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In order to estimate the influence of wind stress in the southwestern coastal waters of
the Japan Sea, the wind stress was estimated from the shipboard wind data of the
Fisheries Research and Development Agency along the serial observation lines and Buoy
No. 6 of the Japan Meteorological Agency. 5,100 wind data are used to construct a data
set of monthly mean wind stress during 10 years from 1978 to 1987. The negative values
of the mean zonal wind stress curl at Ulleung Basin in the study area seem to be
responsible for the formation of the warm core. The volume transport of the East Korea
Warm Current are estimated quantitatively by the variations of the Ekman transport
associated with the reversing direction of the monsoon. And the distribution of the warm

core is explained by the simple three layer model.

Introduction

The Japan Sea is a marginal sea surrounded by
the Japanese Islands and the Asian continent. The
major feature of the current system in the Japan
Sea is an inflow of the Tsushima Current through
the Korea Strait and the outflow through the Tsu-
garu and Soya Straits., The Tsushima Current has
been known to split into three branches (Suda and
Hidaka, 1932) in the southern region of the Japan
Sea. The first branch is the bottom-controlled
steady current subject to the topographic B-effect,
the second branch is generated by the significant
increase in inflow of the Tsushima Current in sum-
mer and the third one is a kind of the western
boundary current due to the planetary p-effect
(Kawabe, 1982a, b; Yoon, 1982a, b, c).

According to the monthly average of the depths
of permanent thermocline and mixed layer in the
Japan Sea, a pronounced spatial variation of the
depth is present in north-south direction regardless
of the season (National Federation of Fisheries
Cooperatives, 1977). The region of the warm core
coincides roughly with the latitude where the East

Korea Warm Current separates from the Tsushima
Current in the eastern coastal waters of Korea. It
was also deduced from the trajectories of the drift
bottles (Mitta and Kawatate, 1987). Na (1988b)
tried to relate this semipermanent warm core with
the wind distribution. The mechanism of the for-
mation and sustain of the warm core is not yet cla-
rified satisfactorily.

Historical wind data (Japan_Meteorological Agen-
cy, 1972; Kutsuwada, 1982; Kutsuwada and Saku-
rai, 1982; Kutsuwada and Teramoto, 1987) depict
a clear seasonal variation in wind stress over the
Japan Sea and the northern Pacific. Moreover, a
seasonal variation in wind stress might have a sig-
nificant influence on the branching of the Tsushima
Current and the current system of the Japan Sea
(Sekine, 1986). Since the temporal change of the
wind stress over the Japan Sea is large, a large va-
riation in wind driven circulation is seen in his nu-
merical experiment. The wind stress over the Ja-
pan Sea may be significantly influenced by the local
effects such as the mountains stretching in north-
south direction. Na (1988b) suggested that wind
field in the Japan Sea is favorable to some extent
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for the “saddle-like” feature of the warm core.

The main purpose of this study is to examine
the effects of wind on the circulation and the warm
core in the Japan Sea. The Ekman transport will
be included for the estimation of the volume trans-
port of the Tsushima Current through the Korea
Strait.

Data and Methods

1. Data

Wind data were obtained from the reports by the
FRDA (Fisheries Research and Development Agen-
¢y) and the Japan Meteorological Agency. FRDA
reports have the wind information measured by the
Beaufort scale in 16 directions at the routine serial
lines (Fig. 1). This routine survey has been made
bimonthly.

Japanese data are from the Buoy No. 6 (Fig. 1)
which measured the wind speed and direction
every three hours. Wind data from the meteorolo-
gical stations along the east coast of Korea may not
be suitable for the calculation of sea surface wind
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stress due to local orographic conditions (Na, 1988a).
From the wind data we have selected the winds
that satisfy the dominance of the wind direction
which is greater than 20% in frequency. Otherwise,
wind data with the speed greater than 5m/s were
selected. The distribution of winds from the serial
observation lines (FRDA, 1978~1987) and Buoy
No. 6 (JMA, 1977~1987) shown in Fig. 1 reveals
that the northerly winds are dominant in winter
whereas the southerly winds are dominant in sum-
mer. The zonally averaged maximum wind speeds
at Line 106, Buoy No. 6 and Line 105 are presen-
ted in Table 1. While the wind at Buoy No. 6 was
measured regardless of the weather the shipboard

observation was not made during the stormy con-

Table 1. Composition of the zonally averaged maxi-
mum wind speeds in m/s at three locations

Wind  Line 106 Buoy No. 6 Line 105

Month  dir.

() IZF.;% Speed IZF%?% Speed IEE;‘; Speed

Feb. NE 150 50 99 292 79 50
NW 533 100 55 301 0 15

SE 67 125 34 165 132 125

SWo 117 100 21 215 408 125

Apr. NE 189 87 163 241 11 75
NW 84 87 201 282 44 75

SE 337 111 40 245 44 125

W 232 99 192 277 200 125

Jme NE 30 133 151 190 78 15
NW 20 32 144 166 144 75

SE 535 108 136 236 33 125

SW 263 112 128 169 144 50

Aug. NE 158 133 1561 190 78 50

NW 137 72 156 226 - -

SE 337 96 121 140 489 15
W21 12 148 173 222 50

Ot NE 182 101 101 294 209 125
NW 172 65 65 310 154 150

SE 202 54 54 190 264 100

W 333 36 36 227 27 15

De. NE 41 100 100 291 56 50
NW 378 134 134 432 380 100

SE 54 10 01 133 85 75

SW 297 65 68 245 183 125
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dition. As a result, the averaged maximum wind
appeared much smaller at Line 106 and 105 than
those observed at Buoy No. 6 (Table 1).

2. Computation of the wind stress

Annual mean and monthly mean wind stress
fields over the Japan Sea are obtained using the
data reports during ten years of 1978~1987. 5,100
data were used in the computation of wind stress.
Thus, the zonal and meridional components of the
wind stress are calculated from data reports.

We calculated the wind stress from the indivi-
dual ship reports as measured at about ten meters
height using the following bulk formula:

w=p.Co WW, t,=p.Co W W, ¢))
where t, and 1, are the zonal (eastward) and me-
ridional (northward) components of the wind st-
ress, respectively, p, is the air density, Cp is the
drag coefficient, W is the wind speed, and W, and
W, are the zonal and meridional components of the
wind speed, respectively.

The drag coefficient Cp is considered dependent
upon wind speed, sea state, and stability of the air.
In earlier studies (Hidaka, 1958; Hellerman, 1967;
Pond and Pickard, 1983; Kutsuwada, 1982; Kutsu-
wada and Sakurai, 1982), neutral stability was as-
sumed and the drag coefficient was taken to be a
function of the wind speed only. On the other
hand, Hellerman and Rosenstein (1983) considered
the effect of stability, and used a drag coefficient
which is a function of both wind speed and the
temperature difference between the air and the
sea surface (Bunker, 1976).

Garratt (1977) summarized numerous previous
studies on the determination of drag coefficient
considering the linearly increasing relation with
wind speed using the following regression for-
mula:

Co=(0.75+0067X | W[ ) X102
where W is the wind speed in m/sec.

@

Bunker (1976) used a drag coefficient which is
a function of both wind speed and the temperature
difference using the following formula:
CoX10°=A1+A, WHA; T-A, W
—AsTP-AWT (3)
where, A;=0934, A,=0.0788, A;=0.0868 A,=
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0.000616, A;=0.0012, As=0.00214, W is the wind
speed in m/sec, T (©) is the difference of air tem-
perature from SST (sea surface temperature). In
this study, multiple regression formula (3) is em-
ployed for the computation of wind stress.

Fig. 2 and Fig. 3 show the wind speed, sea sur-
face temperature, and air temperature from the
Buoy No. 6 (JMA, 1977~87) and the seria} obser-
vation lines (FRDA, 1978~1987), respectively. In
this study, the air density p, was taken to be a
function of month and latitude and was calculated
from averaged values of sea level pressure and air
temperature data by Japan Meteorological Agency
(1977) (Fig. 3). These values of monthly averages
ranged from 1.210 to 1.256X107% cm™® (Kutsu-
wada, 1982; Kutsuwada and Sakurai, 1982; Kutsu-
wada and Teramoto, 1987). The wind speed de-
pends on the difference of the sea surface and air
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Fig. 2. Averaged wind speed(WS, daily maximum),
sea surface temperature(SST), and air tem-
perature(Ta)(Buoy No. 6, 1977~1987)
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temperatures and is affected by the alternating
monsoon. Fig. 4 shows the drag coefficients Cp in
relation to the wind speed and SST-Ta in the bulk
formula.
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Fig. 3. Differences of the monthly averaged air
density, air temperature(Ta) and sea surface
temperature(SST)(JMA, FRDA; 1978~1987)
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Fig. 4. The drag coefficients Cp in relation to the wind
speed in the bulk formula

3. Wind stress curl, transports and the upper
layer thickness

The distribution of wind stress has been used to
explain the general features and transports of
ocean circulation (Sverdrup, 1947; Munk, 1950).
Such studies require the information on the distri-
bution of wind stress curl.

The wind stress curl was computed using the fol-
lowing equation:
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cur, T= %;—y - 3—? (4)

where 1, and t, are the eastward and northward
components of the wind stress, respectively. In this
study, the meridional wind stress has been neglec-
ted, because East Korea Warm Current is consider-
ed to be predominantly a meridional transport the
Korean Coast.

According to the classical ocean circulation
theory initiated by Sverdrup (1947), the oceanic
volume transport V in the interior of the ocean is
related to the wind stress curl. In this study, the
oceanic volume transport is obtained from the Ek-
man transport. Thus, the zonal and meridional com-
ponents of the Ekman flux are given by

U= %, Vi=—2 (5)
pf pf
where { is the Coriolis parameter and p is density
of seawater.

We average the wind stress vectors in the two
regions off the east coast of Korea and the western
channel of the Korea Strait. Zonal transport Ug
was neglected and Vg is calculated in the two re-
gions by the Eq. (5) using the values of f at each
serial observation lines and which is averaged over
each area. Thus, volume fluxes and volume trans-
ports were estimated by the Ekman transport th-
rough the zonal boundaries in the study area.

In fact, the total transports in the upper layer
consists of the Ekman transport and the geostro-
phic transport. The Ekman transport is usually ig-
nored. It may not be proper to estimate the wind-
driven transports over a relatively small area com-
pared to the whole Japan Sea, and also the trans-
port from other region and its effects on the mass
distribution can not be ruled out.

But the computed magnitude of the wind stress
curl which is very larger than the averaged value
of the whole Japan Sea of Sekine (1986) should be
explained to determine its role in transports and
thus its relation to the thickness of the upper layer.

If there exists strong wind stress curl acting on
the surface, the transport will be set up in relati-
vely short period of time compared to the area un-
der the weaker wind forcing. Thus, due to the spa-
tial difference in magnitude of the wind stress curl
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the change in thickness of the wind-influenced
upper layer could occur within the small area com-
pared to the whole Japan Sea.

Ry assuming three-layer ocean with the perma-
nent thermocline and mixed layer as depth of in-
terfaces, the thickness of the upper layer that is
assumed change only by wind-driven transport of
the upper layer can be obtained. For the three-
layer system (Veronis, 1988), the heights z=0,
z=Hs, 2= H; and z=H, correspond, from the bot-
tom to the bottom, the middle and the top layer,
respectively (Fig. 5). In the present simplified cal-
culation, the density stratification is idealized in
terms of three homogeneous layers with uniform
densities pi, pz, ps in the top, middle and bottom
layer, respectively. The locations of the bounding
surfaces are shown in Fig. 5 along with the thickness
of each layer. In this model, the bottom layer is as-
sumed motionless.

From the vertically integrated conservation
equations for momentum and mass for the top and
middle layers, the Sverdrup transport relation for
the total mass transport, pV=p; Vi+p: Va follows,

BpV=p k' VXt (&
where B= —ai, K'VX1= th, x is the vertical
oy y

component of the wind stress curl.
The thickness of the upper layer, h, is given by
the following equation,
1 ¢

2 3% 1))
where, x is positive eastward, h; and h; are the
thickness of the top and middle layers, respecti-

(gsh+gh?) =[-1/8 ot/0, T Tl

vely, the right term is proportional to the vertical
velocity induced at the base of the Ekman layer,
and is independent of X, 21=gAp/ps, 22=g{ps—p2)
/pn Ap is {m—p), g is gravity, {=2« sin ¢ is the
Coriolis parameter, T is the zonal component of the
wind stress, ® is the angular frequency of the
earth’s rotation and ¢ is the latitude. Integration
with respect 1o x yields
glh12+g2h2:g1h1xoz+gzhxo ‘“2[‘f/[3 0t/dy

+1l(xe—x) ®
where { )xo is the value of ( ) at X=X At X
the zonal flow vanishes so the layer thicknesses
must be constant.

The zonal transport equation with negligible me-
ridional component of the wind stress is

f U= —a%; (g +gh?) ©)

and it implies that with no zonal transport across
the coast the thickness h is independent of y direc-

_ tion, ie., in the north-south direction.
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Eqation (8) gives some interesting informatjon.
The magnitude of the terms in the [-/B at/ay+
.}, which depends on the latitude, will produce a
latitudinal variation of h, the thickness of upper la-
yer. Once the value of 9t./9y is known at some la-
titude, the east-west variations of h can be deter-
mined. Thus, for the present simplified three layer
model, the sign and the magnitude of dt/dy are
the important factors in determining the local thick-
ness of the upper layer. Since this model is for the
large scale ocean circulation, more data covering
the extensive area is desirable. However, unfortu-
nately, the only available data are from the FRDA
and Buoy No. 6.
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Fig. 5. Schematic representation of the three-fayer
model

Results and Discussion

Distribution of the wind stress
Fig. 6(c) shows the north-south variations of the
zonal wind stress computed from the FRDA data
for 10 years (1978~1987). The values obtained
from the observations are indicated by the symbols
corresponding  to  the observation lines
(FRDA) from the Line 106 (upper) to the Line
102 (lower), respectively. The solid curve is obtain-
ed from a polynomial curve whose coefficients are
determined by minimizing the squared error from

1.

serial
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the observed points (Fig. 6). The difference in the
magnitude of wind stress is clearly seen for both
north-south directions and seasonally, the
stronger wind stress during the winter months.
The difference between previous studies (Sekine,
1986; Na, 1988a) and present study is caused by
variation of the air density with latitude (Fig. 3).
Therefore, reliable wind observations are necessary
over the Japan Sea to consider the air density,
SST-T,, and to reduce uncertainty for the estima-
tion of the wind stress.

The wind stress distribution that has been used
for the numerical investigations of the Tsushima

Le.,

3

Current (Yoon a, b, ¢, 1982; Sekine, 1986) was
such that wind stress becomes stronger northward
during the winter monsoon and weaker but oppo-
site in direction during the spring-summer season
by the monthly mean wind stress data, 1958~75
(JMA, 1972; Kutsuwada, 1982; Kutsuwada and Sa-
kurai, 1982). Thus an anticyclonic and a cyclonic
wind stress imposed on the sea surface during the
winter and summer season, respectively. With such
wind stress, a gradual thinning of the upper layer
northward over the whole Japan Sea can easily be
expected (Sekine, 1986).
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Fig. 6. Means of the monthly averaged wind stress: (a) Sekine(1986), (b) Na(1988a), (c) Present study

2. Variation of the wind stress curl and trans-
ports

Based on the Equation (6), Sverdrup transport
and the pure Ekman transport due to wind stress
for summer and winter have been calculated (Fig.
8(c)).

In Fig. 7(b), 9t./dy has been determined from
the derivatives of the mean zonal wind stress
shown in the Fig. 7(a). Fig. 8(c) shows the seaso-
nal variations of the north-south transport in the
eastern waters of Korea and the Korea Strait. Fig.
8(¢c) shows that the meridional Ekman fluxes in
summer (June, Aug.) and winter (Dec., Feb.) are
northward and southward probably in response to
the south-eastward and north-eastward wind, res-
pectively. Volume fluxes and volume transport was
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estimated by the Ekman transport through the zo-
nal boundaries in the study area. Summations of
the Ekman transports through the northern and
the southern boundaries are about 0.61 Sv in sum-
mer and 14 Sv in winter. Fig. 8(c) shows that
summations of the Ekman transports across the
Line 209 and Line 208 boundaries are about 0.96
Sv in summer and 1.24 Sv in winter.

It is interesting to note that during the months
of maximum northward transport through the strait
the wind-driven northward flow is stronger than
the flow of the winter season (Fig. 8(c)).

Furthermore, the wind-driven meridional trans-
port is seasonally changing. The wintertime trans-
port is twice stronger than that of summer and it
could inhibit the northward flow of the Tsushima
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Current through the Korea Strait to minimize the
resultant volume transport during the winter sea-
son. Kang (1985) suggested that the heat content
variation of the upper layer near the warm core
seems to follow the annual fluctuation of the Tsu-
shima Current in volume transport with time lag of
a month.

Therefore it could be speculated that the Tsu-
shima Current and its seasonal variation is influen-

ced by the strength of southward flow driven by
the wind stress over the Japan Sea. This is not a
new idea, since under the distinct winter monsoon
with their wind stress pattern the Ekman drift will
be opposite to the northward flow through the st-
rait (Huh, 1982) (Fig. 8). This study just shows
the qualitative picture that explains the seasonal
behavior of the meridional transport correponding
to the Tsushima Current.
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3. Variation of the upper-layer thickness

For the present simplified three layer model, the
sign and the magnitude of gt/gy is important pa-
rameter in determining the local thickness of the
upper layer. Further northern or southern extent
of the t, distribution is desirable but not an essen-
tial factor for the present study. If the zonal varia-
tion of the wind stress over the Japan Sea exists,
it may be necessary to see an east-west distribu-
tion of the upper-layer thickness in the study area.

Without considering the possible influx of the
upper layer into the study area under consideration
of the spatial distribution of the upper layer thick-
ness or the height of the interfaces for the even
months of the year shows that uneven distribution
of the thickness with deeper layer being existed
the warm core at Ulleung Basin (Fig. 9). The for-
mation of thick upper layer or warm core is due
to the transport of the upper layer water, and this
can be easily verified by the distribution of the
wind stress curl (Fig. 7).

From the Equation (6), the sign of gt./gy deter-
mines the north-south flow so that convergence
and divergence occur around 37°43'N and 36°30'N,
respectively as the two-layer system (Na, 1988a).
This means that, in the three-layer system, the thi-
ckness of the upper layer will be such that it be-
comes thick where the convergence occurs while it
becomes thin where the divergence takes place.

The Fig. 7(c) shows the north-south distribution
of a normalized height from the bottom interface
that has been determined by use of the Equation
(8.

The absolute magnitude of the thickness differ-
ence in the Fig. 7(c) can be estimated by selecting
a value of the thickness at some longitude x,, i.e.,
hxo. To see the seasonal variations of the upper la-
yer thickness, the months of June-August for sum-
mer and February-December for winter were cho-
sen (Fig. 7(c)). Since the present simplified three-
layer model could be applied to a seasonal or the
permanent thermocline as the height of interfaces,
the heights (Fig. 7(c)) can be compared with the
one, corresponding to the months of August and
December.

It should be noted that instead of the compari-
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sion between the values of the observed thickness
and the those computed, it is rather important to
find role of wind stress over the Japan Sea that
acts positively in the formation of the warm core.
Thus, the negative wind stress curl contributes to
the formation of warm eddy (warm core) over the
Japan Sea. At least, a qualitative comparison shows
an agreement, in tendency of its north-south varia-
tions. It should also be noted that, since the wind
fields have been zonally averaged, the same latitu-
dinal variations of the depth must appear at any
longitude. However, if any zonal variations of wind
stress exist, the longitudinal variations of the depth
should exist accordingly.

The Veronis’ (1988) model only deals with the
interior dynamics of the ocean with sharp east-west
variations of the interface so that it can not be ex-
plained along the Korea coast. The Equation (8),
however, describes the tendency of the shallow
thermocline westward of the Japan Sea provided
that the right terms are positive. But the tendency

of the eastward shallow thermocline of the Japan

Fig. 9. Monthly averaged depth of the mixed layer and
permanent thermocline in meters(National
Federation of Fisheries Cooperatives, 1977)
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Sea can not be explained. Therefore, reliable me-
chanism of the thermocline with consideration of
the heat content is necessary to elucidate the cir-
culation over the Japan Sea.

Summary and Conclusion

In order to estimate the influence of wind stress
in the southwestern coastal waters of the Japan
Sea, the wind stress was estimated from the ship-
board wind data of the FRDA the serial observation
lines and Buoy No. 6 of the Japan Meteorological
Agency. 5,100 wind data are used to construct a
data set of monthly mean wind stress during 10
years from 1978 to 1987. These monthly and an-
nual mean wind stress distributions were put into
the three-layer model which describes the latitudi-
nal variations of the upper layer thickness and elu-
cidates the seasonal variations of the transport by
the Sverdrup relation and Ekman current.

The wind field contribute to maintain the almost
time-independent distribution of the feature of the
upper layer thickness in north-south direction and
negative wind stress curl to maintain the formation
of warm core over the Japan Sea. Elucidated is the
variational characteristics of the East Korea Warm
Current due to the variations of the zonally avera-
ged wind stress (southward transport) from the
seasonal variations of the meridional Ekman trans-
port.

Because the shipboard observation is restricted
to the relatively calm weather, more reliable Buoy
data measured even in the severe conditions at se-
veral locations will be desirable for the estimation
of wind stress and its curl.
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Sun-Duck CHANG and Jong-Kyu KiM

B DER RKERA A3 vhEeE #&R

RE - £EE
FUKEARE HETBH

B R BREE BAER 2 KBSm i vy e R #atd HEtstEh
Hig ke vixgEe BaKERARE EHEH oA s € BAKSRE Buoy No. 6914
2] 1013H(1978~1987) 21 <F 510070 uiE BAIEEE AMEste AdEAdc. A&7
A& FHEIES Higd e Jdagl e #YLrt KRk A dvbd i EtEl
niAe FES TEMNOE FEIAG 53 AN FHHY w3 HEH
(wind stress curl) gkol [&o] He AMHAA BBRE HEY BXKE ik ez
Z=gol €5 ¢t W, HE BAE HHAE BHLE 3F BRAnEL S B
B3 o
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