWC went further
north due to a strong northward coastal current
in the lower layer. As aresult, the scale and strength
of the Sokcho Eddy were larger than the Ulleung
Eddy in the 2%4-layer model, plus the eastward
meandering current was also clearer than in the
115 -layer model. Therefore, the characterics of the
two eddies in the 214 -layer model were different
to those in the 134 -layer model due to the existence
of a strong subsurface current. In addition, after
300 days, as the velocity of the inflow decreased,
the Ulleung Eddy in the 214 -layer model became
weaker and changed into an elliptical shape in a
meridional direction due to the strong EKWC.
Whereas, in the 114 -layer model, the Ulleung Eddy
increased in size and gradually changed into a
circular shape.

In the 114 -layer model (Fig. 11a), after day 360,
most of the EKWC wrapped the Ulleung Eddy.
As a result, the Ulleung Eddy was considerably
stronger and its size was about 230 km. The center
of the Ulleung Eddy was located at X, = 130 km
and Y, = 36.1°N. Whereas the Sokcho Eddy and
the meandering were relatively weak after day 330
because of a weakened EKWC. Accordingly, this
model successfully revealed the Sokcho and
Ulleung eddies. However, the two eddies had no
interaction with each other. In contrast, in the 214
-layer model (Fig. 11b), the EKWC was still strong
due to a subsurface current. The Ulleung and
Sokcho eddies did interact with each other and
the Ulleung Eddy was seemingly absorbed by the
Sokcho Eddy when the EKWC was relatively
strong. Kundu (1990) suggested the superposi-
tioning of the two neighboring vorticities rotating
in the same direction. As per Kundu’s illustration,
the Sokcho and Ulleung Eddy are superpositioned
in Fig. 11b. In addition, Lee and McCreary (1996,
not published) cleary represented in a numerical
experiment that two westward moving anticyclonic
eddies, generated due to strong offshore winds in
the Gulfs of Tehuantepec and Papagayo, finally
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became one eddy due to the superpositioning of
the two eddies.

Fig. 12 shows the horizontal temperature dis-
tribution at a depth of 200 m off the east coast
of Korea in April and June 1997. In April (Fig.
12a), the Sokcho and Ulleung eddies exhibited a
fully developed circular shape, although the gen-
erating locations of the two eddies were somewhat
south compared to the results of other studies (Kim,
1993; Lee et al., 1995; Lie et al, 1995). While, in
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Fig. 10. As in Fig. 4 except at day 240.
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Fig. 11. As in Fig. 4 except at day 360.

June (Fig. 12b) the two eddies moved north and
closer to each other, which seems to be the first
step towards their mutual interaction.

4. Summary

Nonlinear 114-layer and 24 -layer models were
used to investigate the evolution processes of mes-
oscale Sokcho and Ulleung eddies, the interaction
between the two eddies, and the Eddy-Tsushima
Current interaction in the East Sea. The model
ocean allowed for strong local offshore winds
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Fig. 12. Horizontal distributions of temperature at

200 m depth off the east coast of Korea
on April (a) and June (b), 1997.
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and a seasonal inflow variation of the Tsushima
Current through the Korea Strait.

According to this numerical study, an anticy-

clonic eddy of about 150 km in diameter was pro-

duced by strong local offshore winds near the
western boundary in the East Sea, as in Kim et
al. (1998). A meandering to the east developed
on the eastern side of the strong anticyclonic eddy
(the Sokcho Eddy). The Sokcho Eddy was almost
stationary at latitude between 37.5 ~39.0°N. In the
1Y% -layer model, the Sokcho Eddy was located
near the western boundary, whereas in the 214 -layer
model, it was somewhat offshore due to eastward
subsurface currents, which is closer to real obser-
vations. The Ulleung Eddy was also produced
between 35.0~37.0°N by the seasonal variation
of the Tsushima Current and its nonlinear self-
advection, as in Kim et al. (1997a). In the summer
season, the mass transport of the inflow increased
and the Tsushima Current went northward as a
EKWC. When the background winds stopped, this
northward coastal current (EKWC) then wrapped
and strenghened the Sokcho Eddy generated by
local offshore winds.

In the 234 -layer model, the EKWC went further
northward due to a strong subsurface currrent,
thereby wrapping and strengthening the Sokcho
Eddy, accordingly, it made the Sokcho Eddy more
circular in shape, its scale and strength were larger
that the Ulleung Eddy and a meandering was clearly
developed. Whereas, in the 124 -layer model, most
of the EKWC wrapped and strengthened only the
Ulleung Eddy. Therefore, the Sokcho Eddy and
its meandering were considerably weaker, plus the
scale and strength of the Ulleung Eddy were larger
than the Sokcho Eddy.

The Sokcho and Ulleung Eddies were success-
fully produced by the nonlinear 124 and 215 -layer
numerical models. In the 214-layer model espe-
cially, a weak cyclonic circulation appeared in the
northern part of the polar front because some of
the eastward current did not flow out through the
exit. Over time the Sokcho and Ulleung Eddies
became weak and began interacting with each other
after 360 days, finally the Ulleung Eddy disap-
peared and absorbed by the relatively strong Sokcho
Eddy. In contrast, in the 11%-layer model, the two
eddies did not interact and no weak cyclonic
circulation appeared in the northern part of the
polar front. These layer models did not show a
realistic temperature profile, because the temper-
ature of the Tsushima Current was not the focus
of the model ocean.
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