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Current: A Quasi-Geostrophic Model Study
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A two-layer quasi-geostrophic numerical model is used to investigate the temporal variability
of the East Korea Warm Current (EKWC), especially the separation from the Korean coast and
the generation of warm eddies. An attention is given on the active role of the nonlinear
boundary layer process. For this, an idealized flat bottom model of the East Sea is forced with
the annual mean wind curl and with the inflow-outflow specified at the Korea (Tsushima) and
Tsugaru Straits. Two types of separation mechanisms are identified. The first one is influenced
by the westward movement of the recirculating leg of the EKWC (externally driven separation),
the second one is solely driven by the boundary layer dynamics (internally driven separation).
However, these two processes are not independent, and usually coexist. It is hypothesized that
“internally driven separation” arises as the result of relative vorticity production at the wall, its
subsequent advection via the EKWC, and its accumulation up to a critical level characterized by
the separation of the boundary flow from the coast. It is found that the sharp southeastern corner
of the Korean peninsula provides a favorable condition for the accumulation of relative vorticity.
The separation of the EKWC usually accompanies the generation of a warm eddy with a
diameter of about 120 km. The warm eddy has a typical layer-averaged velocity of 0.3 m/s and
its lifespan is up to a year. In general, the characteristics of the simulated warm eddy are
compatible with observations. A conclusion is therefore drawn that the variability of the EKWC
is at least partially self-excited, not being influenced by any sources of perturbation in the
forcing field, and that the likely source of the variability is the barotropic instability although the
extent of contribution from the baroclinic instability remains unknown. The effects of the

seasonal wind curl and inflow-outflow strength are also investigated.

INTRODUCTION

The East Korea Warm Current (EKWC hereafter)
is a western boundary current flowing northward
along the east coast of Korean peninsula, frequently
observed to turn offshore at 36°N~38°N (Yi, 1966;
Seung, 1992a). As the EKWC separates from the
coast, a recirculation gyre is usually developed,
in effect a warm eddy is often formed near the
southwest of Ullung Island (Moriyasu, 1972). When
this happens, the EKWC assumes the form of a
meandering flow, thereby spawning a number of
sporadic eddies with diameters of some 100 km.
This characteristic of the EKWC is typical of
western boundary currents, such as the Gulf Stream
along the east coast of U.S. Similarly to other western
boundary currents, the EKWC plays significant
roles in the basin-wide circulation and the heat
budget (Seung, 1992a; Lie and Seung, 1994). It is,

therefore, vital to understand the physics underlying
the variability of EKWC, to better describe the
circulation dynamics in the East Sea (Japan Sea).

Historically, the EKWC has been considered to
be a permanent feature (Suda and Hidaka, 1932;
Uda, 1934; Kawabe, 1982). However, Kim and
Legeckis (1986) showed, based on the analysis of
AVHRR SST images, that the connection between
the EKWC and the Tsushima Current (TC hereafter)
is highly variable in nature, therefore the EKWC
can be absent depending on observation period,
contrary to the branching hypotheses originally
proposed by Uda (1934). In fact, there are a number
of observational studies which show significant
temporal variations of the EKWC (e.g., An and
Chung, 1982; Gong and Son, 1982; Hong and Cho,
1983).

At this stage, however, it is far from clear exactly
what causes the temporal variation of the EKWC.
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Since the EKWC originates directly from the TC, it
is usually postulated that the variation of the TC is
an important source of the variability. This line of
possibility was explored by An and Chung (1982):
analyzing the fluctuations of the polar front which
roughly coincide with the axis of the EKWC, they
suggested that the north-south directed fronts
(EKWC) may be strengthened by the supply of
warm water from the TC. More recently, Isoda and
Saito (1993) studied a similar problem, and showed
that temporal variability of the EKWC can be
initiated by the perturbation of the TC. Based on a
series of infra-red SST images and hydrographic
data, they further suggested that the perturbation
may eventually grows into an isolated eddy with a
horizontal size of some 100 km in diameter.

Other conceivable causes of the EKWC wvari-
ability include the seasonally varying wind, winter-
time cooling (subduction and convection) in the
northern East Sea, and hydrodynamic instabilities.
The influence of the seasonal wind was investigated
numerically by Seung (1992b) and Kim and Yoon
(1996) which are discussed in the later section. The
role of wintertime cooling is most perplexing since
the convection (or subduction) takes place strictly in
the northern East Sea, therefore it works as a remote
forcing. Nevertheless, there are a couple of interest-
ing studies which attempted to associate the convec-
tion (or subduction) with the seasonal variation of
the EKWC (Kim and Legeckis, 1986; Seung and
Nam, 1992; Seung and Kim, 1995). Particularly,
Kim and Legeckis (1986) suggested that the cold
water mass subducted from the mixed layer in the
northern Fast Sea strengthens the polar front which
in turn prevents the EKWC from extending north-
ward.

Western boundary currents has long been known
to be susceptible to instabilities, and the EKWC is
certainly not an exception. Unfortunately, however,
the potential roles of hydrodynamic instabiliies on
the EKWC have never been explored, whereas it is
a critical element comprehending the physics of
western boundary currents (Csanady, 1989; lerley
and Young, 1991). Therefore, it is the objective of
this study to identify and to understand the physical
principles underlying the temporal variability of
the EKWC focusing on instabilities and nonlinear
boundary layer processes of the EKWC, with a
help of a two-layer quasi-geostrophic (QG) model.
Undoubtedly, there are many restrictions in the QG
approximation. However, it still best fits the interest

of this study. In the following chapters, previous
modeling studies are briefly reviewed and the model
formulation is described, followed by the presenta-
tion of model results and discussion. The impacts of
seasonal wind curl and TC strength are investigated
afterward.

PREVIOUS MODELING STUDIES

To comprehend the complex dynamics of the
EKWC, a few numerical model studies have been
attempted. In particular, these studies have focused
on the mechanism of the EKWC separation. Among
those, Seung (1992b) used a linear quasi-geostrophic
(QG) model to show that the separation of the
EKWC is determined by the relative strength of the
inflow-outflow and the surface vorticity flux such
as the surface cooling and the wind stress curl. Kim
and Yoon (1996) further tested this hypotheses
using a nonlinear 1% layer model, but the results
were nearly identical to those reported by Seung
(1992b).

There is a series of primitive equation model
studies (e.g., Yoon, 1982; Kim, 1991; Seung and
Kim, 1993; Kim, 1996). However, the simulated
EKWC by these complex numerical models are,
in many respects, unrealstic. Especially, the over-
shooting of the EKWC was a common problem in
these model studies. Among others, Seung and Kim
(1997) applied an isopycnal coordinate model to the
East Sea, and obtained a more realistic result in the
separation latitude of the EKWC, although it is
skeptical if the horizontal resolutionrm (0.5°) of
their model was fine enough to resolve the western
boundary layer.

Recently, a QG model was used by Lim and Kim
(1995) to study the effect of bottom topography on
the pathway of the TC. They specified the spatial
distribution of the TC with a sinusoidal signal of
one year period, maintaining a constant 3.0Sv (see
Fig. 4 in Lim and Kim, 1995). Their model result
showed that the realistic meandering of the TC is
possible only with this signal. It appears that their
choice of slip boundary condition along the western
boundary, by which the role of boundary layer
process diminished considerably, was responsible
for this result. Another point is that there appears to
be an inadequacy in their idealized topography:
distinctive topography features such as Ullung basin
or Yamato rise were all removed and only coastal
slope was included, by which the model certainly
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violated the QG assumption (Pedlosky, 1979;

Holland, 1986).

MODEL FORMULATION

Governing equations

Consider an ocean consisting of N active layers
of different densities. Then, following Pedlosky
(1979), the layer-averaged vorticity equation on a
B-plane is
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where V, is the streamfunction of each layers, H, is
the mean layer thickness, w, , is the wvertical
velocity at the layer interface, J(a, b) is the Jacobian
operator, A, is the lateral eddy viscosity, € is the
linear bottom friction coefficient, &, is the Kronecker
delta, and {=f,+PBy) is Coriolis parameter. The con-
tinuity equation is
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where the interfacial displacement and the stream-
function have following relationship
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where g',. , is the reduced gravity given by
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Bottom topography is incorporated in the model
through the bottom boundary condition on the
vertical velocity:

Wity = —J (hg, Wy)- S)

The interface streamfunctions are calculated as
weighted average of the layer streamfunctions
(Holland, 1978):
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An additional constraint is the mass conservation
in each layer (McWilliams, 1977):

[[owis y dxdy=0, fork=1,2, -+, N-1, (7

where the subscript € represents the integration
over whole basin. The formulation of the multi-
layer quasi-geostrophic model is identical to that
of the models described by Holland (1978) and
Cummins and Mysak (1988).

Eqns. (1)~(7) are solved numerically in finite
difference domain. The detail of the solution
technique is described in the Appendix A.

Model geometry

The model covers the entire East Sea from 33.5°N
to 45°N in longitudinal and from 127.5°E to 140°E
in longitudinal directions, respectively, which is
about 1280 km X 1080 km (see Fig. 1). To comply
with the constraint of the QG approximation, the
sidewall boundary of the Korean peninsula is

44°N

RUSSIA

42°N
TSUGARU

STRAIT

40°N

Latitude

38°N

36°N

34°N

128°E 130°E 132°E 134°E 136°E 138°E 140°E
Longitude

Fig. 1. The model configuration and the definition of area
1 and line A. The open boundaries are represented by
thicker lines. The shaded area (Hy<<200 m) is treated as a
wall boundary.
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chosen to coincide as nearly as possible with 200 m
isobath line, while no such careful consideration is
made for the sidewall boundary of the Japanese
coast. The width of the two openings, Korea and
Tsugaru straits are set equal to 127.3 km and 100
km, respectively.

Numerical formulation

The model equations are discretized in space on
an Arakawa A grid scheme (Arakawa, 1966). The
grid size is 10 km in both horizontal directions,
therefore, the model domain contains 128 X 108
grid points per layer for each variables. The
leapfrog time integration scheme is used with a time
step of about 1/4 day. The forward time integration
is applied every 40 time steps to remove the com-
putational mode of the leapfrog scheme (Holland,
1978). The frictional terms are lagged one time step
to avoid numerical instability (Richtmyer, 1967).
To solve elliptical equations (A12, A15), the succes-
sive over relaxation (SOR) method is used (Roache,
1975).

Boundary conditions

In order to include frictional boundary effects, a
no-slip condition is applied along the sidewall of
the Korean peninsula. Along the west coast of Japan,
on the other hand, the bottom controlled boundary
current may not be properly represented in the QG
model configuration since the QG approximation
does not allow severe bottom slope. Therefore, for
the sake of simplicity, the first branch of the TC is
neglected in this study. Due to this reason, a free-
slip condition is applied along the Japanese coast,
which in turn removes the possible artificial
boundary flow there. At the inflow boundary,
relative vorticity is calculated subject to the pre-
fixed shape of the TC, which is described in the
next section, and the tangential velocity is set equal
to zero. At the outflow boundary, a simple sine
function is used to represent velocity distribution.
Similarly to the conditions at the inflow boundary,
relative vorticity is calculated subject to prefixed
velocity distribution, and the tangential velocity is
set equal to zero.

Verron and Blayo (1996) suggested that the
accuracy in the numerical scheme for the no-slip
boundary condition may influence the separation
latitude. Therefore, a special attention is given to

evaluate vorticity at the western boundary. Foreman
and Bennett (1988), Verron and Blayo (1996)
showed that the first order scheme is as accurate as
the third order scheme if the model grid is fine
enough to resolve the frictional boundary layer.
Therefore, the first order scheme is used at the no-
slip boundary. To estimate vorticity at oblique wall,
the streamfunction at the nearest point perpendi-
cular to the wall is used, which is the method No. 4
in Roach (1975). It was shown by Foreman and
Bennet (1988) that this first order scheme gives
results equivalent accuracy to higher order forms.

RESULTS

A preliminary experiment

To accurately simulate the East Sea circulation,
the seasonally varying wind and TC, and variable
bottom topography effects must be included. The
impact of these factors on the EKWC will be
considered later in the following sections, but first,
here we investigate a simple case for which a flat-
bottom, two-layer ocean is forced by the annual
mean wind stress curl (Fig. 2). This model result
will be used as the reference case. For this part of
the model experiment, we set H, =200 m, H,=1300

44°N
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40°N
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38°N

36°N

34°N

128°E 130°E 132°E 134°E 136°E 138°E 140°E
Longitude
Fig. 2. Annual mean wind stress curl (Na et al., 1992).
The unit is 107*N/m?.
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Fig. 3. The spatial profile of Tsushima Current when the
total transports are 1.0, 2.0 and 3.0 Sv.

m, =107, B=2X10"s"'m™, and €=107"s"\.
The value of the lateral eddy diffusion coefficient is
set to 100m’s™', which gives the Munk layer
thickness 9,,=(A,/B)"” of about 17km. Therefore,
the model grid resolution of 10 km resolves the
frictional boundary layer. The reduced gravity g'
is set equal to 1.2X107’m/s’ which yields the

baroclinic deformation radius R, ~(Ng’H H/H )/ fo

of 14.4 km. Since most unstable mesoscale eddies
have a typical length scale of the baroclinic
deformation radius (Charney, 1947; Eady, 1949),
the model grid resolution is for eddy resolving. The
TC is confined to the upper layer only, and its
spatial profile is assumed as shown in Fig. 3 similar
to that observed (Kaneko et al., 1991) with the total
volume flux (V;) through the Korea Strait of 2.0Sv
is chosen. The volume transport through the eastern
channel is intentionally removed to preclude the
ageostrophic boundary current along the Japanese
coast, which is not well resolved by QG dynamics.

Fig. 4 shows the evolution of the kinetic energy
of the two layers and the potential energy. It appears
that the model attained a statistically steady state
after 1800 days. Fig. 5 shows a sequence of the
upper layer flow from 3600 days to 3930 days. The
separation of the EKWC from the Korean coast and
the subsequent generation of warm core eddies are
clearly observed.

An interesting point is that the separation of the
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Fig. 4. The evolution of the kinetic energy of the two lay-
ers and the potential energy, all averaged over unit mass
(in m%/s?).

EKWC is usually triggered by the emerging cyclone
at the sharp southeastern corner of the Korean
peninsula (see Fig. 5(¢)). Similar features to this
were investigated previously by Dengg (1993) for
the Gulf Stream: based on a series of barotropic
numerical model experiments, Dengg suggested that
the western boundary current may separate at sharp
convex corner if required conditions are met. The
requirements are that the boundary layer must exist
(no-slip), and the Reynolds number of the flow
exceed its critical value. Obviously, his statement is
not new, but Prandtl (1935) presented a similar
argument much earlier in his classical boundary
layer separation theory.

Dengg (1993) also gave a physical explanation
why the nonlinear evolution at the western bound-
ary, especially at the sharp comner, may be an
important factor which initiate the separation. For
this, he used a rather complex path-integrated vor-
ticity equation along the separated streamlines, but
the physical idea was based on a hypotheses that the
western boundary current separation arises as the
result of relative vorticity production at the wall, its
subsequent advection via the western boundary
current, and its accumulation up to a critical level
characterized by the separation of the boundary
flow from the coast. If the western boundary current
separation may take place due to this mechanism, a
sharp convex corner provides a favorable condition
for the accumulation of relative vorticity. In order to
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EVE

Fig. 6. A simple illustration showing the mechanism. of
boundary current separation at a sharp corner.

better describe this mechanism, a simple illustration
is given in Fig. 6. If the flow has a low Reynolds
number initially, the western boundary current
is governed by the Munk regime (Munk, 1950).
Therefore, the streamlines must be closely packed
near the coast as shown in Fig. 6(a). If the Reynolds
number increases gradually, the flow in the inertial
boundary layer overshoots while the streamline
inside the Munk layer is still intact along the
coastline (Fig. 6(b)). Still, this does not explain why
the western boundary current separates from the
coast. As the overshooting continues, the stream-
lines in the downstream of the corner become
broader, then relative vorticity near the coast is
forced to accumulate at the sharp convex corner.
After the accumulation reaches a critical value, the
western boundary current must separate from the
coast (Fig. 6(c)). In turn, to conserve potential
vorticity, the separated boundary current gains a
negative vorticity (positive vorticity for the south-
ward boundary current), then recirculates southward
(Fig. 6(d)) (Cessi et al., 1987). It appears that the
flow structures in Fig. 5(i)~5(k) show the separa-
tion of the EKWC at the sharp corner due to the
mechanism just described.

However, it must be pointed out that, obviously
there are other influences. If the separation mecha-
nism described above is denoted as “internally driven
separation”, “externally driven separation” is also
observed in Fig. 5(d)~5(f); it is clear that the
recirculation gyre is formed, and its leg is moving
toward the Korean coast possibly (but not certainly)

as a form of the Rossby wave. A similar result was
previously reported from the hydrographic data
analysis carried out by An et al. (1994). By compar-
ing the movement speed of the observed eddies with
the phase speed of the internal Rossby wave, they
suggested that the movement of warm eddies or the
recirculation leg in this case may be influenced
by the Rossby wave. Whatever the reason, as the
recirculation leg approaches the Korean coast, the
boundary current changes its direction toward south,
which induces the accumulation of relative vorticity
at the point where the recirculation leg collides with
the coast. In this case, the sharp corner is not a
necessary condition for the separation, but the flow
may separate at any place to the downstream of
the convex corner. Therefore, unlike the internally
driven separation case, the externally driven separa-
tion does not always accompany the cyclonic eddy
at the sharp corner. It must be pointed out, however,
that these two different separation processes are not
independent, and usually coexist.

It is noticed from Fig. 5 that the EKWC
continually generates warm core eddies with a
diameter of about 120 km and with a typical layer-
averaged velocity of 0.3 m/see. The warm eddies
then move slowly toward north, during which its
size and strength are diminished until it eventually
die out. This model feature is compatible with the
sequence of AVHRR images taken from Fisheries
Research and Development Agency, Korea shown
in Fig. 7(a)~7(c). The generation of a warm core
ring followed by the northward advection are fairly
well observed.

Further evaluation of the model result shows that
approximately two eddies are formed in one year
period. This can be readily observed in Fig. 8 which
shows a time-distance plot of the upper layer
streamfunction along the line A (see Fig. 1 for
definition). The thicker line roughly coincides
with the northern edge of the separated EKWC.
According to this, the northern edge moves about
250 km in 150 days period, which yields the speed
of about 0.02 m/s. This may roughly represent
the northward moving speed of warm eddies. Apart
from this, the figure clearly shows that the
detachment of warm eddies takes place abruptly
with the period of approximately 6 months. It is also
noticed that the lifespan of one eddy lasts up to one
year.

Although there are not enough observational
evidence to fully validate the model result, Shin
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Fig. 7. A sequence of AVHRR SST images taken from Fisheries Research and Development Agency, Korea. Darker
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et al. (1995) gives a clue that the characteristics of
the modeled warm eddy are reminiscent of those
observed. Based on hydrographic data and AVHRR
images, they studied the behavior of a warm eddy,
observed for about 6 months from October 1991 to
June 1992, with the size of roughly 130~160 km
in diameter. The warm eddy was formed before
October 1991, and the diameter was about 160 km
in March 1992. Its size decreased to 140 km in June
1992 and the core moved slightly northward. Then
it moved east and northward until it disappeared in
October 1992. The lifespan, the speed of movement
and the size of the warm eddy are all compatible
with the features of the simulated warm eddy.
Furthermore, Shin et al. (1995) found that the eddy
is in nearly geostrophic balance with a maximum
velocity of 0.65 m/s at the sea surface. If the
geostrophic velocity is assumed to decrease linearly
down to zero at the base of the eddy, the layer
averaged velocity is about 0.33 m/s, which also
agrees well with the model result.

There are a couple of other observational studies
on the characteristics of the warm eddy, which also
supports our model result. Based on the hydro-
graphic data gathered by Fisheries Research and
Development Agency, Korea from 1967 to 1986,
An et al. (1994) found that the warm eddies are
130km in diameter, and move west, north and
southward with a mean speed of 0.8~2.5 cm/s,
or stay over a few months at the same place
southwestward of the Ullung Island. Our model
results show the warm eddy with a size of 120 km
in diam eter, with a typical movement speed of 2.0
cm/s, which agrees well with their observations.

Effect of Tsushima Current strength

It is well established from observations that the
volume flux through the Korea Strait changes
seasonally as well as interannually (Hidaka and
Suzuki, 1950; Yi, 1966; Toba et al., 1982; Egawa et
al., 1993; Isobe et al., 1993; Kawano, 1993; Isobe,
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Fig. 8. A time-distance plot of the upper layer stream
function along the line A for the preliminary experiment.

1994). Therefore, here we explore how the different
values of the volume flux through the Korea Strait
change the temporal and spatial structures of the
EKWC. We carry out two model experiments with
the identical parameter values to the reference case,
except that the volume fluxes (V,) are set equal to
1.0 and 3.0Sv. Before we go further, to check
whether the two cases are potentially unstable, here
we examine the instability analysis of western
boundary currents, carried out by Ierley and Young
(1991). Solving the Orr-Sommerfeld equation
which was modified to include beta-effect, they
studied the barotropic instability of frictional
western boundary currents, i.e., the Munk regime.
They found that the critical Reynolds number, at
which the flow become unstable, is in between 20
and 100 depending on the mean flow profiles.
Applying this to our case, if we take the Munk
Layer thickness as the boundary layer length scale,
it is found that the critical TC velocity at which the
barotropic instability to occur may be as low as
0.1 m/s. Obviously, there are many overidealized

aspects in their model. For instance, the western
boundary current was assumed to be parallel to
the wall, and the baroclinic instability was not
considered. Nevertheless, the application of their
result suggest that the two cases considered here are
potentially unstable to small perturbations, since the
velocity scale of the TC is 0.2 m/s and 0.64 m/s
when V,=1.0Sv and V,=3.0Sv, respectively (see
Fig. 3). Fig. 9 and Fig. 10 show sequences of the
upper layer velocity for V,=1.0Sv and V,=3.0Sv
cases, respectively. It appears that the separation is
mainly “externally driven” when V,=1.0Sv, while
“internally driven separation’ continues to occur
when the volume flux is increased to 3.0Sv.

Other than that, when V,=1.0Sv, the northern
limit of the EKWC excursion moves much north-
ward at about 39°N and no significant time change
is detected in its position, the flow is much more
organized, and the eddy generation rate is slower
(only one eddy is detected in one year period). The
AVHRR images shown in Fig. 7(d)~7(f) is taken
in the spring of 1997 when the TC transport is
believed to be minimum. These images appears to
be similar to the model result shown in Fig. 9. On
the other hand, when the volume flux is increased to
3.0Sv, the separation usually takes place at the
convex corner, the northern limit of the EKWC
excursion moves between 35°N and 38°N, the eddy
generation rate is much faster (about 3 eddies are
detected in one year period), and the flow is less
organized hardly repeating same spatial pattern in
time.

It appears that these model results are due to that
the stronger TC tends to accelerate the boundary
flow, so that the vorticity accumulation at the corner
takes place much faster and stronger, and vice versa.
Therefore, it can be concluded that, for the low
Reynolds number flow, “externally driven separa-
tion” dominates, while “internally driven separation”
plays a significant role for the high Reynolds
number flow.

Role of wind stress curl

To further understand the role of the wind stress
curl on the separation of the EKWC and eddy
generation, we carry out an experiment in which the
wind is turned off and the model is driven only by
the inflow (TC). The result is shown in Fig. 11. It
appears that the separation of the EKWC and the
generation of warm eddies are not much influenced
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Fig. 11. The upper layer flow at 3600days for the no-
wind case.

by the wind stress curl. Only difference from the
preliminary case is that the warm eddy moved much
northward up to 40°N. Accordingly, it can be
concluded that the wind stress curl is not required to
explain the EKWC separation and eddy generation.

Effect of seasonal forcing

From the preliminary model experiment, we
found that the mesoscale eddies can be self-
generated near the southwest of Ullung Island, with
their formation and dissipation taking place in quite
organized manner due to the instability and
nonlinearity of the EKWC. However, it is not likely
that the actual temporal change of the EKWC is
such a regular process, not influenced by the time
variation of the external forces. In fact, typical
AVHRR images of the East Sea often show that the
temporal and spatial patterns of the EKWC are
indeed irregular. Therefore, in this section, we
integrate the model with the seasonally varying
wind curl (Fig. 12), and investigate how this
seasonal wind changes the flow pattern, especially
the separation of the EKWC and the generation of
warm eddies.

Fig. 13 shows a sequence of the upper layer flow
from 2520 to 2820 days driven by the seasonal wind

stress curl. A striking feature different from the
preliminary case is the wintertime intensification of
the North Korea Cold Current (NKCC hereafter)
during Jan/Mar with a maximum upper layer
velocity of about 0.3 m/s. The flow pattern and the
intensity of the simulated NKCC is compatible with
the recent ADCP data presented by Isobe and Isoda
(1997), implying that the NKCC is driven mostly by
a positive wind stress curl in winter season (Na et
al., 1992). This aspect of the model result is,
however, beyond the scope of this study, and it will
not be discussed further. Apart from the seasonal
intensification of the NKCC, it is clear that the
separation latitude is highly irregular in time. It is
note that the northward extent of the EKWC is
influenced by the wintertime intensification of the
NKCC. More specifically, during the winter season,
the NKCC is developed by the cyclonic wind curl
which in turn prevents the main branch of the
EKWC or the separated warm eddy to move further
northward. During other seasons, on the other hand,
the NKCC is not well developed, therefore the
EKWC and the warm eddies may freely extend
much northward. This aspect of the model result is
similar to the hypotheses proposed by Seung
(1992b) and the numerical model result presented
by Kim and Yoon (1996).

To further investigate the seasonal and inter-
annual variation of the EKWC, we integrate the
model up to 3960 days. Fig. 14 shows a sequence
of the upper layer flow from 3600 to 3900days.
Interestingly, comparing these with Fig. 13, it
appears that there is no clear seasonal repetition in
the spatial structure of the EKWC. For instance, the
flow pattern in 3600 days (Jan/1) shows a separation
of the EKWC at the sharp corner, but during the
same month in Fig. 13 (2520 days), it shows a well
developed EKWC with a separated offshore branch
at aboutrm 39°N. This large interannual difference
suggests that the separation of the EKWC and
subsequent eddy generation may not be entirely
driven by the changes of the external forces, but
also to a considerable extent self-excited. The time-
distance plot of the upper layer streamfunction
along the line A (Fig. 15) also shows that the self-
excited variability is significant in the model
experiment.

SUMMARY AND DISCUSSION

The objective of this study was to simulate the
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Fig. 15. A time-distance plot of the upper layer stream
function along the line A for the seasonal wind case.

temporal variation of the EKWC, especially its
separation from the Korean coast and subsequent
generation of warm eddy, and to further understand
its physics, using a two-layer quasi-geostrophic
numerical model. The idealized flat bottom basin of
the East Sea was forced by the annual mean wind
curl, and the inflow-outflow via Korea and Tsugaru
Straits.

The model results showed that the EKWC
separates from the coast due to two different
mechanisms. The first one is denoted as “externally
driven separation” in which the separation is
triggered when the southward flowing recirculation
leg approaches the Korean coast. The second one is
“internally driven separation” which is driven
by wall boundary layer dynamics only. These two
processes are not separable, and usually coexist.
Similarly to the idea previously presented by Dengg
(1993), it was hypothesized that the internally
driven separation arises as the result of relative
vorticity production at the wall, its subsequent
advection via the EKWC, and its accumulation up

to a critical level characterized by the separation of
the boundary flow from the coast. It was suggested
that the sharp southeastern corner of the Korean
peninsula provides a favorable condition for the
accumulation of relative vorticity. The model results
also showed that a warm eddy is usually formed as
the EKWC separates from the coast. The warm eddy
is roughly 120 km in diameter, its typical layer-
averaged velocity is about 0.3 m/s and its lifespan is
less than one year, which are compatible with
observations.

The effect of TC strength was investigated by
comparing the two cases in which the volume
transports at the input boundary (V,) were fixed at
1.0Sv and 3.0Sv. When the transport is 1.0Sv,
compared with the reference case, the separation
latitude moves much northward at about 39°N, the
flow is quite organized, and only one eddy is
generated in one year period. On the other hand,
when the transport is increased up to 3.0Sv, the
separation takes place strictly at the convex corner,
the northern limit of the EKWC excursion moves
from 35°N to 38°N, the flow is less organized hardly
repeating same spatial patterns in time, and
approximately three eddies are generated in one
year period. Therefore, it was concluded that, for
the low Reynolds number flow, “externally driven
separation” dominates, while “internally driven
separation” plays a significant role for the high
Reynolds number flow. The spatial profile, or
preferably the potential vorticity, of the TC is
assumed here to be determined by the volume
transport (see Fig. 3). Therefore, the separation
point and the strength of recirculation may be
influenced by the different potential vorticity values
of the TC fixed at the input boundary; however, this
issue is not investigated further for simplicity.

The effect of seasonal wind curl was also
investigated. It was shown that the northward
intrusion of the EKWC or the warm eddy is
restricted by the NKCC which is intensified in
winter season, similar to the hypotheses proposed
by Seung (1992b). Interestingly, however, the
model results show no clear seasonal repetition in
the spatial structure of the EKWC. This suggests
that the separation of the EKWC and subsequent
eddy generation may not be entirely driven by the
changes of the external forces, but also to a certain
degree self-excited.

By no means, the model experiment carried out in
this study reflects the actual flow condition in the
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East Sea, since there are many restrictions and
assumptions in the model configuration. For
instance, the potential effects of seasonally varying
TC and wintertime convection were all neglected in
the model study. But, the weakest aspect of the
current model study lies on the exclusion of the
bottom topography, since the EKWC have been
long presumed to be influenced by the local
topography, i.e., the Ullung basin (Cho et al., 1990;
Kim et al., 1991). Because of these shortages in the
current model, it is premature to fully apply the
result of the model on the reality. Therefore, an
extreme caution must be taken in interpreting the
model result. Despite the lack of complexity in the
model configuration, the model well reproduced
certain features of the EKWC variability including
the flow separation from the Korean coast and
subsequent generation of warm eddy. More impor-
tantly, this model study showed the importance of
the nonlinear boundary layer physics in the EKWC
variability which has been usually disregarded in its
interpretation. Additionally, it was emphasized that
the variability of the EKWC can be self-excited, not
being influenced by any sources of perturbation in
the forcing field, contrary to the conclusion drawn
by Lim and Kim (1995) who suggested that the
primary source of the EKWC variability is the
seasonal perturbation by the TC, although no observ-
ational evidence is currently available to clarify this
point.

It is likely that the source of the self-excited
variability is the barotropic instability by which the
unstable eddies derive their energy from the
horizontal shear of the EKWC (Pedlosky, 1979).
However, more extensive study on the energy budget
is required to estimate the relative importance of
other instability mechanisms especially that of the
baroclinic instability since the vertical shear may be
important in the EKWC (Seung, 1992a). Other than
this, further investigation of the bottom topography
and thermohaline effect on the EKWC variability,
especially the potential influence of the wintertime
advection of cold subsurface water from the
northern East Sea, with a higher vertical resolution
model, may be a good extension of the current study.

Reviewers criticized that the grid resolution (10
km) is not fine enough to fully portray the viscous
boundary layer (17 km), and insisted additional
model runs with different values of eddy viscosity
to justify the model result in the light of the
AVHRR imageries shown in Fig. 7. While the

coarse grid resolution may have distorted the
viscous boundary layer solution to a measurable
degree, since the model solutions are turbulent in
nature it is likely that the time-averaged western
boundary layer profile is determined by the Reynold
stress flux d(u'v)/dx, and that the eddy diffusion
plays only a minor role.
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APPENDIX A. METHOD OF SOLUTION

Using Eqns. (2)~(6), Eqn. (1) can be rewritten as

3 |ye
gy Vay, +

f& W f¢
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(A2)

In matrix form, Eqn. A1 becomes

%(VZ'I’—M‘I’)Z R, (A3)
Because the layer equations are coupled with each
other, an efficient method of solving them is to
transform the equations to modal form, which in
turn decouples the equations (Cummins and Mysak,
1988). The transformation is performed by diagon-
alizing matrix M.
First, we must find eigenvalues A:

Oy Oqp - " Oy | (%] (10 0] [*1]
0 Oy -+ Oy X, 0A.-0||X2
- A0
) i (Ad)
The elements of the matrix M are
f2
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2 2
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8r-yHe 8+ 5 Hy
f2
O 1= — 2
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Since the matrix M is a tridiagonal matrix, a
special form of Hessenberg Matrix, the QR
algorithm maybe applied to evaluate eigenvalues
(Press et al., 1992). Once the eigenvalues are
determined, the Gauss-Jordan elimination is used to
calculate corresponding eigenvectors. If P represent
a matrix whose columns are the eigenvectors and A
a diagonal matrix of eigenvalues, we get

MP=PA, (A6)
or equivalently

M=PAP, (A7)
substituting Eqn. A7 into A3, we get

% (V2W-PAP ! P)=R, (A8)

_aa? (VP ¥W- AP P)=P'R, (A9)

% (V2P AD)=S, (A10)

where ¥=P'®. Eqn. A10 gives the rate of change
of each mode, which can be used to march step
forward in time.

At wall boundaries, following relationship
applies,
Y (wally) - yp (wall )=V, (Al1)

where wall, and wall, represent sidewalls of Korean
and Japanese continents, respectively, and V, is the
volume transport through inflow-outflow boun-
daries.

If a,! and a; are clements of matrix P and P~
respectively, it is convenient to set solution form as

Yy a11,1 a11,2 C all,NW ¢, +C1 01,
[2) 021,1 “21,2 s azl,N 02 +Co ¢

Yn tal}’l az&,z T L(bNa'i'CN Pne

(A12)
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where ¢, is set as

N
O =P TCr O+ D, 2 ViV (A13)
j=1

and ¢, ¢, must satisfy followings,

V2D, - AD, =S, (A14)

VP, — AP, =0, (A15)
with boundary conditions of

@y, (Wall)= 0,

O (Wall)= 1, (A16)

¢, (wall)= 0,

where the prime represents time differential. The
function ¢,, must be determined according to initial
conditions, and the boundary conditions of

P, (Wall))= 0,
Oy (Wall,)= 1,

Continuity of each layer requires that spatial
integration of interface variation must vanishes. i.e.,

(A17)
(A18)

I.[fz% (Y = Yy Pxdy= 0, fork=1,2, ---,N-1.
(A19)

Since the vertical velocity is associated strictly
with baroclinic modes, equivalent to Eqn. A19 is

” aﬂdxdy: 0, fork=2, ---, N, (A20)
2 or
or using Al13, we get
N
[0+ Cutee + Y, a2 V; vyl drdy
=1
= [ [t dxdy, fork=2, -, N, (A21)

where ¢,, represent initial condition for each mode
variables. Without losing a generality we set C,
(barotropic mode) equal to zero. Then we get

N
”_Q Do = Ora — '21 ai; Vi, |dedy
=

I_l;j/’kc

k=

fork=2, ---,N. (A22)



	E1OCA0_1999_v34n1-0003.tif
	E1OCA0_1999_v34n1-0004.tif
	E1OCA0_1999_v34n1-0005.tif
	E1OCA0_1999_v34n1-0006.tif
	E1OCA0_1999_v34n1-0007.tif
	E1OCA0_1999_v34n1-0008.tif
	E1OCA0_1999_v34n1-0009.tif
	E1OCA0_1999_v34n1-0010.tif
	E1OCA0_1999_v34n1-0011.tif
	E1OCA0_1999_v34n1-0012.tif
	E1OCA0_1999_v34n1-0013.tif
	E1OCA0_1999_v34n1-0014.tif
	E1OCA0_1999_v34n1-0015.tif
	E1OCA0_1999_v34n1-0016.tif
	E1OCA0_1999_v34n1-0017.tif
	E1OCA0_1999_v34n1-0018.tif
	E1OCA0_1999_v34n1-0019.tif
	E1OCA0_1999_v34n1-0020.tif
	E1OCA0_1999_v34n1-0021.tif
	E1OCA0_1999_v34n1-0022.tif
	E1OCA0_1999_v34n1-0023.tif

