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Numerical modeling of the Japan Sea:
preliminary results*

G.A. Platov, E.N. Golubeva

Abstract. The numerical modeling of the Japan Sea seasonal variation was per-
formed by means of the regional ocean circulation model designed in the Institute of
Computational Mathematics and Mathematical Geophysics (Novosibirsk, Russia)
with a simple data assimilation scheme. The aim was to get a better understanding
of the Japan Sea dynamics and thermodynamics on the basis of an available GDEM
dataset of climatological temperature and salinity annual variations. This paper
outlines the model capability to reproduce most of the known circulation features
and provides a resulting view of deep water circulation.

1. Introduction

The circulation pattern in the Japan Sea (JS) resembles the most prominent
features of the global ocean and includes cyclonic and anticyclonic gyre
systems, a western boundary current that separates from the coast, and
a deep homogenous water mass [9]. There are also such phenomena as
wind and thermahaline driven circulation, deep convection, and a variety of
mesoscale eddies.

This paper aimed at better understanding of the Japan Sea dynamics
and thermodynamics on the basis of available GDEM dataset of climatolog-
ical temperature and salinity annual variations. The GDEM dataset suffers
from a lot of artifacts and therefore cannot be used to analyze the matter
without any improvements. The most appropriate instrument to get best
of the available data is the numerical model capable to assimilate them and
to reconstruct them in case they are coming in any sort of dynamical or
thermodynamical uncertainty. Moreover, it is able to derive a circulation
pattern from this data in a most natural way.

The circulation in the JS experiences the influence of the Pacific Ocean
by the inflow through the Tsushima Strait and the outflow through the
Tsugaru and the Soya Straits. Although these straits are rather shallow
(less than 200 m), they have a profound impact on the circulation features
within the JS.
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The sea has the subtropical and the subpolar circulation bounded by the
subpolar front, similar to the open oceans. The Tsushima Warm Current
(TWC), flowing from the East China Sea, supplies the salty and warm wa-
ter into the basin through the Tsushima Strait. According to the available
knowledge, this current splits basically into three distinct branches after
entering the basin. But highly variable spatial and temporal characteris-
tics of the TWC make it difficult to provide a solid background for such
an understanding of a TWC branching pattern. Nevertheless, generally
three branches are considered: the Nearshore Branch (NB), the Offshore
Branch, and the East Korean Warm Current (EKWC). The latter is con-
sidered to be the western boundary current in the subtropical circulation
in the JS [37].

The counterpart in the subarctic circulation is the Liman Current, which
flows south to southwestward along the Russian and the North Korean
coasts. Both currents contact each other around 38-40° N west of 132° E.
The North-Western part of the JS as a place of mixing of these two different
water masses exhibit a high eddy activity. The typical scale of eddies is
about 35-80 km [21].

All this water mixture flows eastward along the Subpolar (subarctic)
front (SPF) at about 40° N up to the Tsugaru Strait. The SPF divides the
JS into two parts: the southern part affected mainly by the TWC branches
and the northern gyre system. Part of the SPF waters flows through the
strait to the Pacific Ocean while the other turns to the north contributing
warm and salt waters to the northern gyre. Flowing along 44° N, a belt of
this warm and salt water distributes from Hokkaido to the west (up to 131° E
or s0). According to [1], the deep water of the JS is formed in the process
of cooling this water on the whole way from Hokkaido to the North-western
region. We are going to trace this mechanism in our modeling results to
give some numerical estimations.

A series of the CREAMS expeditions have detected more details of the
water mass subsurface structure north of the SPF. In the upper 200 m
layer, there is a salinity high sitting at the shelf break around 50-100 km
off the Russian coastline. The low salinity water along the Russian coast
extends from the Tatar Strait to the North Korean coast in the form of
a low salinity belt [28]. The Amur river supplies fresh water into a low
salinity belt through the Tatar Strait. According to Yakunin [36], the Amur
river and the Okhotsk Sea contribute around 1100-1800 m? /s of fresh water
flowing along the western side of the strait, while 900-2000 m®/s go from
the JS northward along the eastern mouth of the strait as a relatively salty
water. The water from the Amur river and the Okhotsk Sea encounters
a strong tidal mixing with the salty water originating from the Tsushima
Warm Water around the Tatar Strait and then feeds the coastal current
associated with the low salinity water belt along the Russian coast.
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The low salinity water south of the high salinity region is a reflection of
a horizontal low salinity tongue along the SPF, sometimes extending from
131.5°E to 135°E [1].

Another problem, on which we are going to focus our attention, is the
seasonal variations accompanied by the variability of an inflow/outflow sys-
tem. The Tsushima current has a mean transport of about 2 Sv [35]. The
overall seasonal variation appears to have an amplitude range of 0.7 Sv, with
a maximum transport in November—December and a minimum in March—
April. This is made up of 1.3 Sv variation in the western channel and an
out-of-phase 0.6 Sv in the eastern channel [12]. The relative contributions
of baroclinic and barotropic components can greatly vary. In summer, the
inflow is strongly stratified due to the surface heating and an increased fresh-
water inflow; in winter, it tends to be vertically well mixed. Moreover, the
warm water anomalies are intermittently found in the eastern channel of the
Strait, which is due to the warm water intrusions from the Kuroshio [30].

Using the ADCP (Acoustic Doppler Current Profiler) data, Katoh [14]
estimated that the transport of the EKWC amounted to about 1.54 Sv in
June 1998, 0.70 Sv in August 1998, and 1.77 Sv in June 1989. Tanioka [33]
argues that 80-90 % of the volume transport of the EKWC returns south-
ward around the Ulleung Island forming the Ulleung Warm Eddy (UWE).
The UWE is located in the central part of the Ulleung Basin (where the
depth exceeds 1500 m) and has a diameter of approximately 150 km.

Observations [7,22,25] suggest that on average, the EKWC has a trans-
port of ~ 1.5 Sv and a speed of &~ 25 cm/s, while the NKCC has a transport
of = 0.5 Sv and a speed ~ 5 cm/s. Using the ADCP data collected during
June-July 1999, Ramp et al. [23] computed a transport of 1.45 Sv for the
EKWC and a transport of 0.78 Sv for the NKCC. Note, however, that these
values change in various time spans. It is important to realize that, for the
time period considered by Ramp et al. [23] no UWE was observed.

Seasonal and main thermoclines are very shallow in the JS and most
of the sea is occupied with nearly homogeneous water colder than 1°C,
which has been known as the Japan Sea Proper Water (JSPW). Sudo [29]
and Senjyu and Sudo [26] found a discontinuity in vertical profiles of po-
tential temperature and dissolved oxygen from a highly selective CTD or
hydrographic data and suggested a possible thermohaline circulation. A
water mass with a vertical salinity minimum (< 34.06 psu) called the Japan
Sea Intermediate Water (JSIW) is found below the TWC at the subsurface
(200400 m) with a density range, roughly 26.9 < g < 27.3 in the Ulleung
Basin and the adjacent area. This water mass contains a relatively high
oxygen concentration, suggesting that it originates from the descending sur-
face water renewed by the winter convection somewhere north of the SPF.
The strong thermocline at around 200 m depth is the boundary between the
TWC and the JSIW [16,17].
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Finally, we will make some notes on the deep water circulation analysis.
Yet little is known on the horizontal distribution of temperature and salin-
ity in the deep water, because their horizontal variation is too small to be
well resolved. This character makes it difficult to deduce the deep flow field
from the dynamical calculation. Therefore, the flow in the abyssal JS has
been mainly deduced from the water property distributions [26,27]. On the
other hand, direct measurements with a moored current meter were carried
out in the JS, and the long-term moorings in the JSPW were frequently
made in the last 10 years. Takematsu et al. [31,32] performed the direct
current measurements at seven stations in the Japan Basin and revealed a
vertically coherent structure of the flow field in the JSPW. Nowadays, the
number of direct observational data on deep currents is rapidly increasing.
Senjyu et al. [27] analyzed the long-term current measurements carried out
with the CREAMS programme under the main thermocline deeper than
500 m in the period from 1986 to 1999. The estimates of the deep flow
field in the JS area were performed applying the variational method to the
observed field. The flow configuration is characterized by the cyclonic cir-
culation along the basin periphery and a weak current in the interior re-
gions. Relatively strong currents exist in the eastern and western parts of
the Japan Basin, around the Yamato Rise, and the southern part of the
Yamato Basin. The cyclonic subarctic circulation in the Japan Basin 40° N
is intensified in February as compared to that in August; in particular, the
south-westward currents along the Russian coast are strengthened. This
winter spin-up of the subarctic gyre is found in the numerical model exper-
iment made by Kim and Yoon [15] and they attributed it to the positive
wind stress curl associated with the winter monsoon blowing from the Asian
continent.

The GDEM dataset [34] was adopted to set up the initial and open
boundary conditions as well as to provide a source of data to be assimilated.
The primary source of this data is the MOODS (Master Oceanographic
Observation Data Set) containing about 7 million observations worldwide.

However, analysis shows a poor quality of these data. The vertical static
instabilities are especially intrinsic of the resulting density field for the layers
deeper than 500 m. Extensive editing is required to remove anomalous
features caused by oceanographic studies of transient features such as rings,
by poor observations, by using data collected during many years, and by
variations within a season.

2. Numerical methods and the JS model

First we tried to run POM [2], but we were not able to produce a reasonable
current field. The matter was not investigated thoroughly, but it was proved
that the major factor is that POM falls to describe horizontal diffusion over
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such a long period of integration (years). The diffusion along sigma isosur-
faces, especially, at a shelf break contributes to false downwelling favorable
gradients and finally leads to formation of strong artificial currents there.
The strength of the northern gyre caused by this factor was sometimes equal
to 30-40 Sv, which is extremely impressive, and it was distributed from top
to bottom with nearly a constant speed value. That is why finally we decided
to imply z-level model, which is free from this problem.

2.1. Model

The finite element model designed at the Institute of Computational Math-
ematics and Mathematical Geophysics by Kuzin et al. [5,6,18] was adopted
to conduct a series of numerical experiments. Among two variants of this
model (sigma- and z-coordinates) the one with z-coordinate system was
chosen. The reason for such choice is explained above.

The model equations are formulated in spherical coordinates. The prog-
nostic variables are: potential temperature, salinity and two horizontal ve-
locity components. The vertical velocity, which is a diagnostic variable, is
obtained from the continuity equation.

The primitive equations are simplified by introducing the hydrostatic
approximation and the Boussinesq approach. The horizontal diffusion and
viscosity is a Laplacian operator. The rigid lid approximation is applied at
the surface.

A set of momentum equations is solved in three steps. First, the ad-
vection-diffusion terms are processed. Then, the resulting velocity field
is assumed to consist of the two modes: barotropic and baroclinic. The
barotropic mode velocity is obtained from the linear streamfunction equa-
tion. The right-hand side of this equation includes the vertical average of
the momentum equations. The continuity equation is considered as an ana-
logue of the temperature equation when a constant is used instead of the
variable.

To solve the 3D equations of heat and salt transport, a splitting up
technique is adopted by processing each coordinate direction consecutively.
The splitting algorithm is described in [6]. The numerical scheme for the
advective operator is obtained as a result of numerical diffusion subtraction
from the first order up-stream difference scheme. The subtracted diffusion
multiplied by some factor ranging from 0 to 1 could be used to make results
more regular. In our runs, we adopted the factor of 0.125.

The density is a function of potential temperature, salinity and pressure.
The equation of state is taken from [4].

All the solid lateral boundaries and the ocean floor are insulating for
temperature and salinity. A no-slip condition is applied for the horizontal
velocity components along the lateral boundaries. At the ocean bottom,
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a linear drag condition is specified for the momentum to include the bot-
tom friction effect. On the open boundaries, the flow is considered to be
a barotropic one with a prescribed transport (see, further, Section 2.2.2).
Temperature and salinity fields are allowed to be transported outside the
domain, while in the case of the inflow the prescribed climatological values
are specified to be advected in.

The surface air-sea fluxes are further described in Section 2.2.4.

The convective and wind-driven vertical mixing is parameterized accord-
ing to [19]. The vertical turbulent coefficient is taken in the form

ou\? ov\? g0

which is applied in instability layers where the expression under the square
root sign is positive (u, v are horizontal velocity components, p is a potential
density, g is a gravity constant, and A is a vertical thickness of an instability
layer).

2.2. Model configuration

2.2.1. Horizontal diffusion and viscosity. The results of the Naval Re-
search Laboratory Layered Ocean Model (NLOM) [13] elucidate the impact
of the eddy variability on the EKWC separation from the Korean coast.
The eddy variability is suppressed by either increasing the model viscosity
or decreasing the model resolution. The simulations with a decreased eddy
variability indicate to a northward overshoot of the EKWC. Only the model
simulation with a sufficient eddy variability depicts the EKWC separating
from the Korean coast at the observed latitude. We started with a constant
viscosity and diffusion coefficients with a value of 100 m?/s. The result was
like those predicted by Jacobs et al. [13] with the EKWC overshooting up to
41-42° N latitudes leaving no space for the NKCC. Using the NLOM, Jacobs
et al. were able to produce a better EKWC separation when they used the
eddy viscosity equal to 5 m?/s and 1/32° spatial resolution. The implica-
tion of these parameters could result into a significant time step limitation,
which was not desirable. So, we settled up on the solution that the model
resolution is to be a bit poorer with 0.05° spacing and, also, the Smagorin-
sky parameterization of eddy viscosity was applied with a minimum value
of 5 m?/s. Then we were able to use a time step of 30 minutes. Neverthe-
less, further implication of an additional filtering procedure allowed us to
increase this value up to 1 hour. Another way to obtain a proper EKWC
separation is (according to [15]) to utilize an isopycnal diffusion, although
it does not seem to be necessary as we were able to produce the same result
without this sort of diffusion. Also, one of the proposed ways to obtain a
more realistic current feature is to support small-scale topographic eddies
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Table 1. List of model configuration parameters

Parameter Value
Horizontal resolution dz, dy = 0.05°
Time step dt = 3600 s
Minimum depth Amin = 20 m
Minimum viscosity Amin = 5.0 m2/s
. . . . " . de - d
Maximum viscosity to switch on an additional filter | A* = horcon L
Coefficient in the Smagorinsky parameterization horcon = 0.005
Relaxation time scale and time lag T = 37 days
Temperature variation amplifying coefficient r = cos” (27T /tyear) ~ 1.25

by reducing a barotropic viscosity term. The idea was introduced by Hol-
loway in [11] and is adopted —as an additional model option— to investigate
this problem in future runs. Our implication of this approach alone with-
out increased resolution and low viscosity was not able to attain a better
EKWC separation, although it produced some significant result improve-
ments elsewhere in the region, while used with 0.1° resolution and 100 m?/s
viscosity /diffusion coefficient. The final list of the key model parameters is
summarized in Table 1.

2.2.2. Strait transports. The model domain covers the whole of the
Japan Sea, and there are four straits included as open boundaries. The first
is Tsushima (Korean) Strait, which is divided by the Tsushima Island into
two parts: eastern and western throughflows. The next strait is the Tsugaru
Strait separating Honshu and Hokkaido Islands. The Soya Strait (Strait of
La Perouse) is another along with the Tsugaru Strait outflow channel. The
northern boundary with the Tatar Strait is considered to be closed with
zero transport through it. All transports are calculated in the following
time-dependent form:

Tr(t) :Tr+mcos<2”(t_t°)>, (1)

year

where Tr is the resulting transport, Tr is the annual mean transport, 6Tr is
an amplitude of its seasonal variation, tg is the reference time of the annual
maximum, tyear is the year cycle as if consisting of 360 days.

The Soya Strait outflow transport value is adopted to be equal to the
residual of all other inflows/outflows. The adopted parameters of the straits
are listed in Table 2. They are taken according to [12].

2.2.3. The vertical resolution. The bottom topography is based on
ETOPOb bathymetry interpolated onto the model grid. The resulting depth
value at each grid node was then substituted by the nearest available verti-
cal level of the model. The vertical spacing is defined by 27 model levels: 0,
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Table 2. The adopted parameters of straits

Strait Tr, Sv 6Tr, Sv to, day
Tsushima Strait (West) 1.28 0.65 315
Tsushima Strait (East) 0.72 0.30 135
Tsugaru Strait 1.26 0.10 330
Tatar Strait 0 0 —

10, 20, 30, 40, 50, 65, 80, 100, 125, 150, 200, 250, 300, 400, 500, 600, 700,
800, 1000, 1250, 1500, 1750, 2000, 2500, 3000, 3500 m. The depth minimum
over the shelf region is set equal to 20 m. This means that if a real depth
is less than this value, then it was deepened down to reach this magnitude.
Choosing this value assures that there are at least three model levels present
at each grid node.

2.2.4. Forcing and data interpolation. The monthly mean tempera-
ture and salinity from the GDEM dataset [34] were adopted to produce a
“nudging” forcing. Both temperature and salinity were first interpolated
horizontally onto the model grid at each vertical data level by means of

Vlwy) = Y Wity / > W 2)

where ¢ is any evaluated variable, W; are weight coefficients, ¢ numbers
the data points connected to one at (z,y). Two points are not considered
connected if the direct line between them crosses some natural barriers like
a shore line, an island, an underwater ridge, etc. The weight coefficients
W; depend on the distance between connected points. If the distance is

ri =+/(z — ;)2 + (y — y;)?, then
.
W; = exp<—4Rz), (3)

R is the search radius, it is adopted to be R = 1/4°, while the GDEM data
are presented with 1/6° resolution. The data produced that way are used
directly only in setting the lateral boundary conditions for temperature and
salinity. The annual mean temperature and salinity are also used to initialize
these fields. In addition, the produced fields T" and S are the source of
additional forcing applied according to a “nudging” technique. To some
extent this utilization could be referred to as data assimilation.

The vertical interpolation uses the cubic splines and, if needed, data are
extrapolated downward by setting a constant value taken from the deepest
available observation.

The same procedure is used to obtain a horizontal interpolation of both
wind stress components. The wind stress was provided by Na’s dataset [20].
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The only difference here is that search radius was taken equal to 0.75° be-
cause the original wind stress data resolution is only 0.5 x 0.5°.

2.2.5. Nudging. The vertical heat and salt fluxes are considered to have
zero values. The real heat and salt income is contributed through the ar-
rangement of the “nudging” assimilation. According to the “nudging”, idea
an additional relaxation term was adopted in temperature equation in the
form

or o
()., =@EE—m-n ()

so that the model is nudged towards 7" —the temperature produced using
the interpolated GDEM temperature Tapem:

T* = Topem + (Tepem — TGpEM), (5)
where the overbar means the annual averaging and r is an amplifying factor.
In (4) v is the relaxation coefficient. Its vertical distribution is established
by

(6)

=1 if 2> —500 m
v(2) =

0, otherwise,

where 7 is the relaxation time scale and is the same as the time lag in (4). Its
value is chosen according to Holland [10] to be equal to 37 days, although
he used it only to specify surface boundary conditions. The amplifying
coefficient r is approximately equal to 1.25. This value is evaluated from
the fact that if the time dependence of temperature T™ were

— 2m(t — ¢t
T*(t):T*+6T*cosu, (7)
year
then the solution of o7 1
=@ t-7)-T) (3)
-

would be T'(t) = T*(t) only in case of r = cos ™ (277 /tyear)-

The salinity is treated the same way as temperature.

The original GDEM data look most doubtful for the deep layers starting
from 500 m. Therefore, we are not keen to nudge the solution toward them
at deeper layers. If we do, it would take a long time of numerical integration
to reach any stabilization of deep ocean circulation. On the contrary, for
the upper layers, the relaxation time toward quasi-stable state is shorter
and we are going to reach the stable seasonal variations and to analyze the
resulting dynamics. The main priority in our study is the resulting current
system corresponding to available temperature and salinity data. That is
why we extend nudging procedure to 500 m instead of applying it at the sea
surface. Thus we lower the role of the numerical model down to the role of
an instrument allowing to get better interpretation of the available data.
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2.2.6. Model run. The numerical experiments basically consist of two
periods:

1. Diagnostic two-year run with temperature and salinity evolving in time
forced only by the nudging term as in (8), i.e., no diffusion, no advec-
tion, no any other terms are applied. Basically, one-year run is enough
to attain a quasi-equilibrium state, the only reason why the second year
is needed is to produce the complete year-round diagnostic results.

2. Prognostic run with temperature and salinity normally evolving in
time. The length of this period depends on the difference measure
between two subsequent years. It could be evaluated in terms of the
mean kinetic energy or a maximum temperature deviation, etc.

According to these two periods, the model experiences two shocking
events: the first is when the model dynamics adapts to prescribed density
gradients, while the second is when the density itself starts to evolve accord-
ing to the above dynamics. In the first case, the pressure gradient term is
ramped from zero over the period of 30 days, while in the second case the
same ramping is applied to temperature and salinity advection (convection)
terms.

3. Results
3.1. Diagnostic spin-up

The model attains the quasi-equilibrium state pretty fast (see the energy
chart) with further periodical development reflecting a seasonal variation.
The resulting stream function resembles some dynamic features produced by
the p-vector method [3,24]. The most prominent feature standing beyond
a commonly accepted circulation pattern is the northward water motion
along 133°E longitude. This feature is also present and overestimated in our
diagnostic results. It appears in the form of a dipole of positive and negative
vorticity there. The fact that it completely disappears during the following
prognostic calculations indicates that it could be just an inconsistency of
the GDEM data which were used here and in both above-mentioned cases.

3.2. Horizontal viscosity/diffusion and filtering

During the first three years of a prognostic mode integration, we tried to
apply different combinations of the horizontal diffusion along with filtering
(see the energy chart in Figure 1 and the model settings list in Table 3).

After all these tests we settled upon the Smagorinsky parameterization
with a 1-2-1 filter applied only at points, where the Smagorinsky viscosity
coefficient is too high. For example, if velocity is directed zonally, then the
Smagorinsky coefficient could be estimated as
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u

A:Céa:éya
x

~ C oy ou, 9)

where A is a viscosity coefficient, C' is a proportionality constant, dz and dy
are spacings along the longitude and latitude and du is the velocity differ-
ence between two nearest points in the longitudial direction. The Courant
restriction for advection demands that

dudt < iz, (10)

3004 EKWC region

Yamato rise

0 T T T
NKCC region

0 T T T

T T T
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800 1000 : 1200 days
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Figure 1. The kinetic energy of a unit mass (cm?/s?) changes during the overall
model run. The time axes are labeled in days with the negative values corresponding
to a diagnostic spin-up period. The panels represent the value averaged over six
different regions of the Japan Sea. The periods of different model settings are
labeled with Latin capital letters along the lower panel
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Table 3. The development of model settings during the run

The major features or changes made to The reason why this
Label previous revision setting was declined
A Diagnostic mode
B Introduced T'/S horizontal filtering and a filter for | Too smooth solution
a stream function with both applied once a day
C Smagorinsky viscosity without 7'/S filtering Unstable solution
D Fourth order T'/S filtering Too smooth solution
E Smagorinsky viscosity updated right after a new Unstable solution
velocity is calculated at each time step
F Introduced a selective filtering described in section Unstable solution
3.2 for T'/S fields at each time step
G The same as F but filtering is applied right after Too smooth stream
the horizontal advection function
H Selective filtering is applied to the stream function
as well

where 6t is a model time step. Substituting du from 9 into 10 we find
that the Courant restriction turns into the upper limit for the Smagorinsky

coefficient like 5us
oy

. 11
50 (11)

To satisfy this restriction in the case of the two-grid-point instability, at the
points where A becomes greater than %A*, we apply a 1-2-1 filter which is
implicit in contrast to the model viscosity /diffusion scheme (it is explicit).
The lower level of the viscosity coefficient is set equal to Ay, = 5 m? /s.

A<A*=C

3.3. Prognostic setup

After allowing temperature and salinity fields to evolve with time, the stream
function dramatically changes. The above-mentioned dipole structure starts
changing. Its maximum moves eastward also getting lower during this mo-
tion. The minimum stretches are zonally becoming not that low as in the
diagnostic mode. The East Korean high appears and grows until it ends
up with a strong and narrow East Korean Warm Current. Its separation
point moves gradually northward from the Tsushima splitting point up to
37-38° N. When it reaches its final position, the stream function high corre-
sponding to the former dipole maximum disappears completely, its counter-
part — low stretches — the whole-wide zonally occupying the northern part
of the Japan Sea.

The deep water salinity becomes more uniform concentrating around the
value 34.08 psu. Perhaps, this is an indication to a poor quality of the orig-
inal salinity data, presuming that the deep water salinity measurements are
occasional and hence are more dependent on the situation they were taken,
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while the upper layer salinity is more reliable because its measurements are
more frequent and cover the whole lot of climatological situations.

3.4. Seasonal circulation features

Since the maximum Tsushima transport according to [35] corresponds to the
winter time (November—December), then the middle of November (the time
of our model maximum transport) will be later referred to as winter, and
the comparison will be made with the middle of May (a minimum transport
period). It should also be noted that the core of the winter inflow occurs
through the western part of the Tsushima Strait, while during summer its
core is shifted towards the eastern throughflow.

The Tsushima Strait, the Tsugaru Strait and the Soya Strait are all not
deeper than 100-200 m. This means that waters coming in and out are
generally of the surface water type. Although the influence of this through-
flow across the whole Japan Sea is significant, the surface water type is
also affected a lot by the internal forcing. The manifestation of that fact
is the resulting picture of the barotropic current system shown in terms
of a stream function in Figure 2. Along with the stream lines connecting
the inflow with outflows, it also contains at least two internal loops which
could be forced by the internal factors only. The overall current structure
looks similar to the global circulation pattern. It consists of two circula-
tion cells. The most prominent one is the northern gyre corresponding to
the subpolar gyre system. The southern part is represented by the rela-
tively strong western current — East Korean Warm Current, which sepa-
rates at about 37-38°N driving its water to the east along the subpolar
front.

The driving mechanisms in a similar global circulation pattern are the
trade wind in the south and the zonal westerly wind along the subpolar
front, both being regular features and as a response to that forcing a strong
anticyclonic circulation spreads oceanwide from the equator up to the mid-
dle latitudes at about 40° N. The weak easterly winds are blowing over the
northern part of the Atlantic and the Pacific oceans thus forming the sub-
polar gyre system. The Stommel western intensification applied to these
northern gyres ends up with such strong currents as the Oyashio in the
North Pacific and the Labrador current in the North Atlantic.

Another factor supporting this circulation pattern seems to be a zonal
heating difference giving rise to the eastward water transport in the middle.
This feature reflects the fact that the cold subpolar water and the warm
equator water (provided that salinity is almost constant) form the global
density and pressure gradients responsible for the geostrophic eastward wa-
ter motion. This factor supports the eastward motion along the subpolar
front.
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Looking at the stream function presented in Figure 2 one could suggest
that the same or similar processes are taking place in the Japan Sea although
the horizontal scale is smaller and hence the Coriolis parameter variability
is of less importance, so that the western currents intensification is not that
prominent. The forcing mechanism seams to be the same as above but
applied to the northern gyre which is driven by the westerly winds in the
middle and the easterly weak or absent winds in the north shallow part. The
southern part has its peculiarity. The absence of strong winds in the south,
which are analogous to the trade winds, makes the southern circulation cell
a bit different in comparison with the global circulation. The mid-latitude
westerly winds are still present driving the subpolar front waters to the east.
The southern recirculation could hardly be supported by local winds though,
because they are not regular and, in general, are not anticyclonic favorable.
This means that the recirculation seen in Figure 2 is more likely to be via
subsurface undercurrents.

In our case, we do not apply surface heating, and its role in supporting
the south-north difference is played by a relaxation term in temperature
and salinity equations assimilating a seasonal temperature and salinity vari-
ations. As the above term is three-dimensional, this means that the vertical
processes are less important as in the case of the surface heating, and thus
the result is more dependent on the vertical structure of prescribed temper-
ature and salinity fields rather than the simulated regular vertical motion
and convective mixing parameterizations.

3.5. Deep water circulation

Figure 3a of the averaged velocity in the layer of 600-1000 m shows generally
strong boundary currents along the western side of the northern portion of
the Japan Sea with weaker flows in the interior of the basin and along the
eastern boundary. This supports the conclusion made in [8] on the basis
of more than 30 PALACE floats in the northern portion of the Japan Sea.
In winter, the temperature difference between the sea surface and 800 m in
Figure 3b shows that water column is almost well-mixed along the western
boundary, especially, in the vicinity of Peter the Great Bay. This result
contributes to the idea of a deep convection in this region. Strength of the
convective overturning determines the high intensity of the subpolar front
just to the south of this area. In the southern portion of the Japan Sea, the
flows are generally following the coastal slope from the Hokkaido in the east
to the Ulleung basin in the west.

In the east, as is seen from the zoom plot in Figure 4b, these flows are
highly irregular and consist of a series of cyclonic and anticyclonic eddies.
Nevertheless, the offshore side, following latitudes 40-41° N, represents a
weak but steady eastward transport. In the west, Figure 4a, although there
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Figure 3. Deep water circulation pattern in winter: a) the vertically averaged
velocity in 600-1000 m layer and b) the temperature difference between sea surface
and 800 m depth

is a lot of small-scale eddies, the overall transport is anticyclonic with a
westward motion along the shelfbreak and an eastward motion in the middle
of the basin, corresponding to the SPF position.

4. Discussion

The described model developed to simulate the JS circulation pattern seems
to be capable of reproducing the most prominent dynamic features. To be
more assured in this conclusion, we need to increase model resolution to
see that most results obtained so far will not be significantly changed after
that. The most prominent thing that we can confirm according to our
current results is the following: to depict the most prominent JS circulation
features by means of numerical modeling, one needs to increase the model
resolution up to about 5 km and to decrease model viscosity down to 5 m? /s
for the most of the simulated area. These conditions could be even stronger,
as in our tests we also applied a “nudging” scheme that forced the model
temperature and salinity field not to go far from the prescribed ones. As
one can see, we did not use an isopycnal diffusion, so it is not as necessary
to apply as it is sometimes believed.

The details of the above described deep circulation obtained as a result
of numerical modeling are to be confirmed by further studies and model
development. The main difficulty is to obtain the reliable temperature and
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salinity data. The deep water properties are almost homogeneous and the
dynamics restored by means of numerical simulation is more dependent on
the assimilated data precision. In this circumstances the most promising
way to obtain a deep water circulation pattern is believed to design a more
sophisticated assimilation scheme along with an excessive number of real-
time direct measurements. Two ways of obtaining these data excess are most
intensively developed at the moment. The first is the satellite measurements
and the second is a growing number of drifters deployed accordingly projects
like ARGO, etc. The Japan Meteorological Agency is now capable to provide
daily satellite images of temperature and sea level anomalies distributions
in the JS and make them available for a wide scientific community. This
stimulates the real-time model simulation, although the results which could
be obtained this way can hardly be used to make some general conclusion
about the JS climatology, because they are situation-dependent. To do
such conclusions, we need at least several decades of detailed measurements,
while at the moment, there are available only series of about ten years. The
drifter measurements, although their number is growing, are still scarce and
probably could be used only to verify real-time model results.
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