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In an attempt to demonstrate the seasonal variation of the Ulleung Warm Eddy (UWE), in
which the UWE changes its shape from a warm core ring in early spring to a warm lens
in late summer under the effect of surrounding East Korean Warm Current (EKWC) Water,
a simple geostrophic adjustment model is considered. Model results indicate that the
buoyancy increase of the EKWC Water and the strengthening of the EKWC towards summer,
both of which are typical of this region, are the major factors governing the seasonal

variation of the UWE.
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Introduction

Since the investigation initiated by Uda (1934),
the surface circulation in the East Sea has been
known to be as follows. The Tsushima Warm Cur-
rent enters the East Sea through the Korea Strait.
It then bifurcates into two distinct branches - an
eastern branch called the Nearshore Branch (brie-
fly, NB) flowing along the Japanese coast and a
western branch called the East Korean Warm Cur-
rent (briefly, EKWC) flowing along the Korean
coast (Fig. 1). The EKWC separates from the coast
where it meets the southward flowing Liman Cur-
rent (briefly, LC) or North Korean Cold Current
(briefly, NKCC). Thereafter, both currents flow, on
average, eastward forming the subpolar front bet-
ween them. However, the detailed flow pattern
seems to be very complicated involving many eddies
and meanders as suggested by drifter experiments
(Lie et al, 1995). Both the EKWC and the NB flow
out either to the Pacific through the Tsugaru Strait
or to the Okhotsk Sea through the Soya Strait, but
the LC or the NKCC recirculates around the basin
north of the subpolar front. The overall characteris-
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tics of the East Sea circulation pattern described
above (Fig. 1) is relatively well supported by many
numerical experiments (e.g., Seung and Kim, 1993;
Kim and Yoon, 1999). The main features of the
EKWC and NB described above are well reflected
by the horizontal temperature distribution at depth
100 m (Fig. 2). It has been known that the EKWC
is formed by the beta-effect (Yoon, 1982), and the
NB is a Kelvin wave manifestation of the buoyancy
change at the inflow opening of the basin, ie., at
the Korea Strait, whereas the LC or the NKCC has
been believed to be generated by local wind and
buoyancy forcings (e.g, Seung, 1992; Kim and
Seung, 1999).

Among the various currents mentioned above,
special attention is paid to the EKWC. It passes
through the western part of the Korea Strait, i.e., be-
tween Busan and Tsushima (Fig. 1). Its transport
is known to be maximum in summer and minimum
in winter as estimated by the sea level difference
between Busan and Tsushima (Yi, 1966). The
EKWC Water is characterized by its high-salinity
and high-temperature originating from the Kuro-
shio, the western boundary current of the North Pa-
cific (Moriyasu, 1972). This character is substantia-
lly reduced in winter but is recovered rapidly after-
wards. The anti-cyclonic behavior of the EKWC
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after separation from the coast, which has not been
drawn much attention. is of special interest. This
behavior is depicted in the schematic chart by the
branching of the EKWC toward the NB just after
separation (Fig. 1), in the historical temperature di-
stribution at depth 100 m by the southward bending
of the 5~9T isotherms (Fig. 2), and in the infrared
satellite image by the warm streamer of the EKWC
Water almost completing a circle (Plate 1). Espe-
cially, this satellite image indicates that a significa-
ntly large amount of the EKWC Water circulates
around the UWE. Part of it is thought to escape
from the anti-cyclonic circulation before completing
the circular trajectory, to join the mainstream of the
EKWC.
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Fig. 1. Schematic diagram showing the surface

circulation pattern of the Japan/East Sea
with East Korean Warm Current
(EKWC), Liman Current (LC), North
Korean Cold Current (NKCC) and
Near)shore Branch (NB). (after Senjyu,
1999

The anti-cyclonic behavior of the EKWC seems
to be linked to the presence of an isolated mass of
warm water found at depths 100~300 m just off the
separation point (Fig. 2). Since this water is cente-
red, on average, near Ulleung Island (37.4°N, 130.8°
E), it is often called Ulleung Warm Eddy (briefly,
UWE). Actually, however, the position of the UWE
has been known to change from time to time
around its average position (Kang and Kang, 1990).
The UWE water has been believed to owe its warm
and saline character to the overlying EKWC Water
which is mixed downward by winter convection
(Kim, 1991). In most cases, however, these findings
were based on the temperature data obtained at re-
latively sparsely distributed observation points along
zonal directions, and detailed measurements of the
UWE had been required.

Recent observations in 1992 and 1993 have revea-
led the detailed structure of the UWE and its seaso-
nal variation (KORDI, 1993 and 1994; Shin et al.,
1995). In these observations, the entire UWE is re-
latively well homogenized in early spring with little
EKWC Water at the surface (Fig. 3), showing the
shape of a warm core ring, which otherwise has the
shape of a lens most of the time. As the season
progresses towards summer, the UWE becomes
more surrounded by the EKWC Water, and an app-
reciable amount of the EKWC Water moves into
the upper portion of the UWE, overriding the latter.
Finally, in late summer, the UWE becomes lens-
shaped under the effect of the EKWC Water (Fig.
3). The UWE thus deformed will be renewed again
by cooling-induced vertical mixing in coming win-
ter, hence completing the annual cycle.

The aim of this paper is to extract major factors
governing the seasonal variation of the UWE, using
a simple analytic model. This paper is structured as
follows. In section 2, a simple analytical model is
formulated and in section 3, the model results are
analysed and interpreted. Finally in section 4, some
discussion is offered and conclusions are presented.

Model formulation

To demonstrate the seasonal variation of the
UWE described in the previous section, a simple
analytical model is constructed by idealizing the
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Fig. 2. Summer and winter mean temperatures at depths 100 m and 200 m constructed based
on the historical data from Maizuru Marine Observatory, Japan and National Fisheries
Research and Development Agency, Korea.

problem as described below. Consider a two-layer
ocean on an f-plane bordering a meridional boun-
dary to the west (upper part of Fig. 4). In the upper
layer, an inertial boundary current flows along the
meridional boundary, overlying the lower motion-
less layer. Here, the meridional boundary may also
be considered as the outer edge of the EKWC. Con-
sider an anti-cyclonic eddy embedded near the off-

shore edge of the boundary current. This eddy is fi-
lled with homogeneous water of density interme-
diate between those of the upper and lower layers
of the model ocean; the eddy is thick enough to be
outcropped to the surface. Around the eddy, a signi-
ficant portion of the boundary current is trapped ci-
rculating anti-cyclonically, which is referred to as
the “trapped” boundary current. Outside the trapped
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Plate 1. Surface temperature distribution obtained from the NOAA-12 AVHRR infrared image
on LT 07:46 in April 6, 2000. Grid lines (white) represent one degree of latitude and

longitude (courtesy of KORDI).

boundary current, the remainder of the boundary
current continues to flow along the boundary, which
is referred to as the “free” boundary current. Here,
the eddy mimics the UWE; the free boundary cur-
rent, the portion of the EKWC which passes by the
UWE along its mean direction; and the trapped
boundary current, the portion of the EKWC anti-
cyclonically circulating around the UWE. The pro-
cess associated with the trapping of the EKWC
around the UWE is yet an unanswered problem,
and will not be pursued here. Based on the obser-
vations (KORDI, 1993 and 1994; Shin et al., 1995),
assume that the free boundary current is negligibly
weak compared to the trapped boundary current
such that conditions become axi-symmetric around
the eddy center. Let the densities of the upper and

lower layers of the model ocean be constant at p
and p;, respectively, and that of the water within the
eddy, at p,. All three water bodies (named first, se-
cond and third layers following the subscript num-
bers) are assumed to be inviscid and hydrostatic,
and to conserve their potential vorticities. Actually,
the EKWC Water circling around the UWE differs
from the neighboring water in the same layer, and
can be differentiated by its higher salinity and hi-
gher temperature (cf,, Fig. 3). However, the densities
of these two waters are so close to each other rela-
tive to the density of the UWE water that they can
be treated the same.

The three water bodies are stable only when they
are geostrophically balanced. This can be achieved
through the geostrophic adjustment by releasing the
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Fig. 3. Temporal evolution of the UWE struc-

ture on the zonal section A (approxima-
tely along 38.2°N, station numbers inc-
reasing eastward) crossing the UWE ce-
nter. (after Shin et al., 1995)

water bodies from an arbitrary initial state in which
they can be gravitationally unstable but have to co-
nserve their potential vorticities and volumes initia-
lly given to them. The problem is solved by finding
the final steady state. In our case, we assume an
initial state where the eddy is motionless and of cy-
lindrical form. Around this eddy, the first layer cir-
culates anti-cyclonically with an initially given
speed. It is legitimate to assume the initially motio-
nless eddy because the final kinetic energy of the
eddy is extracted internally from the potential ene-
rgy of the initial eddy during the adjustment pro-
cess. However, this is not the case for the initial cu-
rrent of the first layer because the EKWC is initially
given externally although it is modified later by the
adjustment. Hence, the initially-given speed of the
anti-cyclonic component of trapped boundary cur-
rent, which is v, at the edge of the cylindrical eddy,
is proportionately dependent on the strength of the

%
_

'
'
¢
H .
)
1
b eemee.
] P el
' Phd Sey
) " ~\
P .
S
]
'
'

EKWC

4

P NS,

’
mmma.

!

Feemccnenes

D N A ———

Fig. 4. Upper: Schematic plan view idealizing
the UWE enclosed by the anti-cycloni-
cally circulating EKWC. The remainder
of the EKWC continues to flow along
the boundary. The solid circle and the
dotted line denote the boundaries of the
outcropped UWE and of the area domi-
nated by the EKWC, respectively. Lo-
wer: Vertical section of the idealized
UWE and the surrounding EKWC Wa-
ter, across the UWE center. Thick dot-
ted lines and thin solid lines denote, re-
spectively, the initial and final states
with respect to the geostrophic adjust-
ment. The thickness of the UWE in the
initial resting state is taken as the unity.

EKWC. The mathematical expression of this initial
state, though not given here, can be obtained from
the equations of geostrophic relationship and the
conservation of the potential vorticity, as becomes
clear later. In the initial state, the layer thickness
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and speed of the anti-cyclonic component of the
trapped boundary current, both expressed in terms
of vo, decrease radially outward to reach those in a
resting state infinitely far from the eddy. In the final
state after completing the geostrophic adjustment, a
mutual intrusion between the first and second layers
is expected with the former overriding the latter.
The interface between them slopes upward toward
the eddy center, resulting in the deformation of the
eddy (lower part of Fig. 4). Although it is expected
that the deformation is further enhanced by local
mixing and diffusion, these are not considered in
this model. As a result of the geostrophic adjust-
ment, currents are induced within the eddy and the
initial current of the -first' layer is modified.

Take the cylindrical coordinate with azimuthal
angle increasing in the counter- clockwise direction,
radial distance r increasing away from the origin
taken at the center of the eddy, and vertical axis ta-
ken positively upward. Although, in actual situa-
tions, the eddy changes its position by interaction
with the mean and trapped boundary currents, we

confine our attention only to the vicinities of the

eddy by moving with the eddy. For convenience,
non-dimensionalize the thickness variables by H,-
the potential thickness of the eddy (thickness in re-
sting state), the horizontal distance variables by the
Rossby radius R=./g'Hy/f (g is the reduced gravity
between the second and third layers, and f is the
Coriolis’ parameter), and the velocity variables by
fR. Hereafter, all these variables are understood as
non-dimensionalized unless otherwise stated. The
governing equations are the potential vorticity con-
servations:

1 _ 1+wv/r+dv/dr 0

H D,

[ = 1+V2/Ii;‘ dv./dr )
2

for the first and second layers, respectively, where
v is the azimuthal component of velocity, D is the
layer thickness with the subscript number denoting
the layer considered, and H, is the potential thick-
ness (non-dimensional thickness in the resting
state) of the first layer (lower part of Fig. 4). The
geostrophic relationships have different expressions
depending on the domains considered. For the do-
main r>b, where b is the radial position of the

outer edge of the eddy (lower part of Fig. 4), it is
V|=Ang|/dr (3)

where 4=(p,~p)/(p;—p,). For the domain a<r<b,
where a is the position of the inner edge of the first
layer, it is

Vi— V= Adel/dI' (4)
where 4,=(p,~—p,)/(p;—p,). For the domain 0<r<a,

it is
v.=dD./dr (5)

General solutions are found using a method similar
to that used by Seung (1999). For the domain r>b,
elimination of v, from (1) and (3) leads to a se-
cond order ordinary differential equation in terms
of only D,, which has the solution

D1:H|+Cxlo(ﬂr) +C2Kn(ﬁr) (6)

where I, and K, are the modified Bessel functions
of zero order of the first and second kinds, respecti-
vely, = 1/\/ 4H,, and ¢, and ¢; are unknown cons-
tants. It will be shown later that for (6) to have fi-
mite values at infinitely large r, the terms involving
L should be eliminated. Introducing (6) to (3) gives
Vii

vi=cidsfl (Br) —cd:PK, (ﬂr) @),

Likewise, for the domain a<r<b, (1), (2), (4) and
(5) lead to

D,=H, +C310((1|r) +C4K0(ﬂ|r) +C510((121’) +CsKo((12r), (8)

D=1+ (/Hi— ad)eslo(ar) +cKolar)]
+ (I/Hl - Azazz) [Cslo(azr) + CsKo(azr)], (9)

vi=a(I/Hi~ da’+ 1+ el (an) —cKi(ar)]
+ az(l/Hl -4t t1+ Az) [Csll(azr) _CGKl(azf)], (10)

vo=a(1/Hi— e+ 1+ L) el{an) —cK(ar)]
+112(1/H|—Az(122+ 1)[0511((sz)"C6K1((12r)] (11)

where c; through ¢ are unknown constants and

_ [ (4t 1+1/H) +/4+1+1/H)*~44/H, ]'ﬂ
Q, & —
24,
For the domain 0<r<a, (2) and (5) lead to
D,= 1+C7Io(r)+CxKo(I'), (12)
v=aL(r) — K, (1) (13)

where ¢; and ¢; are unknown constants. The 8 unk-
nown constants, ¢, through cs, together with a and
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b are determined by applying the ten conditions to
be satisfied. These conditions are:

1) boundedness of solutions at infinitely large r
2) continuity of D, at r=b
3) continuity of vi at r=b
4) continuity of D, at r=a
5) continuity of v; at r=a
6) v;=0 at r=0
(symmetry of solutions about r=0)
7 D=0 at r=a
8) D.=0 at r=b
9) vi=—vot+(rn—a) at r=a
100 v,=—(b—m) at r=b

where ro is the radius of the cylindrical eddy in the
initial state (lower part of Fig. 4) and v, (>0) is the
initial speed of the first layer at r=r, measured anti-
cyclonically. A special note is required for condi-
tions 9) and 10). They describe the relationship
between the radial excursion experienced by a par-
ticle, occurring during the adjustment, and the azi-
muthal component of velocity it acquires in the fi-
nal state. This is due to the Coriolis’ effect and the
corresponding relationship can be obtained by
time-integrating the azimuthal component of the
momentum equation in the Lagrangian sense (cf,
Seung, 1999). Moreover, the condition 10) is equi-
valent to the requirement that the volume of the
eddy is conserved.

Model results

The ten conditions, 1) through 10), are applied
to the general solutions, (6) through (13), and are
solved numerically using IMSL routine for specific
values of parameters H,, p through p;, r and v
The use of fixed values for these parameters, which
otherwise may change seasonally, can be justified
by the fact that the geostrophic adjustment process
takes place nearly instantaneously compared to the
seasonal variation of these parameters. Observations
(eg., Fig. 3) indicate that the densities p; and p; do
not change appreciably with time compared to pi;
and are treated as constants with the values, 1.0263
and 1.0273, respectively. Likewise, the potential thic-
kness of the upper layer H,, and the volume of the
eddy m, do not change appreciably, at least over the
period of a year after having been determined in

winter (cf, Fig. 3), and are fixed at typical values
of 0.3 and 3.0, respectively. In dimensional unit,
these values are approximately 100 m and 52 km,
respectively, for dimensional H,=300 m, f=107*sec™
and g’=10"2m/sec’. On the contrary, the surface
water including the EKWC Water suffers large sea-
sonal effects and the transport (or velocity) of the
EKWC is known to undergo large seasonal fluctua-
tion. Therefore, o and v, are considered here to be
the major parameters governing the seasonal change
of the UWE structure. _

The density p decreases greatly towards summer
due partly to the surface heating and partly to the
advection of low-density water by the EKWC (Fig.
3). The latter fact is evident because the density of
the EKWC Water upstream of the UWE area, ie,
across the line connecting Busan and Tsushima,
decreases rapidly between winter and summer (Fig.
5). There, the density p appears slightly smaller
than that near the UWE because of the local modi-
fication that the EKWC Water undergoes between
the two areas. For instance, the EKWC Water in
June 1992 (Fig. 3) has density larger than 25.5 (in
sigma-t unit) for temperature 10~15C and salinity
34.3~34.5 psu whereas, during the same period, that
in the Korea Strait (Fig. 5) has density slightly
smaller than 24.3. Informations about the initial ve-
locity v, are hard to obtain from observed currents
because they have already been modified by geost-
rophic adjustment. Since v; is proportionately linked

Sea Leve] Difference {cm)
Density (or)

Monthly mean values of sea level diffe-
rence between Busan and Tsushima and
of sea water density spatially averaged
between the two locations in upper 100
m, observed in 1992, See Figure 1 for
locations.
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to the strength of the EKWC, its time variation can
be estimated by knowing the time-change of sea su-
rface slope across Busan and Tsushima (see Fig. 1
for location). Indeed, a large increase of the sea le-
vel difference is apparent between winter and sum-
mer (Fig. 5). In subsequent analyses, therefore, we
consider values ranging from 1.02505 to 1.02615 for
o and from 0 to 1.0 for ve.

Solutions obtained for these p. and v, show den-
sity structures comparable to those observed (eg,
Fig. 6). Velocities both inside the eddy and in the
first layer increase rapidly in the radial direction
until they reach a maximum near the outer edge of
the eddy, thereafter the velocity in the first layer de-
creases radially outwards. This pattern resembles
that of the velocities observed near the UWE (Fig.
7, 16 and 20 of Shin et al, 1995). However, the mo-
del fails to reproduce some detailed structures of the
observations. For instance, it shows a two-layer st-
ructure in the area where both the first and second
layers are present (a<r<b), which is not seen in
observations. It also happens in the model that the
current near the edge of the first layer reverses its
direction, giving rise to a large vertical shear. This
is induced by large inward excursion experienced by
the water particles found near the edge of the first
layer. All these discrepancies seem to arise from the
fact that the model neglects the shear-induced verti-
cal mixing, as discussed more later.

The variables a, b, D, at r=0, and v, at r=a,
which represent the structures of the eddy and the
surrounding first layer, are evaluated as functions of
o and vo. The radial position of the first layer edge,
a, decreases with v, and increases with p, meaning
that the inward intrusion of the first layer develops
towards summer (Fig. 7). Dynamically, the depen-
dence of the intrusion on p and veo can be explai-
ned as follows. The vertical boundary between two
water bodies becomes gravitationally more unstable
as the density difference between them increases, i.
e., as p decreases, hence increasing the tendency of
mutual intrusion. Positive vertical shear (velocity
increasing upward) develops as the mutual intru-
sion associated with the geostrophic adjustment
proceeds until finally the thermal wind relationship
is satisfied. Hence, the intrusion can proceed farther
if the adjustment starts with a smaller initial vertical
shear, i.e., with a larger anti-cyclonic velocity vo. The
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Fig. 6. Upper: Vertical structure of the eddy

(thickness D:) and the first layer (thick-
ness D)) in the final state. Lower: Anti-
cyclonic component of the current velo-
cities in the first layer (v.) and within
the eddy (v,). Distance is measured
from the eddy center radially outward.
Parameters in parentheses are normali-
zation factors. Parameters used are H,=
0.3, r,=3.0, p.=1.02585, p.=1.0263, p:=
1.0273 and v,=0.3.

velocity at the edge of the first layer, v, (a), beco-
mes more cyclonic towards summer, i.e., for stronger
initial anti-cyclonic velocity, vo, and for smaller first
layer density, pi (Fig. 8). Thus, the cyclonic compo-
nent of velocity acquired by a water particle during
the intrusion greatly exceeds the anti-cyclonic com-
ponent of velocity initially given to it. As a conse-
quence of the mutual intrusion, the outward exten-
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Distance a [R]
1.0

P e /
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Density p, ()
Fig. 7. Distances from the eddy center to the

edge of the first layer, a, as functions of
the initial anti-cyclonic component of
velocity at r=r,, vs, and the first layer
density pi (in sigma-t unit). Parameter
in parentheses are normalization factors.

Velocily V,{a) [fR}

Velocity V, [fR]

T T 1 T T T T T T T
251 253 255 257 259 26.1
Density (G‘)

Fig. 8. Cyclonic component of the velocity, v,
at the edge of the first layer, r=a. Others
are the same as in Figure 7.

sion of the eddy develops towards summer, as seen
from the behavior of b in response to vo and p

(Fig. 9). This is accompanied by a slight thinning
of the eddy because the volume of the eddy has to
be conserved, as seen from the behavior of D 0)
in response to vo and pi (Fig. 10). It follows that
anti-cyclonic motion within the eddy is enhanced
by the outward extension, as can be predicted from
condition 10). Overall, model results show that the
summer condition is favorable to the inward intru-
sion of the EKWC Water and to the thinning of the
UWE.

Distance b [R]
1.0

0.8

Velocity V, [fR]
o
" i

o
AN

0.2

0.0

Density (Gt)

Fig. 9. Distances from the eddy center to the
outer edge of the eddy, r=b. Others are
the same as in Figure 7.

Discussion and conclusions

It is known by observations that the structure of
the UWE undergoes the seasonal change. It has the
shape of a warm core ring in early spring after ha-
ving been renewed by winter convection. As the
season progresses toward summer, the upper part of
the UWE is affected by the EKWC Water until fi-
nally it becomes lens-shaped. A simple analytical
model shows that this might be explained by a geo-
strophic adjustment between the water within the
UWE and the surrounding EKWC Water. The in-
ward intrusion of the EKWC Water is mostly favo-
red by the summer condition when the buoyancy of
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Fig. 10. Thickness of the eddy, D,, at the eddy

center, r=0. Others are the same as in
Figure 7.

the EKWC Water increases and the EKWC streng-
thens.

It should be noted that there may be many other
factors affecting the scasonal variation of the UWE,
such as eddy-mean current interaction and horizon-
tal or vertical mixing induced either by baroclinic
instability or by vertical current shear. Although
these problems are beyond the scope of the present
study, a discussion on the effect of shear-induced
vertical mixing can be given as follows. The model
predicts strong vertical shear in the area where the
first layer overlies the eddy, which is not clear in
the observations (see Fig. 20 or 21 in Shin et al,
1995). The intensity of the vertical shear can be
measured by the difference between the maximum
cyclonic velocity in the first layer, which occurs at
the edge of this layer, r=a, and the maximum anti-
cyclonic velocity in the second layer, which occurs
at the outer edge of the eddy, r=>b. Indeed, the ver-
tical shear thus estimated appears to increase towa-
rds summer (Fig. 11). Vertical turbulence mixing
not considered in this model will be enhanced by
this vertical shear, resulting in the vertical velocity
profile different from that predicted by the model.
Likewise, the heat and salt carried by the intrusion
of the EKWC Water will be diffused downward by

Velocity shear Dv [fR]

Velocity V, [fR]
o
: kil

°
3

/
T T T T T

251 253 255 257 259 26.1
Density ,(G,)

Maximum velocity difference between

the first layer and the eddy, termed ve-

locity shear Dv, which measures the

approximate strength of vertical shear

between the two layers. Others are the
same as in Figure 7.

this vertical mixing, hence accelerating the defor-
mation of the UWE. This kind of defect is the wea-
kest part of the model considered. Nevertheless, the
model successfully explains the change of eddy
shape in terms of the buoyancy and the current
speed of the surrounding water, suggesting that the
buoyancy increase of the EKWC Water and the st-
rengthening of the EKWC towards summer are lar-
gely responsible for the seasonal variation of the
UWE.
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