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Circulation patterns of the Japan Sea

Vladimir PONOMAREV ™ and Olga TRUSENKOVA”®

Abstract : The current system and characteristic circulation patterns in the Japan Sea are
simulated using the MHI numerical layered model (Marine Hydrophysical Institute,
Sebastopol, Ukraine) which can treat features of the large/synoptic scale dynamic processes
over the irregular bottom topography. The model is forced mainly by heat and buoyancy
fluxes through the straits and sea surface. Numerical experiment is performed from Levitus
climatology temperature initial conditions. In model spin-up from the smooth initial density
distribution, the system of jet currents and fronts is formed due to layer outcropping. Principal
circulation features such as the Liman Current, East Korean Warm Current, Offshore and
Nearshore Tsushima Current Branches, known from observation and simulations performed
earlier by many authors are simulated. The numerical result obtained on 1/16° grid is character-
ized by current branching in the northwest sea area and multiple structure of the Subarctic
Front. The synoptic scale features in the main pycnocline such as meandering, cyclonic/
anticyclonic eddies and streamers are simulated.
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1. Introduction

The Japan Sea is a weakly stratified deep
marginal sea connected to the Pacific Ocean,
East China Sea and Sea of Okhotsk by shallow
straits. The transformed subtropical water is
directly transported through the Japan Sea to
the oceanic transitional area between the
subtropic and subarctic gyres and to the Sea of
Okhotsk by inflow into the T'sushima (Korean)
Strait and outflow to the Tsugaru and Laperus
(Soya) Straits.

The Japan Sea is characterized by shallow
pycnocline (down to 250-300 m in the southern
sea and only seasonal one down to 50 m in the
northern sea) and an almost homogeneous cold
deep water mass known as the Japan Sea
Proper Water underneath. The Subarctic (Po-
lar) Front at about 39°-40°N separates the
southern and northern areas.

More than 100 years of oceanographic obser-
vations in the Japan Sea established the princi-
pal features of the sea circulation. There is a
cyclonic gyre in the northern Japan Sea formed
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by the East Korean Warm Current (EKWC)
flowing north— and northeastward and by the
North Korean Cold Currents flowing south-—
and southwestward Liman and North Korean
Cold Currents. The circulation is mostly
anticyclonic in the southern Japan Sea, charac-
terized by the three current branches entering
the sea through the Tsushima Strait. They are
baroclinic EKWC, baroclinic unstable Offshore
Tsushima Branch flowing mostly along 1000 m
isobath with countercurrent in lower layer and
barotropic Nearshore Branch along 200m
isobath (Yoon, 199D).

In the recent decades, satellite and high—ac-
curacy CTD and ADCP observations have em-
phasized the important role of synoptic scale
processes in the Japan Sea. Meandering and
branching of the main currents, quasi—station-
ary and moving eddies have been revealed in
the southwestern and southeastern sea areas,
over the Yamato Rise, and in Northwestern Ja-
pan Sea (IcHIYE and TAKANO, 1988; OSTROVSKI
and HIROSE, 1994; DANCHENKOV et al., 1997).

Recent numerous numerical simulations
based on different models reproduced most of
the large scale flow patterns in the Japan Sea
mentioned above. Some mechanisms were
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revealed such as wind stress curl or/and buo-
yvancy forcing, and topographical control
(Yoon, 1991; SEUNG and Kim, 1993; HOLLOWAY et
al., 1995; HoGAN and HURLBURT, 1997; MOOERS
and KANG, 1997). The frequently arising prob-
lems, such as overshooting of EKWC, absence
of one of the Tsushima Current branches, and
modeling of deep water circulation were also
discussed. Features of the synoptic scale dy-
namics were also simulated by high-resolution
models (Ro, 1999). The crucial factor is
parameterization of horizontal and vertical fri-
ction/turbulent diffusion which is accounted
for different manner among various models,
such as reduced gravity models, Holloway’s
model, Princeton University model (POM), and
layered models.

The goal of this study is to demonstrate the
circulation patterns in the Japan Sea simulated
by a layered model which allows substantial
isopycnal turbulent momentum/heat/salt ex-
change while diapycnal turbulent fluxes be-
tween inner layers are set up low or negligible.
Vertical change of baroclinic component of
horizontal velocity may be expected {o be more
realistic.

2. MHI hydrodynamic model and setup of the

numerical experiment

The MHI numerical layered model of sea cir-
culation is developed by MIKHAILOVA and
SHAPIRO, (1992), SHAPIRO (1998) in the Marine
Hydrophysical Institute (MHI), Sebastopol,
Ukraine. It is based on the primitive equations
under the hydrostatic and Boussinesq ap-
proaches. The MHI model consists of a turbu-
lent upper mixed layer (UML) and any
number of inner layers with temperature and
salinity integrated vertically within layers but
being functions of time and horizontal coordi-
nates. UML approximation is, mostly, similar to
that employed in BLECK ef al. (1989). Parame-
terizations of buoyancy, heat and salt fluxes on
the sea surface, bottom of UML and other layer
interfaces have been comprehensively de-
scribed in MIHAYLOVA and SHAPIRO, (1992) and
SuApPIRO (1998). Both entrainment and detrain-
ment (subduction) regimes are allowed for
UML. Note, that employing non—homogeneous
inner layers makes easier subduction

approximation in the MHI model compared to
most isopycnal models, such as BLECK et al.
(1989). Buoyancy variations in inner layers are
limited by the so—called “base” stratification:

b < be<bioh for k>2, (D

where b7, is the kth layer base buoyancy
(b >b%+1) and by is the k th layer buoyancy,
and 67, = 0, b?¢ = oo, If buoyancy of an inner
layer gets out of its “base” limits, the layer out-
crops, acquiring zero thickness and becoming
dynamically inactive and transparent for mass,
heat and salt fluxes.

As for boundary conditions, normal compo-
nents of velocity, heat and salt fluxes are equal
to zero at the sea bottom. Bottom friction and
friction between layers are set up as square
functions of horizontal velocity shear. At lat-
eral walls, no slip condition is imposed, and no
heat or salt flux is allowed. In inflow/outflow
ports, volume transport, temperature, salinity,
and inflow—outflow layers thickness are given
in an annual cycle. At the sea surface,
kinematic boundary condition for vertical ve-
locity, wind stress, and equations of heat and
salt balance are given (SHAPIRO, 1998). Annual
cycle of air temperature, incoming short-wave
solar radiation, wind velocity, cloudiness, and
precipitation is taken into account 1o calculate
buoyancy flux through the sea surface. The
model can be forced by climatic or synoptic
winds. The model equations, conditions at
layer interfaces, finite difference approxima-
tion and methods of the numerical solution are
described in MIKHAILOVA and SHAPIRO, (1992)
and SHAPIRO (1998).

Bottom topography used in the model run is
introduced by scaling initial sea depth:

Z, (xy) = Zuta < [Z.(xy) —2Z.], @

where Z,(x,y), Z.' (z,y), are initial and scaled
sea depth and Z.,. is mean sea depth. Scaling fac-
tor a is equal to 0.7, scaled sea depth is further
smoothed by 9-point filter.

We performed the initial spin-up simulation
with horizontal resolution of 1/16° (5-7 km) to
obtain temperature, salinity, layer interfaces,
and horizontal velocity fields adapted to the
summer external conditions including weak
climatic wind and bottom topography. Vertical
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resolution of 7 layers including UML and 6 in-
ner layers is chosen so that the 2nd layer corre-
sponds to a layer of subtropical water, 3rd — 5th
layers represent the main pycnocline, and 6th
~Tth layers describe deep waters of the Japan
Sea (Japan Sea Proper Water).

Initial condition of summer Levitus climato-
logy is chosen for temperature in layers 1 - 6
referenced to the layer middle depth, while a
constant value of 0.06°C is accepted for the low-
est 7th layer. Horizontally homogeneous initial
salinity is set up as 33.5, 33.7, 34.00, 34.02, 34.05,
34.06, and 34.077 psu. Flat initial interfaces be-
tween layers are defined at 5, 50, 100, 150, 250,
and 500m depth. As density gradient is sup-
ported mostly by temperature gradient in the
Japan Sea, initial condition as described is cho-
sen intentionally with the purpose to study the
simulated field adaptation, especially of salin-
ity and layer interfaces started from homoge-
neous state. Base buoyancy is chosen as 10
(0, 2.1, 1.3, 1, 0.83, 0.72, and 0.

The subtropical water enters into the Japan
Sea through the Tsushima Strait (of 100m
depth, layers 1-3), with temperature of 26/20
°C, salinity of 34.4/34.6 psu and total volume
transport of 1.5 Sv. The entered water volume
flows out from the Japan Sea through the
Tsugaru and Laperus (Soya) Straits (of 100
and 50 m depth) divided between them in ratio
of 2:1. The simulation is performed under forc-
ing of weak summer climatic wind. Starting
date is the Ist of Junc. The following coeffi-
cients are used in the simulation: 2.5X10® m*/s
for bi-harmonic isopycnal viscosity, 25 m?*/s for
isopycnal harmonic viscosity and diffusion,
and 5x10 *m?/s for diapycnal mixing. Note,
that bi—harmonic viscosity is applied, while
harmonic viscosity is switched on only when
needed to suppress checkerboard noise.

3. Simulation of the circulation patterns in

the Japan Sea

Spin—up simulation started from Levitus
climatology generally describes main current
systems of the northern and southern Japan
Sea as early as in 40 days of integration (Figs.
1-2). Temperature, horizontal velocity, initially
homogeneous salinity and layer interfaces be-
come adapted to each other and to the bottom

topography, total kinetic energy reaches quasi-
stationary state in 10—12 days. Sea surface
height developed in 40 days of integration
shows cyclonic gyre in the northern Japan Sea
and anticyclonic circulation in the southern
sea (not shown). The pattern is similar to that
simulated by other authors, such as Yoon,
(1991), SEUNG and Kim, (1993), HOLLOWAY ¢t al.
(1995), MooERs and Kang, (1997), HogaN and
HurLBURT (1997), and Ro (1997). Sea surface
height difference of about 20 cm between
northern and southern sea areas is similar to
that derived from altimetry data assimilation
(HirosE and OSTROVSKIL, 1994).

In the Northern Japan Sca, Primorye
(Liman) Current is obtained as an irregular
stream intensified along the Primorye coast to
the south of 44°30° N with general cyclonic cir-
culation in the Peter the Great Bay near
Vladivostok. It reaches southward as far as
40°N where it becomes the coastal countercur-
rent in relation to the northeastern branch of
the East Korean Warm Current (EKWC) flow-
ing along the continental slope and turning
eastward from the slope (Fig. 1).

The Shrenk (Liman) Current is obtained in
the Northern Tatar Strait from 52°t0 49°N with
general cyclonic circulation in the Strait (Figs.
1-2). There exists northeastward stream from
45°to 49°N along the Siberian coast from sea
surface down to 500 m (1st — 5th layers). That
is coincident with the observation in summer
described by Yurasov and YaricHIN (1991).
They explained the northward and northeast-
ward surface currents along the Northern
Primorye coast to be caused by the summer
monsoon. On the contrary, Primorye Current
along the most areas of the northwestern sea
coast is intensified under forcing of winter syn-
optic wind conditioned by the winter monsoon
as shown in PONOMAREV and YUrasov (1994),
and PONOMAREV and TRUSENKOVA (2000a).

The northern EKWC branch carries trans-
formed subtropical water to the north to the
Laperus (Soya) and Tatar Straits and is usu-
ally associated with the Northern Front (Fig.
1) of the interfrontal zone between 38°-40°30’
N. The 2nd layer outcrops in the north of this
jet, where UML comes into contact with the
3rd layer and the water from the 2nd layer gets
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Fig. 1. Horizontal velocity in the UML in every 4th grid point. The northern area where the 2nd
layer outcrops, is filled with smoke-grey; the inter{rontal zone, where the 3rd layer outcrops
but the 2nd layer does not, is filled with white, and the southern area, where the layers do not

outcrop, is painted with charcoal grey.

involved into the 3rd layer. The 3rd layer out-
crops in the interfrontal zone where the 2nd
layer contacts the 4th layer with water from
the 3rd layer entering the 2nd layer (Figs. 1
and 2). Two main, northern and southern

fronts and a subsurface intermediate front be-
tween them are clearly seen in slopes of inter-
face depth between 2nd and 3rd layers and 3rd
and 4th Jayers (Fig. 3a, b). The northern front
manifests itself in UML velocity (Fig. 1),
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Fig. 2. Horizontal velocity in the 3rd layer. Velocity vectors are shown in every 4th grid location.
The layer outcrops in the interfrontal zone where there is no arrows. 1500 m contour of bot-

tom topography is shown.

temperature and in less extent salinity (not
shown). The southern front can be seen in
UML, 2nd and 3rd layers temperature, salinity,
horizontal velocity and depths of interfaces be-
tween layers (Figs. 1-3).

Figure. 2 shows countercurrents in the main
pycnocline of the interfrontal zone, with an
eastward and northeastward current along the
southern edge of 3rd layer outcropping area
and a westward and southwestward current
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Fig. 8. Topography (contours every 5 m) of lower interfaces (a, b) and salinity (¢, d) in the 2nd (a,
¢) and 3rd (b, d) layers (salinity contours every 0.01 psu in (¢) and 0.005 psu in (d)).In (a, ¢)
the northern area where the 2nd layer outcrops, and in (b, d) the interfrontal zone where 3rd
layer outcrops are white. In (a, d) the southern area where both the 2nd and 3rd layers do not
outcrop is filled with charcoal grey.

along its northern edge. There is a countercur- earlier reported in the interfrontal zone, based
rent at the northern/northwestern edge of the on observation data (YURASOV and Y ARICHIN,
Northern Front in UML (Fig. 1). Countercur- 1991).

rents and convergence/divergence areas were The subsurface intermediate front is well
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pronounced in the 3rd layer temperature (not
shown) and salinity (Fig. 3d). The 3rd layer
temperature (8-9 °C) is higher in the north of
the outcropping area than that to the south
(7-8°C). This should be attributed to the fact
that in this area the 3rd layer carries warmer
water mass from the initial 2nd layer.

Initial salinity is taken constant in layers, un-
like Levitus climatological initial temperature.
Nevertheless, salinity field formed in the upper
layers during 40—days spin—up reveals lower
values in the north and, especially, in the
northwest Japan Sea. The intermediate front
separates the subtropical high salinity water in
the south (34 psu and more) from the low sa-
linity waters in the north (33.71 psu and less;
Fig. 3c). Moreover, starting from vertically in-
creasing initial salinity, a belt of lower salinity
is formed along this front in the southern area
just in 40 days of integration, although the dif-
ference is very small (3399 psu versus 34.00
psu; Fig. 3c). It is a result of anti—entrainment
(subduction) from the upper layers, ie. the
temporal variable process which would form
salinity minimum layer in the southern sea. In-
termediate layer of lower salinity is a feature of
the water structure in the Southern Japan Sea,
well known from observations (YURASOV and
Y ARICHIN, 1991).

The northern and southern fronts were ear-
lier revealed from oceanographic observations
(Zuenko, 1999). The simulation performed in
this study shows that the Subarclic Frontal
Zone in the Japan Sea should be associated
with the multiple front system.

As for the southern current system, the three
known branches (YooN, 1991) are obtained in
this simulation, namely, EKWC (western
branch), central (the Offshore Branch) and
eastern coastal (Nearshore Branch) Tsushima
Current branches.

EKWC flows as an intensified western
boundary current along the Korean continen-
tal slope as far north as 39°-40° N where it bi-
furcates with separating off the slope. Similar
double branch structure of EKWC was found
based on trajectories of drift bottles (MuTa and
KAWATATE, 1986). It is known from observa-
tions (Yurasov and YARICHIN, 1991) that
EKWC separates from the coast at 37° — 38°N,

so our simulation shows an “overshooting” of
EKWC (Figs. 1 and 2). In some studies over-
shooting is explained by insufficient horizontal
grid resolution and high coefficients of
isopycnal mixing. For example, overshooting
occurs on 1/8°- 1/16° grids but disappears on
1/32° grid in HocaN and HURLBURT, (1997).
However, it seems in our simulation that it is
due to insufficient time of integration from the
initial Levitus temperature fields interpolated
from the coarse 1° grid to the fine 1/16° grid.
When started from horizontally homogeneous
initial conditions, we obtained EKWC separat-
ing from the coast at 37°N even on 1/4° grid
(PonOMAREV and TRUSENKOVA, 2000b). Cy-
clonic gyre in the Northwest Japan Basin area
adjacent to the Primorye and North Korea is
clearly seen in Figs. 1 and 2.

While separating from the slope, the south-
ern EKWC branch forms a strong anticyclonic
meander over the top of the Korean Plateau
centered at 38°20'N, 129°30" E. The similar me-
ander and eddy was reported in Katon (1994)
based on ADCP and hydrographic data
although it was positioned to be at about 1°
southward. In the east of the meander, the
EKWC joins with the Offshore Branch of the
Tsushima Current.

The Tsushima Offshore Branch associated
with the southern front of the Subarctic Fron-
tal Zone is the current meandering over the
eastern slope of the Yamato Basin pronounced
in UML, 2nd and 3rd layers (Figs.l, 2 and 4). It
is characterized by a chain of baroclinic eddies
generated in pycnocline due to baroclinic insta-
bility. According to the vertical velocity profile
at the edge of an anticyclonic eddy (38°6’ N,
134°50” E; location shown as a black dot in Fig.
4b) in Fig. ba, velocity in UML, 2 nd, 3rd, 4th,
6th and 7th layers has values of 13.4, 15.2, 10.4,
34, 0.7 and 0.5 cm/s, respectively (the 5th layer
outcrops to the 4th layer in this grid location).
Velocity is more than 10 cm/s down to 145m
(interface between 3rd and 4th layers), with
maximum (15.2 cm/s; Fig.5a) in the 2nd layer.
Vertical velocity profile averaged over the sea
also has its maximum (34 cm/s; Fig. 5b) in the
2nd layer corresponding to depth of highest
vertical gradient of buoyancy. Subsurface ve-
locity maximum can be associated with
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Fig. 4. A chain of baroclinic eddies in the Offshore
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Tsushima Branch as seen in horizontal velocity

in the 2nd (a) and 3rd (b) layers. A black dot denotes location of the velocity vertical profile

from Fig. 5a.

synoptic scale dynamics. However, in this area
there is no immediate trace of pycnocline ed-
dies in the 6th and 7th thick layers of deep wa-
ters, where another kind of synoptic scale
circulation develops, mostly controlled by bot-
tom topography.

Figure 4 shows some features of synoptic
scale dynamics in the area of the Offshore
Tsushima Current, namely branches, mean-
ders, streamers, mushroom —like structures,
cyclonic and anticyclonic eddies packed in
pairs, quadruples and chains. Between 130°E
and 134°E the synoptic scale current bifurcates
in the 2nd layer (Fig. 4a) and a complicated
eddy structure in the pycnocline in the 3rd
layer (Fig. 4b) is formed. In the east of 134°30’
E, with periodic in space meanders and jet
streams (streamers) in UML and 2nd layer,
there are three anticy-clonic eddies in the 3rd
layer with a diameter of 60-70 km.

Warm eddies with such scale were observed
also in the southern Japan Sea (ICHIYE and
TAKANO, 1988; DANCHENKOV et al., 1997 and oth-
ers). Different flow patterns in UML, 2nd and
3rd layers should be attributed mostly to low
coefficient of diapycnal mixing.

The meandering Offshore Branch can be

clearly traced at the depth of interface between
the 2nd-3rd and 3rd—-4th layers (Fig. 3a, b).
Both temperature and salinity in UML, 2nd,
and 3rd layers reveal meandering and spiral
patterns along the Offshore Branch path an the
37°-38°N band (Fig. 3¢, d).

The Nearshore Tsushima Branch is not very
well pronounced in our results. It occupies 4
grid points adjacent to the Japanese coast in
UML (Fig. 1) and also in the 2nd, upper inner
layer, with its lower interface at the depth of
about 100 m. Poor development of the coastal
branch in the initial spin—up experiment
should be attributed to the same reasons as
overshooting of EKWC, namely to short time
of integration and coarse resolution of injtial
temperature field.

4. Conclusions

The MHI circulation model successfully
simulates the general circulation of the Japan
Sea in initial 40—day spin—up from the
climatological (Levitus) density distribution
with 1/16° horizontal resolution under forcing
of weak summer climatic wind. It coincides
with numerous oceanographic observations in
the sea and many previous simulations based
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Fig. 5. Vertical profiles of horizontal velocity at the (38°6'N, 134°50"E) grid location (a) and

averaged over the sea (b).

on different models. Two faults of our spin—up
simulation are overshooting of EKWC and
poor development of the Nearshore Tsushima
Current Branch. However, these deficiencies
are avoided in 40-year model run from horizon-
tally homogeneous initial condition despite the
coarse resolution of 1/4° grid (PoNOMAREV and
TRUSENKOV A, 2000b).

Subduction algorithm provided by coupling
of non—homogeneous both UML and inner lay-
ers allows formation of a belt of lower salinity
and, later, salinity minimum layer in the main
pycnocline, starting from vertically increasing
initial salinity distribution.

By allowing layer outcropping, the MHI
model realistically reproduces frontal inter-
faces.

The numerical result is characterized by the
branching of current in the northwest sea and
multiple structure of the Subarctic Front. The
synoptic scale features are simulated in the

main pycnocline such as meandering, cyclonic
/anticyclonic eddies and streamers. These syn-
optic scale patterns are due to baroclinic insta-
bility in the area of the Southern Subarctic
Front characterized by well pronounced main
pycnocline. Application of bi-harmonic rather
than harmonic isopycnal viscosity as well as of
low coefficient of diapycnal mixing and non—
linear interface friction favors different flow
patterns in UML, 2nd and 3rd layers.
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