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Numerical simulation for a northeastward flowing current from
area off the Eastern Hainan Island to Tsugaru/Soya Strait
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Abstract: The upper-layer monthly-mean circulations in the Pacific Ocean are calculated
by using a barotropic ocean model with a fine-horizontal resolution. We focus our atten-
tion on a northeastward flowing current which is closely related to the currents in the
China Sea and Japan Sea. Simulated results show that, both in winter (January) and sum-
mer (July), the northeastward current starts from the region off the eastern Hainan Island,
passing through the Taiwan Strait, East China Sea, the Korea Strait and Japan Sea, even-
tually entering the Pacific Ocean through the Tsugaru Strait in winter, but through the
Soya Strait in summer. The distribution of the simulated sea surface elevation reveals that
the combined effect of the sea surface slope in the direction of the current and that across the
current from southeast to northwest is probably one of the major forces driving the current.

1. Introduction

The China Sea is an ideal monsoon region. A
strong north or northeast monsoon blows in
winter, while a weak south or southwest mon-
soon prevails in summer. Therefore, many
oceanographers have taken it for granted that
under the intense influence of the northerly mon-
soon in winter, the coastal current off the south-
east coast of China flows leeward from
northeast to southwest. In the late fifties and
early sixties, the results obtained from the Chi-
nese National Comprehensive Oceanographic
Survey (1958-1960) denounced the traditional
concept above about the coastal current off the
southeast coast of China. GUAN et al. (1964)
pointed out the following:

1. In the offshore region of eastern Zhejiang,
besides the East China Sea Coastal Current
flowing leeward close to the coast, there exists a
current flowing northeastward against the wind
in the area a little further away from the coast.
They named the current “Taiwan Warm Cur-
rent” at that time.

2. In the nearshore region of Shantou (east of
116° E), there also exists a current flowing
northeastward against the wind. In addition, in
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the coastal area northeast of the Hainan Island,
a windward current is also observed. The north-
eastward flowing currents observed in two re-
gions mentioned above are considered to be
connected with each other and are called the
“South China Sea Warm Current.”

In the early sixties, GUAN et al. (1964) con-
jectured that there might also exist a northeast-
ward windward current in the deep and near-
bottom layers of the western part of the Taiwan
Strait, and further suggested that this conjec-
ture should be confirmed by future observa-
tions. They also conjectured that besides the
leeward cold current in winter there exists a
windward current flowing northeastward off
the southeast coast of China.

Based on the analysis of the observational
data, GuaN (1984, 1986) showed that in winter
there exists a windward current from the
coastal area east of the Hainan Island, passing
through the shore region of eastern Guangdong
and the western part of the Taiwan Strait, and
reaching the shore region of Fujian and
Zhejiang.

GuaN (1986) also pointed out that there ex-
ists a water passage through the northeast of
the South China Sea, Taiwan Strait, northwest
of the East China Sea, the Korea Strait, and
thought that this water passage has reference to
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expounding the source of the Tsushima Warm
Current.

FANG et al. (1988) indicated that the sea sur-
face elevation difference between the Luzon
Strait and the area east of Tsugaru and Soya
Strait may induce a current starting from
northeast of the South China Sea to Tsugaru/
Soya Strait. FaNG et al. (1989) named it
“Taiwan-Tsushima-Tsugaru Warm Current Sys-
tem (TTTWCS).”

During investigating this current, GUAN and
FANG could only rely on observations at some
limited areas because the current measurements
are still very scanty (Fig. 2). It is rather diffi-
cult to understand the complete picture of such
a long current based only on the insufficient ob-
servations. Does this current really exist? If it
does, what is the driving mechanism of it?
Could it be confirmed by numerical simula-
tions?

In order to answer these questions, numerical
calculations have been done by using an ocean
model which is the simplest form of the ocean-
atmosphere coupling models presented by ZENG
(1983). Some theories and methods applicable
to numerical weather prediction (NWP) models
and general circulation models (GCM) devel-
oped by Institute of Atmospheric Physics (IAP)
have been incorporated into the model (e.g.,
ZENG et al., 1987). In addition, techniques sav-
ing computational time have also been employed
in the model (e.g., ZENG et al., 1985, 1990).

2. Sketch of model

In a colatitude-longitude spherical surface co-
ordinate system (6, A, 2), the vertically-
averaged equations of motion and continuity
are adopted:
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A is the Laplacian operator on a sphere; vis the
depth-averaged velocity vector; A=ho+ { is the
thickness of the water layer, Ao is the

undisturbed water depth, { is the sea surface
elevation; ¢ (=g{) is the geopotential depar-
ture of the free surface; g is the acceleration of
gravity: a is the Earth’s radius: 0o is the den-
sity of the seawater, taking p,=1.024g/cm?;
A, 1s the lateral eddy viscosity coefficient; &:1is
the bottom friction coefficient: f*=(2wcos 8
+uctg 0 /a) is the apparent Coriolis parameter,
w 1s the angular speed of the Earth’s rotation;
7 is the wind strees vector.

In order to design energy conserving time-
space finite difference schemes conveniently, we
introduce a variable substitution. If we substi-
tute

V=¢v, ¢=Vght &,
for v= 6+ A'u, Eqs. (1) and (2) can be re-
written as,
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The lateral boundary condition is
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wher I' is the horizontal boundary. The sub-
script n represents exterior normal to the bound-
ary I'.

Under the lateral boundary condition (5),
Egs. (3) and (4) have some integral properties
such as: (1) gross mass is conserved; (2) energy
is conserved if the forcing and dissipation are
omitted; (3) the nonlinear advection operators
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are skew-symmetric; and (4) Coriolis force and
curvature terms do not change the kinetic energy
density.

In terms of those elementary discrete opera-
tors used by ZENG et al. (1987, 1990), we can get
the difference equations on a C-grid which have
the same integral properties as those of the con-
tinuum differential equations.

The model domain extends from 98.75° E to
69.75°W and from 60.25°N to 60.25°S as shown
in Fig.9b. We adopt idealized topography
where the maximum water depth is taken to be
200 m, that is, we study a flat bottom
barotropic ocean of 200 m depth which has real-
istic topography only for the shallow water re-
gions such as the Bohai Sea, Yellow Sea and
most of the East China Sea. Therefore, for the
Pacific Ocean the model results mainly reveal
the features of the upper layer circulation.

Most of the lateral boundaries are just the
coastlines of Asia, North and South America.
Those open boundaries to the north in the Bering
Sea, to the southwest and to the south are re-
placed by closed boundaries. Along the northern
and southern lateral boundaries we take V=0,
while U=0 along the eastern and western
boundaries.

The model horizontal grid size is chosen to be
A8 =0.5° and AA =0.5°, so that the total grid
points are 384X 242. The initial conditions are
set as, ‘

U=0, V=0, ¢ =0 (.e., {=0 6

The lateral eddy viscosity coefficient A, is
10" em?®/s and the bottom friction coefficient
K2 is 3.3 X107 X (u*+vH)¥%?/h. Because our
model is a free surface model, the timestep is
greatly restrained by the surface gravity waves.
In order to save computing time, we also adopt
the splitting method used by ZENG et al. (1985)
when integrating by taking At =6 min as a
time step for the adjustment process and A ¢,
=60 min for the processes of advection and dis-
sipation.

Defining a generalized kinetic energy density
e,= (U*+V?) /2 and an available potential en-
ergy density e,,= ¢ %/2, then the total kinetic en-
ergy is KE= [.f e.ds and the total available
potential energy is PE = [,f e,ds, where s is
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Fig. 1. Temporal variation of energy for January.
PE: total available potential energy; KE: total
kinetic energy; TE = PE + KE.
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Fig. 2. Observed current vectors in winter off the
southeast coast of China (from Guan, 1986).

the model domain and ds=a*sin6dfdA.
Starting from the resting state represented by
Eq. (6), the model forced by the monthly mean
climatological wind stress (HELLERMAN and
ROSENSTEIN, 1983) is integrated for 80 simula-
tion days for each month. In order to examine
the time dependent behavior of solutions, we
also calculate the total kinetic energy and total
available potential energy for each month. The
temporal change of energy for January is shown
in Fig. 1. Situations for other months are simi-
lar to Fig. 1. It can be shown from Fig. 1 that
the total kinetic energy and the total available
potential energy do not change appreciably after
about 40 days. This indicates that the current
speed and sea surface elevation at every point
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stay roughly the teady. Therefore, the results
after 80 days of integration may represent the
steady state upper layer circultation in the Pa-
cific Ocean (i.e., the monthly mean current).
From Fig.1, we also observe that the total
available potential energy corresponding to the
sea surface elevations is greater than the total
kinetic energy, which seems to indicate that the
free surface model is more reasonable physically
because it takes into account the transforma-
tion of the form of kinetic and available poten-
tial energy.

3. Results

Fig. 3 shows the computed monthly mean cur-
rents in the South China Sea (SCS). From Fig.
3a, it can be shown that under the intense influ-
ence of the northeasterly wind in winter, in the
northern area of SCS, besides a leeward coastal
current flowing southwestward, a windward
current similar to the observed South China Sea
Warm Current is very clearly visible. This cur-
rent starts from the coastal region off the east-
ern Hainan Island flowing northeastward
through Taiwan Strait and joining the Taiwan
Warm Current. This strongly confirms the sup-
position raised by GUAN et al. (1964). In

—s  29cm/s

summer, a wide current also starts from the
area off the eastern Hainan Island flowing
northeastward through the Taiwan Strait and
then entering the East China Sea as shown in
Fig. 3b.

Fig. 5 shows the currents in the Bohal Sea,
Yellow Sea and East China Seas as well as in the
adjacent areas. It is evident from Fig. 5a that a
branch of the Kuroshio north of Taiwan merges
into the Taiwan Warm Current, and part of the
water flow continuously along a cyclonic path
and joins the left flank of the Kuroshio. Part of
the Taiwan Warm Current flow northward
reaching the southern edge of the Qiantangjiang
Estuary, where it meets the extension of the Yel-
low Sea Coastal Current. They together turn to
the east and flow northeastward. In the area
northwest of Amami Oshima, the path of the
Kuroshio exhibits an anticyclonic curvature,
part of the Kuroshio water joining the northeast
current mentioned above along the way to form
a mixed water flowing east. In the area south-
west of Kyushu, this current of the mixed water
splits; the major branch turning to the south-
east to merge the Kuroshio, and the other
weaker branch being the Tsuhima Warm Current
as described traditionally. The latter flows
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Fig. 4. Simulated sea surface elevation in the South China Sea. The contour interval is 4 cm.

(a) January, (b) July.
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Fig. 5. Same as Fig. 3 but for the East China Sea and its adjacent area. (a) January, (b) July.

northward, passes through the Korea Strait and
enters the Japan sea. Finally this current enters
the Pacific Ocean through the Tsugaru Strait as
shown in Fig. 7a.

It is obvious from Figs. 3a and 5a that the
computed current patterns in the northern SCS
and offshore region of eastern Zhejiang agree

well with observations in Fig. 2.

In summer it can be clearly seen from Fig. 5b
that from the Taiwan Strait to the Korea Strait
the pattern of the northeastward flowing cur-
rent is similar to that in winter except for a
greater width. It moves into the Pacific Ocean
mainly through the Soya Strait as shown in Fig.
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Fig. 6. Same as Fig. 4 but for the East China Sea and its adjacent area. (a) January, (b) July.
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Fig. 7. Same as Fig. 3 but for the Japan Sea. (a) January, (b) July.

7b. We do not know whether it in reality passes,
through the Soya Strait or not because we have
no available observational data to confirm it.
We were informed (TAKANO, private communi-
cation) that the Marine Environment Atlas-
Currents in Adjacent Seas of Japan (compiled
by Japan Oceanographic Data Center, published

by Japan Hydrographic Association, 1973)
shows that the flow is westward (from the
Okhotsk Sea to the Japan Sea) in winter, and is
eastward in spring, summer and fall, which is
consistent with the model results in this paper.

From Fig. 5 we also see at about 30°N, 126° E
that the winding current flows northward,
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Table 1. Maximum and mean velocities as well as transports through the Taiwan and Korea Straits

according to the model results.

Taiwan Strait

Korea Strait

month——= — - —
| Vl max(em/s) | Vl mean(em/s) @ (10°m*/s) | Vi max(em/s) | VI mean(em/s) @ (10°m*/s)
Jan. 16.0 11.4 1.05 19.0 11.0 0.9
Jul. 23.0 15.8 2.07 32.0 19.3 2.2
124E 128E 132E 136E 140E 144E Jisz 124E 128E 132E 136E 140E
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AX= 0.52000E+02 INT.= 0.40000E+01

MIN=~0.36000E+02 MAX= 010400 +03 INT.= 0.40000E+01

Fig. 8. Same as Fig. 4 but for the Japan Sea. (a) January, (b) July.

northeastward and then northwestward both in
winter and summer. At about 32° 30 N,
125°30" E, it turns to the northeast and fully en-
ters the Korea Strait in summer, but it splits in
winter into a small branch feeding the Yellow
Sea to form the Yellow Sea Warm Current and
another bigger one moving northeastward then
entering the Korea Strait. In addition, there ex-
ists a cyclonic eddy in the northern East China
Sea in winter. This windward current consti-
tutes the western and northern flank of the
cyclonic eddy.

On the basis of the above analysis it is evident
that there indeed exists a long and narrow
northeastward flowing current which starts
from the region off the eastern Hainan Island,
passing through the Taiwan Strait, East China
Sea, the Korea Strait and Japan Sea finally en-
tering the Pacific Ocean through the Tsugaru
Strait in winter while through the Soya Strait in

summer. Its proper name would be the “Hai-
nan-Taiwan-Tsushima-Tsugaru/Soya Warm Cur-
rent (HTTT/SWC).”

The maximum and mean values of the north-
eastward depth-averaged current velocity in the
Taiwan Strait and Korea Strait as well as the
volume transport through these two straits are
given in Table 1. It is clear from Table 1 that
the transport through the Taiwan Strait or
Korea Strait is strong in summer but weak in
winter, which is in good agreement with obser-
vations.

In order to facilitate the dynamical analysis,
the computed sea surface elevations are given in
Figs. 4, 6, 8 and 9. From these figures, it can be
shown that the sea surface elevations are lower
everywhere on the left of the “Hainan-Taiwan-
Tsushima-Tsugaru/Soya Warm Current” but
higher on the right of the current. Therefore,
the sea surface slope is formed along the cross
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Fig. 9. Same as Fig. 4 but for the whole Pacific. (a) January, (b) July.

Table 2. Sea surface slope in the direction of the current, 8{ /0y, and sea surface difference, AZ,

according to the computed results.

AL (em) 8l /dy
month - - - -
Hainan-Tsugaru Hainan-Soya Kitakyushu-Pusan  Shanwei-Tsushima
Jan. 90 84 13 —3.16x1077
Jul. 32 50 25 —1.4x1077

section of the current. The sea surface elevation
differences, AL, between Kitakyushu and Pusan,
between the area off the eastern Hainan Island
and the area east of the Tsugaru/Soya Strait as
well as the sea surface slope in the direction of
the current, 8¢/ dy, from southeast of Shanwei

to the central part of the Korea Strait along the
axis of the current are given in Table 2.

Figs. 4, 6, 8 and 9 and Table 2, show that there
exists not only the sea surface slope across the
current, but also the sea surface slope in the di-
rection of the current, the combined effect of
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which may be one of the major forces driving
the current. The friction at the bottom can
counteract the pressure gradient force caused by
the sea surface slope in the current direction,
while the cross sectional slope from southeast to
northwest can balance the Coriolis force and
drives the northeastward current. From Fig. 9,
it is obvious that these slopes of the sea surface
are produced by the system of the wind-driven
circulations in the Pacific Ocean.

4. Remarks

Based on the simulation results we make fol-
lowing remarks:

1. From the area off the eastern Hainan Is-
land to the Tsugaru/Soya Strait, there exists a
northeastward current both in winter and sum-
mer which may be driven by the sea surface
slope both in the direction of the current and
across the current from southeast to northwest.

2. The Tsushima Warm Current may be con-
sidered to originate mainly from the South
China Sea Warm Current. In the area northwest
of Amami Oshima, when flowing along an
anticyclonic path, outer fringe water of the
Kuroshio joins the northeastward current to
form a mixed water flowing eastward. This cur-
rent splits at about 30°N, 128°E and the major
branch turns to the southeast and joins the
Kuroshio again, while the minor branch flows
northward which has been considered tradition-
ally to be the origin of the Tsushima Warm Cur-
rent. We believe that this weak northward
branch is just a small part of the Tsushima
Warm Current. It does not seem to be a direct
branch of the Kuroshio. In fact, the water
source of the Tsushima Warm Current mainly
comes from the winding current which is further
away from Kyushu.

3. The total available potential energy due to
the fluctuation of the free sea surface is greater
than the total kinetic energy (Fig. 1). There-
fore, the effect of the pressure gradient caused
by the fluctuation of the sea surface on the
upper layer currents is also very important,
which could not be examined rigorously not only
because of the lack of observational data of the
sea surface elevation, but also because of the
omission of the sea surface fluctuation by the
bottom topography.

4. Due to ignoring the effects of temperature,
salinity and the variation of density in the
model, simulated currents are mainly governed
by such factors as wind stress, topography of
the continental shelf, B-effect, nonlinear effect
and coastal configuration. In order to reveal
completely the formation mechanism of the cur-
rents, simulations should be carried out for a
baroclinic ocean model based on the full primi-
tive equations in the future.
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