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1. Introduction
Today, the carbon dioxide content in the atmosphere is becoming to one of the most important
problems, because it affects the global warming. It is thus necessary to promote the study of
material cycling of carbon and other elements in the sea water and the study of gas exchange at
the air-sea interface and at the sea—sediments interface. Marginal seas in the Western Pacific
such as the East China Sea and the Yellow Sea are regions of high biological productivity,
because amount of nutrients are supplied by water discharge from rivers such as Changjiang (
Yangtze ) River and Huanghe ( Yellow ) River, and they are expected to play an important role
on the material cycling in the global ocean. It could be said that if the material transport in the
marginal sea is not revealed correctly, the material cycling in the global ocean is not able to be
wholly understood. So, we choose the East China Sea and the Yellow Sea as one of representa—
tive marginal seas, and will investigate the water circulations in this marginal sea in this paper.

The East China Sea and the Yellow Sea are one of the most developed continental shelf arcas
in the world. Seasonal variation of water circulations in the East China Sea and the Yellow Sea
is expected to be very large because their water depth is so shallow that the large seasonal varia—
tions in the heat transfer through the sea surface and in wind may affect the water circulations
there.

As for the seasonal variation of the water circulations in the East China Sea and the Yellow
Sea, the schematic figure ( Niino and Emery, 1961 ) shown in Fig.1 is well known. But we
should say that this flow pattern is not reliable even from a qualitative viewpoint, which will be
discussed in section 2. The water circulation patterns in summer and winter were also given by
Kondo ( 1985 ), based on the mean distribution of water properties at SOm depth, although they
were only qualitative results.

Due to the difficulty of the field observation, the direct current measurements in the East China
Sea and the Yellow Sea have been very few. Consequently, the seasonal variation of the water
circulations in the East China Sea and the Yellow Sea has not been discussed quantitatively. We
have to clarify quantitatively the seasonal variation of the water circulations in the East China

Sea and the Yellow Sea in order to discuss the quantitative material transport in this marginal




Fig.1 Schematic of regional surface circulation taken from
Niino and Emery ( 1961 ).



sca. With this purpose in mind, we try to reveal the seasonal variation of the water circulations
in the East China Sea and the Yellow Sea with use of a robust diagnostic three—dimensional
numerical model. Furthermore, the detailed dynamical process for the remarkable circulations

in the Yellow Sea will be also investigated using a prognostic numerical model.




2. Seasonal Variation of Circulations
2.1 Numerical Model

The model area is shown in Fig.2. The maximum depth in this model is 300 m due to the
computational economical viewpoint. The horizontal grid size is 50 km x 50 km and the water
column is vertically divided into three layers ( upper: 0 = 20 m, middle: 20 — 60 m, lower: 60 m

- bottom ).  Using conventional notation, the governing equations on the Cartesian coordinate

are as follows:

du du du du 1 dp u 9% d’u
+(u +v +w )—fv=-— T e gt e of - 2-1)
ot X ay 0z P, Ox ax ay*© ¥ oz*
av av dv v 1 adp v o a%v
——+(u +Vv +w )+fu=-— + A il =) F A= (2=2))
ot 0X dy 0z P, ay ax“ dy” Y odz°
dp
== pg; (2=3)
0z
du av ow
+ + =0, (2-4)
oX dy 0z
aT aT aT aT J=K. ( T T )+ K @*T (T'-T), (2-5)
+{ U + Vv + W = 4 + + = ! 75
ot ax dy 0z X iiatE Lt v a2 Y
aS ( aS aS aS S 4°S & 8’S 3 5
—+(u +v +w = —+ + — + - 2-
ot ax ay 0z s 4 x> dy? e 9z* Y ) (2-6)

where u, v and w are the velocity component of x, y and z directions, respectively, f is Coriolis
parameter ( 2wsing , ® is angular velocity of earth rotation and g is latitude changing from
24°40'N to 40°10'N ), t is time, p is pressure, p is density, p, is the reference density, g is the
gravitational acceleration ( 980 cm sec™), A, (107 cm? sec™ ) and K, ( 107 cm? sec™! ) are hori-
zontal eddy viscosity and diffusivity, respectively, A (S cem? sec™! ) and K, (5 cm*sec™ ) are
vertical eddy viscosity and diffusivity, respectively, T is water temperature, and S is salinity.
The density is calculated from T and S with use of the usual nonlinear state equation ( Wadachi,
1987 ).

The last terms in Eqs.( 2-5 ) and ( 2-6 ) are called p terms which are introduced by Sarmiento
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and Bryan ( 1982 ) to prevent calculated values T and S from deviating greatly from observed
values T" and S*. In other words, if there is an observed density that significantly deviates from
a local advective—diffusive balance, the density is smoothed by the model to satisfy the balance
to some extent. The degree of modification is represented by p. For a small p, the model is near
to be independent of the data and approaches prognostic models. For a large p, the model is
restricted by the data and approaches a purely diagnostic model ( Fujio and Imasato, 1991 ). We
prefer a larger p because we intend to diagnose a velocity field from hydrographic data, not to
predict it. As long as we use a larger p, the density deviates little from the observed values.
Hence the derived velocity is almost independent of eddy diffusivity as discussed later. In this
case, we use p=1/24 hours.

The boundary condition for momentum is no-slip condition at the lateral walls.  The bottom

stress is given as follows,

du

A== Cru(PaAye, (2-7)
av
A, i C, v(u?+v*)”2, (2-8)

The sea surface is assumed to be a free—surface, and the surface momentum flux is given by

_3!.[ 2 23172
Py A, = =p,C, W_(W_ +Wy ) (2-9)
a‘; 2 213172 9
pnfﬁ\.'K=iJaCd\‘Vy(Wx +W,5) (2-10)

where C_ ( 0.0026 ) is the bottom drag coefficient, p_ ( 0.0012 g cm™? ) the air density, il
0.0013 ) the sea surface drag coefficient, W _and Wy are x and y components of the wind vector,
respectively. The boundary condition for water temperature and salinity is a no—flux condition
at the lateral walls, at the bottom, and at the sea surface.

The effect of momentum of Kuroshio to the water circulation in this marginal sea is not

considered in this model, that is, the model is closed and the volume transport of Kuroshio is not




included.

The leap-frog scheme with use of Dufort-Frankel method is adopted for the temporal accelera—
tion term, viscosity term and diffusive term and the Euler-Backward scheme is inserted every
ten time steps. The central difference scheme is adopted for the advection term and the semi-

implicit scheme is used for the calculation of water elevation ( Backhaus, 1983 ).

2.2 Observed Data

The observed data of water temperature and salinity in four seasons are obtained from the
Marine Environmental Atlas ( Japan Oceanographic Data Center, 1978 ). The data of 0 m and
50 m are averaged ones from 1930 to 1970. Water temperature and salinity at three levels ( 10
m, 40 m, the middle depth of the lower layer ) in the model are interpolated or extrapolated from
observed data at 0 m and 50 m.

Wind data are obtained from COADS ( Comprehensive Ocean—Atmosphere Data Set,
Woodruff et al., 1987 ). They are averaged data every month from 1854 till 1979 at every 2 °
mesh size. The averaged wind vector in four seasons ( Spring: April to June, Summer: July to
September, Autumn: October to November, Winter: January to March ) are calculated and thosc
at ecach mesh points of this model are interpolated from the calculated data. The results are
shown in Fig.3. The strong southward wind prevails in autumn and winter but the weak north-
ward wind in spring and summer.

We examined the steadiness of density field at this marginal sea in four seasons, that is, we
compare the temporal change terms of water temperature and salinity with other terms in Eqgs.(
2-5) and ( 2-6 ) with use of observed JODC data. As for water temperature and salinity,
maximum temporal change terms in four seasons have the order of 10 °C sec™! and 1077 psu
sec™!, respectively. On the other hand, the advective and diffusive terms of water temperature

and salinity have the order of 107 °C sec™ and 107 psu sec™, respectively, using the values of u

1

=3 cm sec ™ and Kh =107 cm? sec’!. Therefore, we may consider that the density and flow

fields at this marginal sea in four seasons are quasi-steady state.
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2.3 Results

The quasi-steady state is obtained about 20 days after the beginning of the calculation. The
model results are verified by comparing the yearly averaged transport density in the model,
which is obtained by averaging the results of calculation in four seasons, and that from 566
current measurements above the shelf area in the East China Sea ( Fang et al., 1991 ) as shown in
Fig.4 (a)and (b ). The transport density is defined as the current speed times the depth ( Fang
etal., 1991 ). Model results quantitatively well reproduce the observed ones.

As for the flow pattern along the shelf break of the East China Sea, the Japanese oceanogra—
phers have presented different results from Fig.4 (a). One example is shown in Fig.5 ( Qiu and
Imasato, 1990 ). The strong current is limited above the shelf break and there is no systematic
flow pattern above the shelf in the East China Sea from Fig.5. Such results are quite different
from those of Fig.4 (a ). Figure 4 (a) is obtained from the direct current measurements at 566
stations by Chinese Oceanographers but Fig.5 is mainly from GEK ( Geomagnetic Electrokine-
tograph ) observations by Japanese research vessels. We consider that the flow pattern shown in
Fig.4 ( a ) must exist in the real field because the density gradient exists from the shelf break to
the inner shelf of the East China Sea throughout the year and the geostrophic relation may be
established there. The reason of disagreement of Fig.4 ( a ) and Fig.5 are obscure now and we
have to study on this difference in the near future.

The calculated flow patterns at three layers in summer are shown in Fig.6. Anti—-clockwise
circulations exist at the upper and the middle layers in the Yellow Sea. On the other hand, a
clockwise circulation exists at the lower layer in the Yellow Sea. These circulations are accom—
panied by YSBCW ( Yellow Sea Bottom Cold Water ) which exists at the central part of the
Yellow Sea as shown in Fig.7. The southward coastal current exists at the upper layer along the
mainland of China but the northward current at the middle layer in the northern part of the East
China Sea.

Figure 8 shows the result of drifter buoys tracking during July to October, 1986 ( Choi and

Lie, 1992 ) and the tracks of buoys in the Yellow Sea well coincide with the result of the upper
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Fig.8 Track of ARGOS satellite drifter buoys during July to
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layer of Fig.6 qualitatively.
The results in winter are shown in Fig.9. A clockwise circulation exists from the surface to the
bottom in the Yellow Sea. An anti-clockwise circulation exists from the surface to the bottom in
the northern part of the East China Sea. Such circulations are accompanied by the heaviest
water in the East China Sea in winter as shown in the density distribution of Fig.10.
Water circulations in spring and autumn are similar as shown in Fig.11 | that is, a clockwise
circulation exists from the surface to the bottom in the Yellow Sea, the southward current along

China develops at the upper layer and the northward current at the middle layer in the northern

part of the East China Sea.

2.4 Discussions

In summer, the bottom cold water mass is formed at the central part of the Yellow Sea be-
cause the surface heating gencrates the stratification but the vertical mixing is weaker in the cen-
tral part than in both sides due to the stronger tidal current in both sides of the Yellow Sea as
shown in Fig.12 ( Choi, 1979 ). Anti-clockwise circulations at the upper and middle layers and
a clockwise circulation at the lower layer in the Yellow Sea are accompanied with this bottom
cold water mass in summer.

The water at the central part of the East China Sea becomes the heaviest in winter due to the
strong surface cooling because the water in the Yellow Sea is lighter due to the fresh water
discharge and the water in the southern part of the East China Sea is also lighter due to the heat
supply from the Kuroshio. Then a anti-clockwise circulation is developed from the surface to
the bottom in the East China Sea in winter as shown in Fig.8. In the other seasons, the south—
ward current along the mainland of China at the upper layer and the northward one at the middle
layer are developed in the northern part of the East China Sea due to the fresh water discharge
from Changjiang ( Yangtze ) River.

The direct wind effect to the water circulations in this marginal sea is examined in summer
and in winter and the model results without density distribution ( barotropic motion ) are shown

in Figs.13 and 14. There is no dominant circulation in summer due to weak wind stress in
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summer as shown in Fig.13. On the other hand, a remarkable clockwise circulation develops at
the Yellow Sea in winter as shown in Fig.14. Such fact suggests that the clockwise circulation
at the Yellow Sea in winter is mainly due to the strong wind and bottom topography.

We also examined the effect of viscosity and carried out the numerical computations with larger
horizontal viscosity ( 10% cm? sec™ ), smaller one ( 10° cm? sec™ ), larger vertical viscosity ( 10
cm? sec™! ) and smaller one ( 1 cm? sec™! ). The results do not remarkably change from those
mentioned above. Such fact suggests that the quasi-geostrophic relation is established in the
East China and Yellow Seas in four seasons.

The calculated flow patterns in the surface and middle layers in summer are similar to that of
Fig.1 but the calculated circulation at the Yellow Sea in winter is opposite to the circulation of
Fig.1. We think that our result is right because the density distribution in winter shown in Fig.9
cannot balance to the flow pattern shown in Fig.1 from a dynamical viewpoint.

The seasonal variation of water circulations in the Yellow Sea and the East China Sea may be
highly affected by the thermohaline process in this region, that is, the heat transfer through the
sca surface, the fresh water discharge and the heat supply from the Kuroshio mainly govern the
seasonal variation of the water circulations in this region except the periods when the abnormal
strong wind blowing or the anomalistic large fresh water discharge drastically change the density
distribution in this region.

Since water circulations in spring and autumn are similar to that in winter, the detailed dynam-
ical process of water circulations in summer and winter will be discussed with use of the numeri-

cal model in sections 3 and 4.
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3. Formation Mechanism of Circulations in the Yellow Sea during Summer

Seasonal variation of temperature and salinity distributions along the vertical cross section in
the central part of the Yellow Sea was investigated by Tawara and Yamagata ( 1991 ). The ob-
servation stations and the vertical distributions of temperature in August and April arc shown in
Fig.15 ( Tawara and Yamagata , 1991 ). In August, stratification is developed and the highest
water temperature was found at the surface layer of the central part and YSBCW was found at
the bottom layer in the deepest part.

Choi ( 1984 ) showed the horizontal distribution of M, tidal current amplitude in the Yellow
Sea and the East China Sea using numerical model ( see Fig.12 ). In the Yellow Sea, the
strength of the tidal current at the deep central part is weaker than that at the surrounding shallow
part, i.e., it is expected that the vertical mixing effect induced by tidal current at the deep central
part is weaker than that at the surrounding shallow part.  This effect may have some influence
on the water temperature distribution in the Yellow Sea.

From these results, we can consider that the effects of the bottom topography and the vertical
mixing induced by the tidal current may contribute to the formation of the circulations and
YSBCW in the Yellow Sea during summer.  So, we carried out the numerical experiments in
which these effects are included, in order to reveal the generation mechanisms of an anti-
clockwise ( at the upper layer ) and a clockwise ( at the lower layer ) circulations in the Yellow

Sea during summer in this section.

3.1 Numerical Model
3.1.1 Model basin and basic equation

Table 1 shows the heat fluxes through the sea surface ( Ishii and Kondo , 1987 ) and those
between the Yellow Sea and the East China Sea ( Ishii and Kondo , 1993 ) during the heating
season. Except March and August, vertical heat fluxes through the sea surface are larger about
3 times than the horizontal ones. So, as a first approximation, horizontal heat flux between the
Yellow Sea and the East China Sea is ignored in this model, and in order to reveal the effect of

the tidal mixing and the effect of the bottom topography to the generation of an anti—clockwise
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Table 1 Heat fluxes through the sea surface and between the
Yellow Sea and the East China Sea during heating
pcﬁod,aﬂcrlﬂﬁiandl(ondo(I98?zux11993).

heat flux (1) heat flux (II)
ok uf (W) _ (W)
Mar. 1.2x10%° 0.2x10'?
Apr. 5.7x10'? 1.5310"#
May. 6.6x10'*? 1.4x10'?
Jun. 7.3x10'? 1.1x10"'*?
Jul. T.6X10*? 2.3x10"*
Aug. 5.2 102 3.6x10"?

heat flux (I ) : vertical heat flux through the sea surface
heat flux (II) : horizontal heat flux between the Yellow Sea
and the East China Sea




and a clockwise circulations in the Yellow Sea during summer, two kinds of the model basins
which have a round shape are applied here. The bottom topography of the Yellow Sea (a) and
the model regions ( No.1 : (b) , No.2 : (c¢) ) are shown in Fig.16. The No.l model basin has a
constant depth ( 80 m ) and No.2 has a slope running along the coastal line in the model basin
which represents the shelf slope in the Yellow Sea. This slope has a simple exponential form of
h=h,exp(ax'), whereh, =20 m, a= 5.04x107°% (m™ ) and x' is offshore distance from the
coast in meter. The maximum depth of the No.2 model basin is 80 m. The horizontal grid size
is 25 km x 25 km and the water column is vertically divided into four levels ( level 1 : 0-10 m,
level 2 : 10-20 m, level 3 : 20-40 m, level 4 : 40 m — bottom ).

Under the hydrostatic pressure, the Boussinesq and f-plain approximations, numerical model
consist of the equations of motion, continuity and advection—diffusion of temperature.  Using

conventional notation, these equations on the Cartesian coordinate are as follows:

du ou du du
+(u +V +w ) = fv
ot 0x ay 0z
1 dp d (A du )+r'i (A du )+6 (A du ) (3-1)
== — + X -
p, 9X  OX " ax dy " 3y 0z v oz
av av v oV
+(u + v +w ) + fu
dt X ay Z
1 dp d (A Ay ) d (A v ) d (A av ) (3-2)
=—— + + + 3-2
p, 0x dx box dy by 0z ¥ oz
ap
== pPE, (3-3)
0z
du av ow
+ + =0, (3-4)
0x ay 0z
oT ( oT T aT ) ( g R \+K 0°T (3-5)
+(u + Vv +w - — =) + K =5
ot ax ay 0z S x> ay? ¥z

where u, v, and w are the velocity components of x, y and z directions, respectively, f ( 8.34x107°
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sec™! ) the Coriolis parameter at 35°N, t the time, p the pressure, p the water density, p,, the refer—
ence density, g ( 980 cm sec™! ) the gravitational acceleration, A, and K| the horizontal eddy
viscosity and diffusivity, respectively, A and K the vertical eddy viscosity and diffusivity,
respectively, and T the water temperature.  The density is calculated from T and salinity with
use of the usual nonlinear state equation ( Wadachi , 1987 ). However, only the effect of heat
on density is considered, here.  So, from Tawara and Yamagata ( 1991 ), averaged salinity in
heating season ( 33.0 psu ) is applied.

The boundary condition for momentum is slip condition at all lateral walls. The bottom stress

is given as follows,
du

YV oz

A

=G u(u?+v?)2, (3-6)

The sea surface is assumed to be a free-surface, and the sea surface heat flux is given as follows,

T Q, =
o e (3-7)

Here, C, ( 0.0026 ) is the bottom drag coefficient, Q_ the heat flux through the sea surface and C
( 0.932 cal/°C/g ) the specific heat of water. Using observation value of Ishii and Kondo ( 1987
), Q, is assumed as,

Q,=350sin(2nt/T, ). (calcm™day™). (3-8)

Here, T, is one year.

3.1.2 Procedure of the experiments

The circulations in the Yellow Sea during summer is expected to be induced by the sca surface
heating during spring and summer because the wind in these scasons is very weak as discussed in
section 2. So, only Q_ is applied as an external force. We expect that the bottom topography
of the Yellow Sea may affect the circulations. Thus, in order to investigate the effect of the
bottom topography, two Kkinds of the model basin ( No.1 and No.2, see Fig.16 ) are applied.
Furthermore, we expect that the horizontal difference of vertical mixing due to the tidal current
may affect the circulations. In order to investigate such effects, three kinds of vertical eddy

diffusivity are applied. Here, in order to restrain the occurrence of the internal waves at the
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interface between upper and lower levels of the model basin, the vertical eddy viscosity which is
some larger than the vertical eddy diffusivity is applied. Three kinds of vertical eddy diffusivi-
ty, the corresponding vertical eddy viscosity and horizontal eddy diffusivity and viscosity are
shown in the following.
1) The vertical eddy diffusivity are constant.
The vertical eddy viscosity and diffusivity are given as
A, =30 (cm’sec™), (3-9)
K =5 (em*sec?); (3-10)
and horizontal eddy viscosity and diffusivity are also constant as
A =K =10° (cmPsec™). (3-11)
2) The vertical eddy diffusivity varies with exponential form.
From the tidal current amplitude chart of Choi ( 1984 ), the vertical eddy viscosity and diffusivity
arc given as
A, = 10exp( 3.66x10%x" ) { maximum:20 } (cm*sec™), (3-12)
K, = exp( 7.68x107°x" ) { maximum:10 } (cm?sec™!), (3-13)
and horizontal eddy viscosity and diffusivity are given as
A, =K, =10%xp( 7.68x10%x") { maximum:10°} (cm®sec’), (3-14)
where x is the distance from the center point of the model basin in cm.
3) The vertical eddy diffusivity depends on the Richardson number ( James , 1977 ; Takeoka et
al. , 1991).
The vertical eddy viscosity is given as
A =K +10 (cm?sec™), (3-15)
and according to Takeoka et al. ( 1991 ), the vertical eddy diffusivity are written as

K_:——K‘J—,—-—+Kh (3-16)
Y (140Ri)¥

where, K, + K, ( K, =50.0, K, = 0.1 cm?sec™) is the diffusivity in the well-mixed state, o (

25.0 ) and q ( 0.7 ) the constants which are determined by Takeoka et al. ( 1991 ) and Ri the

Richardson number. K| is the background diffusivity which is added to prevent K becoming




too small for large Ri. The Richardson number is given by

dal/oz

Ri = ga

(3-17)

Here, o ( 0.0002 °C™) is the thermal expansion coefficient and V the square of the vertical shear
of the horizontal velocity. Under the approximation of the logarithmic law for the vertical dis—

tributions of the tidal current and wind—induced current, V is written as

U.

2 W' 2 du v 3
k(H-IZI)} i kz )+(?)' (3-18)

N {
2

The first term on the right-hand side is the contribution of the shear of the tidal current, the

second term that of the wind—induced current, the third term that of the density current, u’ and

W’ the friction velocities of the tidal current and the wind—induced current, respectively, and k (
0.41) the Karman constant. The friction velocities are given as

u' = Ch‘”u;l . (3-19)

W' = (p /p)*C,*W (3-20)

where p, (0.0012 kg m™ ) is the air density, C, ( 0.0013 ) the drag cocfficient at the sca surface,

W (2.0 m sec™' ) the wind speed, and u_ is the tidal current amplitude, that is given from Choi (

1984 ) as
u, = 120 - 20exp{ 0.447x10-8 (L/2 —x*)} (cmsec™). (3-21)
Here L ( 600 km ) is the diameter of the model basin. In this case, horizontal eddy viscosity

and diffusivity are given as Eq.( 3-14 ).

3.1.3 Calculation results
The calculations of all cases are begun from the state of uniform water temperature ( 5°C ),
since that is the lowest water temperature in the Yellow Sea in April ( Tawara and Yamagata ,
1992. see Fig.15(c) ). Cases of the numerical experiments are shown in Table 2.  Figure 17
shows the temporal variations in kinetic energy of cases 1 and 2 which is defined as
KE = Z. (u2+v2+w?) (3-22
where u,, v, and w, are u, v and w at a grid point i, respectively. The kinetic energies of both

cases reach to the maximum on about 120 days. So, in this paper, the calculated results on 120
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Table 2 Cases of the experiments.

Case Depth Kh, Ah Kz,Az
1 No.l exp exp
2_“ _NO_E— L‘on;t const
3 No ._2 B ___e_x p exp
4 No.2 exp Ri_
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days are shown. Here, the smaller fluctuations of the kinetic energies of both cases have a
period of about 20 hours. Since the inertia period is 20.9 hours at 35°N, these fluctuations
should be accompanied with the inertia motion.

Case 1 is the experiment to investigate the effect of the horizontal variation in the vertical
mixing due to the tidal current. Figure 18 shows the horizontal ( left ) and vertical ( right )
current distributions of case 1. Clockwise circulations exist in the upper ( Level 1) and the
lower layers ( Level 4 ), and an anti-clockwise ones in the middle layers ( Levels 2 and 3 ).
Downwelling exists near the lateral wall of the upper layer and at the central part of the lower
layer, and upwelling at the central part of the upper layer and near the lateral wall of the lower
layer, i.e., the horizontal divergence occurs at the central part of the upper and lower layers and
the horizontal convergence at the central part of the middle layer. However, horizontal circula-
tion patterns of case 1 dose not coincide with those of Fig.6. Vertical distribution of water
temperature of case 1 is shown in Fig.19. This distribution qualitatively reproduce that of
Fig.15(b), i.e., the highest water temperature exists at the central part of the sub—surface and the
lowest one at the central part above the sea bottom.

Case 2 is the experiment to investigate the effect of the bottom topography and this experiment
is basically the same experiment as Oonishi ( 1975 ). Figure 20 shows the horizontal and verti-
cal current distributions of case 2. An anti—clockwise circulation exists at the upper layers (
Levels 1 and 2 ) and a clockwise one at the lower layers ( Levels 3 and 4 ). Downwelling exists
from the surface to the bottom in the central part of the basin and upwelling from the surface to
the bottom along the lateral wall of the basin, i.e., the horizontal convergence occurs at the cen-
tral part of the upper layer and the horizontal divergence at the central part of the lower layer.
Such horizontal circulation patterns are coincident with those of Fig.6. Oonishi ( 1975 ) re—
vealed that such circulations were induced by the topographic heat accumulation effect.  Verti-
cal distribution of water temperature of case 2 is shown in Fig.21. Water temperature distribu-
tion at the upper layer does not reproduce that of Fig.15(b), because the highest water tempera—
ture is seen at the sub-surface layer along the side wall. However, the water temperature distri—

bution at the lower layer reproduces that of Fig.15(b), because the lowest water temperature
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distribution ( right ) on 120 days of case 1.
Shadow areas show the downwelling.
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exists just above the bottom of the deepest part.

From results of cases 1 and 2, we can expect that both effects ( tidal mixing and bottom topog—
raphy ) contribute to the water temperature distribution and the generation of circulations in the
Yellow Sea during summer. Thus, in case 3, an experiment which takes into account both
effects is carried out.  Figure 22 shows the horizontal and vertical current distributions of case
3. Horizontal circulation patterns are coincident with those of case 2, but the intensity of an
anti—clockwise circulation at the upper layer is weaker than that of case 2.  This is resulted from
that a weak clockwise circulation at the upper layer of case 1 is superimposed on a strong anti—
clockwise one at the upper layer of case 2. In the upper layer, upwellings exist near the lateral
wall and at the central part, and downwelling between upwellings with doughnut-like distribu—
tion. In the lower layer, upwelling exists near the lateral wall and downwelling at the central
part.  This is resulted from that the vertical circulations of case 1 is superimposed on once of
case 2. Figure 23 shows the vertical distribution of water temperature of case 3. The highest
water temperature is seen at the surface layer of the central part and the lowest one just above the
bottom of the deepest part.  Such distribution pattern reproduces that of Fig.15(b), although the
developed thermocline is not reproduced. Various kinds of the vertical eddy diffusivity and
viscosity which have exponential forms are applied. However, the thermocline is not developed
in these experiments.

In case 4, the vertical eddy viscosity which depends on the Richardson number ( Eq.( 3-16))
is applied, i.c., an experiment of case 4 is carried out in order to reproduce the developed ther—
mocline. Horizontal circulation patterns of case 4 are coincident with that of case 2, although
the intensity of a surface anti-clockwise circulation is weak.  The vertical water temperature
distribution of case 4 is shown in Fig.24. The thermocline develops at the sub-surface layer
and the low temperature water mass is formed at the bottom of the deepest part of the basin with

dome-like shape. Such water temperature distribution well reproduces that of Fig.15(b).




Case 3
120 days
T T T TrOT T T e o e B |

| Level

\
\
\
\
\
(] T T T T T T T T T T T T T T Y
1 I }'mmn;.qur:-;
' h L]
¢ ] ju asasemases 2 5
T b R
~ '\\
i qi L
33 i_i vy
{AREosEERER |
T
i ]
& T
Y 1 'é. 1
: 4 S 1
.y H Milauanss
R ]
- . c 4
- ml 1
e
._l_,n,u...-axx|;4_|-..|1-1.144_

% [ o e ms e S s Jun SN N R G o SER B UL AN EER BN BN U N
,I_l_ _ I

+H o SR

gl R

I ]
A A A & 3 A h d A A a4 A 32 A A 2 A A b A A A i) L”" H
""II‘l'YI!Il(III‘lT‘YI " . 1
— 1 b 1
[Level 3 153 ] L S e
r=c W 1 - 3 1
B ,\\}Jff/ 1 F 1
;..\\ VS rr r
- g . W) [ AV 2P 7 F I 1 L 3 -
sVt 1 i i Sl
-\;Q ;11,, ..... 1 : e [
~ lrr», 1 §
L i R B 1 B L-ltlt b
N A ] ;
[ ~ AR S ] P S VT 0 TP S A VA P Sl v v i
o \"\\“':"“":l‘l 1 BB S = 152 5 AL . 2L VB AT
il PSR e e 1 H
FP A AN A N v ne s ,”‘ 1 3
L -_:'-_..__\\\\x\--,¢"’: 4 8
‘__4._‘-.‘\\\\-_...__,"/} : I
NS e ] ] b
‘/'"-' hhhhhhh '//f 4 L
;_;f-a—-*--—--—r/-’//‘r; - __r
15 ldrrrrrsrrr ) ] l\ 4 L
L ‘f:/‘/////fa“l_:‘ R L shss
. | i
B s [ B A o o e B B B o B
_Level_EI_J_"______—L_L_1 ] H
i ) It | L
i L —|_L.1 J_F
L ; ,.l__1 _,_J
- .llllllj‘l_b_ljjlllllllljlll
I Ow=z0
i H-10<w<0
5 H|-20<w<-10
L . Dcnssec. ———
L. + BCA/SEC, — ] H§ -20
- - GCN/SEC. — 6
[ . dCn/sEC. — (> 10 %cm/sec)

-« 2CH/SEC. —~

Fig.22 Horizontal current vectors ( left ) and vertical current
distribution ( right ) on 120 days of case 3.
Shadow areas show the downwelling.

39




Sea Level

20 -

Depth

[ e
1] Jin) ()

Fig.23 Vertical distribution of water temperature
on 120 days of case 3.




Sea Level

th-dip
ocooo

ey
0 100 Lkm

Fig.24 Vertical distribution of water temperature
on 120 days of case 4.




3.2 Discussions

The circulations in the Yellow Sea during summer are mainly induced by the sea surface heat-
ing and are affected by the vertical mixing of the tidal current and the bottom topography. The
schematic generation mechanisms of the circulations of cases 1 and 2 are shown in Fig.25. In
case 1, the homogeneous water which is formed by the sea surface cooling in winter begins to
stratify due to the sea surface heating in spring. However, due to the horizontal difference of the
tidal vertical mixing effect, the intensity of the stratification in the central part of the basin
becomes stronger than that of surrounding part.  Thus, the lightest ( highest temperature ) and
the heaviest ( lowest temperature ) waters are formed at the upper and lower layers in the central
part of the basin.  Such density distribution drives the horizontal divergences at the upper and
lower layers and the horizontal convergence at the middle layer. Accompanied by such hori-
zontal divergences and convergence, the water column in the central part is shrunk at the upper
and lower layers and is stretched at the middle layer, i.e., in the central part of the basin, the
water column at the upper and lower layers obtains the negative relative vorticity and that at the
middle layer obtain the positive relative vorticity due to the conservation law of potential vortici-
ty in the rotational fluid. Consequently, the clockwise circulations are developed at the upper
and lower layers and an anti-clockwise one at middle layer. Here, the largest vertical velocity
of the case 1 has an order of 107 ¢cm sec™!.  So, the vertical maximum movement of the water
particles are only several meters per 180 days, i.e., the water particles obtain the positive ( nega—
tive ) relative vorticity at every time during heating season.  Hence, the horizontal circulations
of case 1 are maintained during heating season with the structure of the quasi geostrophic current
and the sea level of the central region rises due to the geostrophic adjustment.

In case 2, the initial condition is the same as that of case 1. At the beginning of the surface
heating, the lighter ( higher temperature ) water is distributed on the shallow arca and the heavier
( lower temperature ) water in the central deeper part due to the topographic heat accumulation
effect.  Such density distribution drives the horizontal convergence in the upper layer and the

horizontal divergence in the lower layer. Accompanied by such horizontal convergence and
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divergences, the water column in the central part is stretched in the upper layer and is shrunk in
the lower layer, i.e., in the central part of the basin, the water column at the upper layer obtains
the positive relative vorticity and that at the lower layer obtains the negative relative vorticity.
Consequently, an anti-clockwise circulation is developed at the upper layer and a clockwise one
at the lower layer. Here, the largest vertical velocity of the case 2 has an order of 10~ cm sec™.
So, the vertical maximum movement of the water particles are only several meters per 180 days,
i.c., the water particles obtain the positive ( negative ) relative vorticity at every time during
heating season. Hence, the horizontal circulations of case 2 are maintained during heating
season with the structure of the quasi geostrophic current and the sea level of the central region
falls due to the geostrophic adjustment.

From the water temperature distribution in Fig.15(b) and the summer circulations pattern in
Fig.6, it is concluded that the generation mechanisms of the circulation in the Yellow Sea during
summer correspond to those of both cases 1 and 2 ( i.e. case 3 ), although the mechanism of case
1 weaken the intensity of an anti—clockwise circulation at the upper layer. Furthermore, the
thermocline which is not reproduced in the experiment of case 3 is well reproduced in the ex-
periment of case 4 using the vertical eddy diffusivity which depends on the Richardson number,
i.e., it is revealed that not only the horizontal distribution of the vertical eddy diffusivity but also
the vertical one plays an important role in the formation of the water temperature distribution in
the Yellow Sea during summer.

The generation mechanisms of the circulations in the Yellow Sea during summer are revealed
using a numerical model with the simplified model basin. In this study, the horizontal heat flux
between the Yellow Sea and the East China Sea is ignored. However, Takeoka er al. ( 1991 )
revealed the importance of the horizontal heat process in the formation of the density stratifica—
tion in Hiuchi—Nada of Seto Inland Sea, Japan. So, we have to consider the horizontal heat flux
effect to the formation of the density stratification and the circulations of the Yellow Sea during

summer in future.




4. Formation and Variation Mechanism of a Clockwise-Circulation during Winter
in the Yellow Sea

In winter, a steady clockwise circulation is developed from surface to bottom in the Yellow
Sea, while an anti-clockwise one in the northern part of the East China Sea as discussed in sec—
tion 2. On the other hand, a clockwise circulation was not so developed under the wind forced
condition in the sequential pattern of the current vector of Hsueh et al. ( 1986 ).

From current observation results at several points of the Yellow Sea in winter, Hsueh and Pang
( 1989 ) indicated that the fluctuating part of the current field with several days period dominated
rather than the steady circulations and it was related with the monsoon wind variations. Fur-
thermore, they revealed that these currents are accompanied by the shelf waves which are gener—
ated by the northerly periodical wind forcing.

These results suggest two facts : the steady part and the fluctuating part of the current field
exist simultaneously in the Yellow Sea during winter, and both current fields are generated by
the winter wind forcing. However, the formation and variation mechanisms of such clockwise
circulation in the Yellow Sea and dynamical relationship between the clockwise circulation (
steady part ) and the fluctuating part of the current field are still unknown.

In this section, we aim to reveal the formation and variation mechanisms of a clockwise circu-
lation in the Yellow Sea during winter, and the importance of shelf waves to the formation

mechanisms of water circulations is investigated using the wind forced numerical model.

4.1 Model Description

The oceanic condition of the Yellow Sea in winter was investigated by Tawara and Yamagata
( 1991 ) using observed hydrographic data obtained form 1964 to 1987. The averaged vertical
distribution of temperature and salinity in February is shown in Fig.26. Temperature and salini—
ty distributions are approximately uniform in the vertical direction and the horizontal density dif-
ference between the Stn.7 ( 0,+25.80 ) and Stn.13 ( 0,525.83 ) is a little. Namely, this area could
be regarded as approximately homogeneous waters. The sea surface winds were computed over

the adjacent seas of Korea from the twice-daily weather maps from year 1978 to 1987 ( Na ct.al.
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, 1992 ). Figure 27 shows the distribution of monthly mean wind stress in February. The
north-westerly wind dominates at the Yellow Sea. Therefore, we attempt the north—westerly
wind forced barotropic model with the simplified basin in order to understand the detailed
dynamics of the formation and variation mechanisms of water circulations during winter in the
Yellow Sea. Figure 28 shows the map of the Yellow Sea and the East China Sea region (a) and
the model region (b) with the wind direction and X-Y coordinate. The model basin represents
the Yellow Sea and the northern part of the East China Sea. A slope running along the northern
coast in the model basin represents the shelf slope in the Yellow Sea. This slope has a simple
exponential form of h = h, exp( a x* ), where h; = 15 m, a = 8.43x10°° (m™ ) and x* is offshore
distance from a coast. The model area has a uniform depth of 100 m except the shelf slope area.
The horizontal grid size is 25 km x 25 km. The linearized barotropic equations of motion under

the f—plane approximation are

aU v an T, 4-1)
—— = — + g . A
ot S h (
aV an T
—+fU=-¢g + —t— (4-2)
ot dy h
and the equation of continuity is
I L R e (4-3
=4 + — sec
dx ( ) dy ot )

where U and V are the depth-averaged components of velocity in x and y directions, respective—
ly; m is the clevation of sea surface from its mean level; T, and T, are the x and y components of
wind stress; g is the acceleration due to gravity; h is the water depth and f ( 8.34x107° sec™' ) is
the Coriolis parameter.
The boundary condition for momentum is slip condition at all lateral walls. The wind stress
at the sea surface is given by
. =9 C,W (W24 W_‘?)”2 2 (4-4)
T, =p,C, W, (W2+ W22 (4-5)
where p, (0.0012 g cm™ ) is the air density; C, (0.0013 ) is the sea surface drag coefficient; W_

and W)_ are the x and y components of the wind vector, respectively.
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4.2 Model Results
4.2.1 Constant wind forcing
The case of constant wind forcing is carried out to reveal the generation and maintenance
mechanisms of the clockwise circulation in the Yellow Sea. The wind vector components of x
and y direction are given by
W = 0 (msec?!), (4-6)

W =-5 (msec™) (4=7)
respectively. This wind is blowing along the longitudinal axis of the basin. The wind forcing
starts from 0 day and stops at 5 days. The sequential patterns of the current vector during wind

blowing are shown in Fig.29, and those after the wind stops are shown in Fig.30.

4.2.1.1 Generation mechanism of clockwise and anti-clockwise vortices in the basin

Two large vortices are generated in the eastern and the western part of the basin at (.5 day
after the start of wind forcing. The diameter of both vortices is about 600 km which approx-
imately corresponds to the longitudinal basin scale. The eastern vortex is a clockwise, while the
western vortex is an anti-clockwise. Generation mechanism of such clockwise and anti-clock-
wise vortices in the basin was already explained by Ohshima and Miyake ( 1990 ) as an example
for winter circulations in Funka Bay, Japan. From Egs.( 4-1) - ( 4-3 ), we obtain the vorticity

equation ( 4-8 ).

aC f oan f dh oh d T d ;
e e U e ek R (—=—)=10; (4-8)
ot h ot he VE 0% dy . ox h dy h
_aV dU
dx ay

Where T is the relative vorticity. Under the nondivergence approximation, we consider the local
balance along the channel which has a vertical section A-A' of Fig.28(b) and spatially uniform
wind is blowing in only negative-y direction, then Eq.( 4-8 ) is simplified to

aC f oh d T
= (4-9)
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The initial condition of u is 0 cm sec™. Therefore, at the start of the calculation, we obtain Eq.(
4-10).
i F

= By 4-10)
ot _ax(h o (4=

Equation ( 4-10 ) means that the relative positive ( negative ) vorticity is provided at the south-
western ( north—eastern ) part of the basin due to the north-westerly wind forcing on the shelf

slope.

4.2.1.2 Propagation of vortices along the shelf slope

Both vortices propagate looking the coast to its right hand side as time goes on. The castern
vortex becomes strong and stays at the northern part of the basin in 4 days. This vortex stably
exists during wind blowing ( see 5 days of Fig.29 ). On the other hand, the western anti-
clockwise vortex is pressed against the west coast and its offshore scale reduces. In about 3 days
after the wind stops, it is found that the large clockwise vortex propagates away southward and
relatively, a few small vortices appear in the basin ( see Fig.30 ).

Figure 31 shows the time-space diagram of the current velocity component along the coast.
The direction of looking the coast to the left hand side is positive. Most remarkable propagation
speed is approximately 4.2 m sec™! and the propagation speeds ( about 21.5 m sec™’, 1.2 m sec™!
and 0.5 m sec™! ) are also found. The propagation speed of the Kelvin wave is approximately
21.5 m sec™! (/gh : his mean depth of the section B-B' of Fig.32 ). The Kelvin wave propagates
away at the early stage of the calculation from Fig.31. Figure 32 shows the dispersion relation—
ship at the section B-B' for the lower three modes of shelf waves ( solid lines ). Dotted lines
show the observed or expected propagation speeds of 21.5 m sec™ ( Kelvin wave ), 4.2 m sec™’,
1.2 m sec™ and 0.5 m sec™ respectively. From this relationship, it is found that the propagation
speed of 4.2 m sec™ corresponds to the phase speed of the first mode non—dispersive shelf wave
which has a wave-length of approximately 1,100 — 1,200 km. This wave—length agrees with
twice of the basin scale.

Both vortices propagate looking the coast to the right hand side as the first mode shelf waves.
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After that, an anti—clockwise vortex is reduced, while a clockwise vortex evolutes on the shelf
slope in the basin and reaches to the equilibrium condition. At the present case, the equilibrium
condition can exist in the basin because the vorticity provided by wind stress on the shelf slope
propagates away through the western boundary of the model basin. After about 2 or 3 days
from the start of wind blowing, the equilibrium condition is established ( see Fig.31 ). The time
scale to be in the equilibrium condition is the same order as the time scale of which the first
mode shelf wave propagates the whole basin. When the wind stops, the equilibrium condition is
broken down and a clockwise circulation propagates away southward. This fact suggests that

the wind forcing contributes to the maintenance of a clockwise circulation.

4.2.1.3 Maintenance mechanism of the clockwise circulation in a basin
We now consider the steady state of a clockwise vortex. Then the time dependent term of Eq.(
4-9 ) is neglected and we obtain Eq.( 4-11).
f dh d T

—U =- ). 4-11
h dx ax ( h ) ( )

Equation ( 4-11 ) means that the curl of the external wind force balances to the cross—isobath
mass transport. In a case of the model basin, the equilibrium condition of a clockwise circulation
with the structure of the first mode shelf wave is represented by Eq.( 4-11 ) at the central part of
the basin, i.e. the fluid particles move westward. In the northern part of the basin, since the
wind forcing of x—direction is 0 m sec™!, vorticity is not provided, i.c. the fluid particles can not
move across the shelf slope. Thus, the fluid particles move eastward along the shelf slope, as the
compensation transport of the cross—isobath transport at the central part of the basin. Therefore,
a clockwise circulation stably exist in the basin during constant blowing of wind. On the other
hand, in the western part of the basin, an anti—clockwise vortex dose not balance to the wind
forcing, because fluid particles at southern part of this vortex can not move eastward due to the
relation of Eq.(4-11 ). Therefore, an anti-clockwise circulation dose not evolute in this basin.
In the real Yellow Sea, the north—westerly winter wind is not steady but fluctuates. Hsueh

and Pang ( 1989 ) suggested that the variability of current field in the Yellow Sea is also large




according to the variation of wind forcing in winter. Next, we consider the case in which the
wind forcing has periodical fluctuation, and the calculation results will be compared with the

current observation results.

4.2.2 Periodical wind forcing with 4 days period
Figure 33 shows the time variations of the northward component of current velocity at moor-
ing stations B, D and F shown by Hsueh and Tinsman ( 1991 ), using the observed data during
January to April, 1986. In their paper, the wind vector was not shown. So, the northward
components of wind vector at a Japan Meteorological Agency ( JMA ) Ocean Data Buoy in the
East China Sea at the same period are also shown in this figure. The northward current occurs
when the strong northerly wind blows and the southward current occurs when the weak northerly
or southerly wind blows. Particularly, when the strong northerly wind blows after the weak
northerly or southerly wind blows, the strong northward current occurs. The wind has periodi-
cal fluctuation for about 4 days period, and the currents of all three stations highly correlate with
this periodical wind. Therefore, the case of periodical wind forcing with 4 days period is calcu-
lated with the use of the same model shown in Fig.28. The wind vector components of the x and
y directions are given by
W_= 0, (msec™!), (4-12)

X

W, =-5+5cos(2mt/4days) (msec™) (4-13)
respectively.

The calculation is carried out for 12 days ( corresponds to 3 periods of the wind forcing ).
Figure 34 shows the time series of the y—component currents at points A to D which approx-
imately, correspond to the observation stations of Hsueh and Tinsman ( 1991 ). The northward
currents become strong when the northerly wind is maximum, and the southward currents
become strong when the northerly wind become weak. These results qualitatively correspond to
the observed one which is shown in Fig.33.

Figure 35 shows the sequential patterns of current vectors over one period of the wind forcing.

When the northerly wind is maximum, an anti-clockwise and a clockwise vortices are generated
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at the western and the eastern part of the basin, respectively. Both vortices propagate looking
the coast to the right hand side. An anti—clockwise vortex dose not grow but a clockwise vortex
becomes large and strong at the northern part of the basin. When the wind becomes weaker,
both vortices propagate away southward. Namely, the shelf waves are generated and propagate
one after another. This result expresses the significance of fluctuating part of the current field in

the Yellow Sea and it corresponds to the results of Hsueh and Pang ( 1989 ).

4.3 Discussions

Figure 36 shows the circulation pattern which is obtained by averaging the current velocitics
over one period ( 4 days ) of the wind forcing. In the basin, the time averaged circulation pat-
tern is similar to the lower two panels of Fig.29. The time scale to be in equilibrium condition,
which is obtained from dividing the basin scale, by the propagation speed of the first mode shelf
wave is about 2 days. This fact means that a clockwise circulation in the basin is generated
periodically according to the variable wind forcing with several days period. Namely, the steady
part of the current field exists with the fluctuating one at the central part of the basin.

The clockwise vortex needs about 2 days to develop in this model. Such fact suggests that the
northerly wind with over 4 days period is needed for developing the clockwise vortex in the
Yellow Sea. Hsueh et al. ( 1986 ) treated the current field which was induced by the eventlike
northerly wind forcing with 2 days period, i.e. before the clockwise vortex propagated to the
head of the Yellow Sea, northerly wind became weak. Therefore, the clockwise vortex was not
developed in their sequential pattern of current vector ( see Fig.19 of Hsueh et al., 1986 ).
However, in their mean circulation pattern during 120 days ( see Fig.22 of Hsuch et al., 1986 ), a

clockwise circulation exists in the Yellow Sea, although that is weaker than that of the present

study.
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Fig.36 Circulation pattern obtained by averaging the current
velocities over one wind period ( 4days )




5. Conclusion

The seasonal variation of the water circulations in the Yellow Sea and the East China Sea has
been investigated with use of robust diagnostic numerical model experiments. The calculated
results show that during summer an anti-clockwise circulation exists at the upper and middle
layers but a clockwise one exists at the lower layer in the Yellow Sea. On the other hand, the
calculated water circulation during winter shows different character from that during summer,
i.e., a clockwise and an anti—clockwise circulation are developed from the surface to the bottom
in the Yellow Sea and the East China Sea, respectively. The calculated water circulations duri-
ng spring and autumn are similar to those in winter.

The numerical models with two kinds of simplified basin have been developed to examine the
generation mechanisms of the anti—clockwise ( clockwise ) circulation at the upper and middle
layers ( at the lower layer ) in the Yellow Sea during summer. The density distribution which is
formed by the sea surface heating and the horizontal difference of the vertical mixing due to tidal
current, drives the horizontal divergence at the upper and lower layers and the horizontal conver—
gence at the middle layer. Accompanied by such horizontal divergence and convergence, a
clockwise circulation is developed at the upper and lower layers and an anti-clockwise one at the
middle layer. On the other hand, the density distribution which is formed by the sea surface
heating and the topographic heat accumulation effect, drives the horizontal convergence in the
upper layer and the horizontal divergence in the lower layer. Accompanied by such horizontal
convergence and divergence, an anti-clockwise circulation is developed at the upper layer and a
clockwise one at the lower layer. The circulation in the Yellow Sea during summer should be
generated by these two effects which are mentioned above.

Furthermore, a simplified numerical model has been developed to examine the formation and
variation mechanisms of a clockwise circulation in the Yellow Sea during winter. In the Yellow
Sea, two vortices ( an anti—clockwise vortex off Chinese coast and a clockwise vortex off Korean
coast ) arc generated by the uniform north-westerly wind forcing during winter. Both vortices

propagate looking the coast to its right hand side as the first mode shelf wave. An anti-clock-




wise circulation can not grow because it can not balance to the vorticity supplied by wind forc—
ing. On the other hand, a clockwise circulation can grow at the northern part of the Yellow Sea
and reaches to the equilibrium condition. Then the vorticity supplied by wind stress balances to
the vorticity caused by stretching and shrinking of the water column. The time scale to reach the
equilibrium condition, which is obtained from the propagation time of the first mode shelf wave
from the mouth to the head of the Yellow Sea, is about 2 days. Therefore, the current field in
the Yellow Sea highly fluctuates by responding to the variable wind with several days period,
although such current field has the steady part.

Of course, there are some problems that are not examined exactly in this study. For example,
in the case of summer, the horizontal heat flux between the East China Sea and the Yellow Sca
was ignored, which may be expected to influence the circulations in the Yellow Sea during
summer; In the case of spring, although weak southerly wind prevails, a clockwise circulation is
developed from the surface to the bottom in the Yellow Sea. But the intensity of this circulation
is much weaker than that of winter. It is expected that the effect of strong winter wind forcing
remains in the spring density distribution of the Yellow Sea, i.c., the dynamics of a clockwisc
circulation in the Yellow Sea during spring can not be explained from that during winter. These
problems will be investigated in the near future by including the effect of horizontal heat flux
from the Kuroshio in summer and the effect of the water density distribution in spring.

The knowledge of the current field which is clarified in this paper will provide useful informa-
tion to the investigation of the material cycling in the East China Sea and the Yellow Seca.
Furthermore, the method of the diagnostic numerical experiment should be able to apply to the
other marginal seas. It should be expected that only after the current ficlds of the all marginal

seas in the world are understood, the study of the material cycling of carbon and other elements

can be carried out quantitatively in the global scale.
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