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A Numerical Experiment on the Dispersion of
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With a realistic geography and topography the Princeton Ocean Model is used to study the effects
of topography, wind and time-varying Changjiang (Yangtze) River discharge on the dispersion of the
Changjiang River plume in the Yellow and East China Seas. The topographic feature of deepening
offshore suppresses the offshore expansion of the discharged low salinity water while spreading
along the coast is not hindered. Also the spreading of the Changjiang River plume is very sensitive
to wind conditions and the southerly wind is most responsible for the eastward expansion toward the
Cheju Island. It is also shown that the influence of the Changjiang River Diluted Water on the
hydrography and circulation of the Yellow Sea including the South Sea of Korea is substantial even

in the absence of tide, wind and current.

INTRODUCTION

The Changjiang River originates from the Tibetan
Plateau and empties to the East China Sea. Its length
is 6,300 km and in the middle of the Changjiang
River Three Gorges Dam is now under construction
with the scheduled completion year of 2009. The
freshwater discharge of the Changjiang River is the
third largest in the world after the Amazon River and
the Congo River. The annual discharge is 900 km’
and it corresponds to about 32 times that of the Aprok
River and 18 times that of the Yellow River (Hong
et al., 1995). Therefore, this huge amount of fresh-
water discharge would influence not only on the
ocean environment and circulation in the East China
Sea but also those in the Yellow Sea. Furthermore,
as the construction of the Three Gorges Dam  is
expected to cause big changes in the East China and
Yellow Seas, prediction studies on the possible
changes as well as data gathering prior to the con-
struction are absolutely necessary.
~ In July and August, 1998 there were lots of losses
in the properties and lives in China due to heavy rains
and flooding. A record-high water levels were observ-
ed and we may therefore assume that the discharge
was about the same as that in August 1954 when
the largest monthly mean discharge of 84,000 m?s
was observed (Shen et al., 1998). Observation data
in Shen et al. (1998) are from the Datong Station
located 640 km upstream from the river mouth and
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the annual mean discharge over 36 years (1950—1985)
is 28,400 m?/s.

The behavior of the Changjiang River Diluted
Water (hereafter CRDW) shows seasonal variations.
Observations showed that in winter the outflow of
the Changjiang River flows southward along the coast
but in summer it directs to the northeast toward the
Cheju Island (see Fig. 6 in Hu, 1994). Low salinity
water which appears in summer occasionally near the
Cheju Island and causes annihilation of the fish and
bivalves is suspected to originate from the CRDW.
The low salinity water spotted even in the East Sea
is suspected to originate from CRDW with the tra-
jectories of the recent drifter experiments (Lie et al.,
1998). The turning of the outflow to the right (south-
ward) in winter is dueto the Coriolis effect. However,
the northeastward turning in summer requires other
dynamical explanations and many efforts have been
attempted to explain it (Guan, 1994; Mao et al., 1963;
Cao, 1980; Le, 1984; Yuan et al., 1982; Hu, 1994).

Guan (1994) considered the fluctuation of the Chang-
jiang River discharge as one of the major factors
controlling the dimension and direction of the
CRDW. He also listed the seaward deepening of the
bottom, boundary effect of the Taiwan Warm Current,
southerly wind and baroclinic effects as possible fac-
tors influencing the northeastward turning. Impor-
tance of the lateral mixing is also mentioned by many
researchers (Mao et al., 1963; Cao, 1980; Le, 1984;
Yuan et al., 1982). Hu (1994) concluded that the wind
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is the major factor for the turning, i.e. the southerly
wind is dominant in summer and the current is north-
ward or northeastward from the coast to the offshore
(the Kuroshio and its branches are also responsible
for this). He noticed also that when wind collapses
or reverses either in winter or in summer for a certain
period of time, the plume turns right in summer or
turns left in winter.

There have not been many numerical modeling
studies about the detailed extent and range of the
CRDW. Most numerical modeling studies on the
ocean circulation in the Yellow and East China Seas
considered the discharge of the Changjiang River as
one of the boundary condition. Yuan and Su (1984)
used a steady-state barotropic model and time-depen-
dent two-layer model with poor resolution of 1°. For
the discharge amounting to 34,000 m*/s, the resulting
plume was shown to be advected with the northward
flowing Taiwan Current and blocked by the Yellow
Sea Bottom Cold Water. Lee (1996) and Zhu and Shen
(1996) simulated the winter and summer circulations
in the Yellow and East China Seas using 3-dimen-
sional numerical models. Recently, Lee (1999) in-
cluded M, tide as well as the wind and the Kuroshio
in the simulation of the time-varying circulation.
However, in these studies river discharge from the
Changjiang River was one of the many forcings that
its individual effect could not be evaluated properly.

A coastal current is established along the coast on
the right hand side of the river in the northern hemi-
sphere after the passage of Kelvin wave (McCreary
et al., 1997). If the flow is nonlinear, an anticyclonic
gyre is formed at the river mouth and the river out-
flow is bypassed through this gyre to feed the coastal
current. However, this circulation pattern will be
greatly altered if other effects are included such as
topography, wind, mean current, tide. Furthermore,
it is not easy to isolate the effects of individual forces
if all of these external forces are present at the same
time. Therefore, in this study we start from the very
simple experiment and add factors one by one to the
model to assess their individual impact on the ocean
circulation in the Yellow and East China Seas.

Firstly, we are considering the effect of topography
on the northeastward turning of the CRDW. It is stud-
ied by comparing the results with those of a control
experiment which has a flat bottom. Secondly, effect
of the wind on the dispersion of CRDW are dis-
cussed. The last experiment is performed by employ-
ing fluctuations in the Changjiang River discharge
and we run the model for a period of two years. This

experiment is aimed to examine the dispersion pat-
tern of the CRDW and time required to reach Korea
in the absence of any other external forces. The
model experiments are unrealistic but they clearly
show the importance of the CRDW both in the ocean
circulation and in the ocean environment in the Yel-
low and East China Seas.

NUMERICAL MODEL

Princeton Ocean Model (POM) which is formulated
in sigma coordinate system is used for this study and
detailed model descriptions are given in Mellor
(1996). Mellor and Yamada (1982) 2.5-level turbu-
lence closure scheme is implemented for the cal-
culation of the vertical eddy coefficients. The hor-
izontal eddy coefficients are parameterized using the
Smagorinsky diffusion formula

A=CAxAy A/(au/ax)2 +(3v/9y) + %(av/ax +u/dy)’

where Ax, Ay is the horizontal grid size and C is
a constant taken to be 0.2.

Model domain consists of 139 X249 horizontal grids
with 5'%3.75' grid spacing and spans the area of about
21°—37°N, 119°—130°E. Topography data compiled
by KORDI (1997a) are used but maximum depth is
set to 500 m. Since water depth increases to the east
we set the depths at all grid points east of the first
grid point where the water depth is greater than 500
m along each latitude line. This is done to avoid pos-
sible numerical instability in the region of sudden
depth changes. Also depths at the grid points south
of the 50th grid point are set equal to the depth at
the 50th grid point (Fig. 1). Regions of these artificial
treatments are far from the river mouth and are locat-
ed in the downstream region that the solution is not
expected to be affected. Integration time interval is
20 seconds for the external mode and 10 minutes
for the internal mode. In vertical direction there are
10 layers (the layer is defined here as the water col-
umn between levels and the top and bottom levels
correspond to the sea surface and the bottom, respec-
tively) and the depths to the center of each layer
(water depth is 20 m) are listed in Table 1. The Cori-
olis parameter varies with latitude and all boundaries
are closed except the east and south boundaries where
a radiating boundary condition is used.

Four y-grid points of 162—165 corresponds to the
mouth of the Changjiang River and the width is about
28 km (Fig. 2). The river mouth is located at 35th
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Fig. 1. The rectangular box shows the model region. Model
is closed across the Korea Strait and along the Ryukyu
Islands. Depth in the horizontally hatched area is 500 m and
meridional depth change is zero in the vertically hatched area
(isobath intervals are 20 m to 100 m and 100 m to 500 m.
Isobath of 10 m is also shown).

x-grid point and its width is maintained to the 7th
x-grid point. The Changjiang River estuary has two
branches, North Branch (NB) and South Branch (SB)
and net flow through the NB is practically zero
(Kangshan et al. 1983). SB again is divided into two
passages by the presence of the Changxing Island,
North Passage (NP) and South Passage (SP). NP car-
ries 2/3 of the total discharge and SP the rest. The
combined width of NP and SP is about 20 km at
the river mouth and is about one grid point smaller
than the model river mouth but we do not expect
the resulting change to be large.

SP again is divided into two channels, North Chan-

Table 1. Depths to the center of each layer
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Fig. 2. Grid points near the Changjiang River. The model
Changjiang River consists of a reservoir and a long channel.

nel (NC) and South Channel (SC). Net discharge
through SC averaged over a tidal cycle is negative,
i.e. landward and therefore all the discharge through
SP occurs through NC (Kangshan ef al., 1983). The
Changjiang River near the river mouth is oriented
to the southeast, but NP and NC of SP where most
of the discharge flows is more or less oriented to
the east-southeast (ESE). Also, observations in sum-

. mer shows that the outflow have a stronger eastward

component than the southward component (Kangshan
et al., 1983). Thus, the model river mouth may rep-
resents the orientation of the Changjiang River prop-
erly.

The model river mouth is connected to a freshwater
reservoir with 24 y-grid points wide and 6 x-grid

Layer 1 2 3 4

5

6 7 8 9 10

Depth (m) 0.18 0.50 1.02 2.02

4.28

7.14 10.00 12.86 15.72 18.58
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points long. Such freshwater reservoir is also em-
ployed in Oey and Mellor (1993) and this approach
mitigates the need to prescribe boundary condition
at the river mouth which usually takes the form of
the two-layer estuarine circulation (for example, see
Chao, 1988). The magnitude of discharge is contro-
lled by setting the vertically averaged velocity over
the west wall of the freshwater reservoir to a pre-
scribed value. Salinity values are set to zero at all
vertical layers of the west 30 grid points at every
timestep.

RESULTS
Constant discharge experiment

In this experiment a constant velocity is given at
the west wall of the freshwater reservoir to produce
a constant discharge of about 80,000 m*/s which pre-
sumably corresponds to the magnitude in summer,
1998. To find out the effect of topography, two cases,
one with a flat bottom and the other with a realistic
topography, are integrated for 100 days. The flat bot-
tom case has a water depth of 20 m everywhere and
the prescribed velocity is 5 cm/s. In the realistic
topography case the prescribed velocity is increased
to 10 cm/s to compensate for the shallower water
depth at the river mouth. Discharge at the river mouth
is monitored during the whole integration period
(Fig. 3a). Initially the model ocean and river are filled
with motionless waters of constant salinity of 35 psu
(temperature is excluded in the computation).

In the flat bottom case the discharge jumps to
about 80,000 m®/s within one day and shows oscil-
lations with almost equal period and amplitude. In
Fig. 4 salinity distributions in the first layer are
shown at 20-day interval for both the flat bottom
and realistic topography cases. In this study the 34
psu isopleths are considered as the boundary of the
low salinity plume. An anticyclonic gyre near the
river mouth and a coastal current along the south
coast are formed as in the channel experiment of
KORDI (1997b). The coastal current reaches the Tai-
wan Strait (~25°N) after 40 days of integration with
the propagation speed of about 19 cm/s. This speed
is less than 23 cm/s of the channel experiment
(KORDI, 1997b).

The offshore boundary of the coastal current rema-
ins stable until day 20 but it becomes unstable from
day 30 and a wavelike structure is being developed.
The boundary becomes more unstable with time and
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Fig. 3. Time variation of discharge at the river mouth for (a)
flat bottom and (b) realistic topography case.

the coastal current becomes wider. At day 80 the low
salinity plume arrives at the Taiwan Strait and sur-
rounds the whole Taiwan at day 100. As a result the
coastal current is wider than the bulge near the river
mouth.

In the realistic topography case the discharge incre-
ases slowly as compared with the flat bottom case
and the magnitude larger than 70,000 m?/s is reached
after 10 days of integration. Unlike the flat bottom
case there are no significant oscillations. (Fig. 3b).
Salinity distributions are similar to the flat bottom
case but there are also differences (Fig. 4). The plume
is shifted further north, the offshore expansion is less,
and the coastal current is less unstable. All these dif-
ferences are caused by the introduction of the topog-
raphy and the east-west depth gradient is especially
thought to play a major role. The water depth deepens
to the east and therefore the isobaths are oriented
along the north-south direction. The isobaths are lines
of the equal potential vorticity that the east-west
movement of the water column would be difficult
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Fig. 4. Salinity distributions in the
1st layer at 20-day interval for the
flat bottom (upper) and realistic
topography (lower) cases (thick
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while the north-south movement is rather easy. As
a result, the coastal current becomes stable and the
offshore expansion is reduced. The northward shift
of the plume could be due to the positive vorticity
induced by the stretching as the water column enters
the deeper region from the shallower region. Or, it
could be explained in terms of the coastally trapped
solution of McCreary et al. (1997) in that a north-
ward current along the north coast is formed as a
compensating flow of the southward current along
the offshore front.

The coastal current along the south coast reaches
the Taiwan Strait after 100 days of integration, 20
days later than the flat bottom case. The width of
the coastal current remains fairly constant at about
100 km with a slight increase with time. At day 100
the northward plume reaches 34.5°N and the max-
imum offshore expansion, about 300 km wide, occurs
at locations north of the river mouth. Current dis-
tributions in the first layer at days 50 and 100 are
shown in Figs. 5 and 6. The river flow initiated in
the freshwater reservoir exits the river with a small

120 22 24 128

120 te 124 128 line indicates 30 psu).

northward excursion, but it soon flows southward.
On the contrary, waters at the grid points north of
the river mouth flow to the north or northeast. At
day 50, flows exiting through the southern two grid
points in the river mouth change the direction to the
south right after exit. But flows through the northern
two grids turn first to the northeast and gradual
change in the clockwise direction occurs after flow-
ing some distance. It finally joins the southward flow.

Offshore of this local flow structure there exist a
large scale anticyclonic gyre as is also shown in the
salinity distribution. A northward flow is formed nor-
th of the river mouth along the coast. At the northern
tip of the flow it turns clockwise and then heads to
the south. The southward flow continues to the lat-
itudes of the river mouth and changes its direction
to southwest to become the coastal current along the
south coast. At day 100 the waters flowing through
the southern two grid points in the river mouth turn
immediately to the south like at day 50, but the
waters through the northern two grid points join the
southward flow of the large-scale gyre. The north-
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Fig. 5. Velocity distribution in the 1st layer at day 50 for
the realistic topography.

ward current north of the river mouth flows along
the coast before it leaves the coast at 32.5°N and
continues to flow northward. Near the coast at 34°N
a remnant of the old northward flow that existed
before day 100 is seen. The northward flow separated
from the coast forms a gyre like at day 50 but the
location is shifted to the north, i.e. at day 50 the
anticyclonic gyre is present around the river mouth,
but at day 100 the gyre is shifted to the north and
a new gyre is about to be formed near the river
mouth. However, formation of a circular shape gyre
would not be possible because of the changes in the
background state. At the beginning there was no
background stratification and therefore no back-
ground current, but now the presence of the low
salinity waters make the flow structure very compli-
cated that the formation of the circular shape gyre
would be challenged at each moment by the current.

Figs. 5 and 6 are the flow distributions at the sigma
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Fig. 6. Same as Fig. 6, but at day 100.

levels that the current vector cannot be considered
to represent the flow path since the water depths at
each grid point are different for the realistic topog-
raphy case. Therefore we interpolated velocities from
the sigma-level to the z-level to obtain velocities at
a constant depth and current vectors at water depth
of 5, 10, 30 m are shown for day 50 (Fig. 7). In
the interpolation, sea level variations are ignored
because it is much less than the water depth.

At 2 m depth the flow distribution has almost the
same pattern as in the sigma coordinate system with
only one noticeable difference; more waters seem to
flow northward near the river mouth (not shown).
At 5 m depth there is almost no southward flow at
the river mouth and all the waters coming out of the
river flow to the north and form an anticyclonic gyre.
Most of the southward flow in the right half of the
gyre continues to the coastal current along the south
coast and a small portion flows westward to join the
northward outflow from the river. At 10 m depth the
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Fig. 7. Velocity distribution at depths of 2, 5, 10, 30 m at day 50 for realistic topography case.
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flow has no direct connection with the river (the
water depth at the river mouth is 7 m), but there
still exist a similar anticyclonic gyre and coastal cur-
rent as in the shallow depths. At 30 m depth, how-
ever, the anticyclonic gyre disappears and a north-
ward flow is developed along the coast where a
southward flowing coastal current exists at shallower
depths. There is also onshore flow near the river
mouth.

Wind experiment

In this experiment we examine the effects of the
wind on the distribution of the low salinity water.
The end state of the previous experiment, i.e. day
100 is the starting point in this experiment. Wind
with magnitude of 0.5 dyne/cm?” are applied for 10
days. To reduce the shock by the sudden introduction
of the wind it has been ramped up linearly over 1
day. Four different wind directions are applied and
salinity distributions in the first layer are shown at
2-day interval. First, upper panel of Fig. 8 is for the
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westerly case and it shows that the low salinity region
has expanded to the south, i.e. the water is trans-
ported to the right of the applied wind stress as
expected by Ekman dynamics. This Ekman response
is clear in all cases. The low salinity plume is
advected to the north in the easterly case (lower panel
of Fig. 8) and to the west toward the Chinese coast
in the northerly case (Fig. 9).

When the wind blows from south the plume is
advected to the east, i.e. to the offshore direction and
reaches the Cheju Island (Jower panel of Fig. 9). This
clearly suggests a possibility that the low salinity
water that appears in summer near the Cheju Island
may be the CRDW advected by the southerly wind,
predominant in summer. Of course, other factors such
as current and tide can affect the situation. But this
experiment clearly shows that the wind effects on the
dispersion of the CRDW are big and the ocean res-
ponse to the wind is fast.

Fig. 10 shows changes in the salinity by the intro-
duction of the southerly wind, i.e. difference of the
salinity between the southerly case and no wind case.

2

4 EAST . i ) gast

Fig. 8. Salinity distribution in the
Ist layer for the westerly wind
224 (upper) and easterly wind (lower)
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In the offshore regions where low salinity waters are
transported from the west the salinity decreases while
in the nearshore regions. the salinity increases. The
wind effect is not restricted to the redistribution of
the low salinity waters. It also affects the discharge
from the river. Fig. 11 shows the time series of the
discharge for different wind directions. There are
more discharge when the wind blows from the south
or west than the no wind case and less discharge
when the wind blows from the north and east. During
the first day when the wind speed increases linearly,
the discharge also increases or decreases linearly de-
pending on the wind direction. After the first day
the discharge gradually approaches to the magnitude
of no wind case. It is expected that the total salinity
values over the whole domain would be smaller for
the southerly and westerly cases than the northerly
and easterly cases because the total discharges are
larger in the former.

Vertical salinity distributions in the five east-west
sections north of the river mouth starting from the
one that crosses the river mouth are shown for the

120 IR 124 128

rreranrrre northerly and southerly cases.

no wind case (Fig. 12) and southerly case (Fig. 13).
It clearly shows the effect of the wind on the salinity
distribution not only in the horizontal direction but
also in the vertical direction. The vertical distribution
has a similarity with the observed data of 1996 near
the Cheju Island by Kim et al. (1998).

Fig. 14 shows the current distribution in the first
layer at day 110 in response to the southerly wind.
As a direct response to the southerly wind the surface
flow is eastward or northward. The coastal current
which flows southward when there is no wind now
flows to the north and eastward flow is dominant
in the offshore region where low salinity waters are
transported into. Flow direction near the river mouth
is northeastward and the anticyclonic gyre does not
exist. Boundary of the flow with appreciable mag-
nitude coincides with the 34 psu isopleths.

Annual variation of river discharge experiment

In this experiment the velocity at the west wall is
specified as a sinusoidal form to make the discharge
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120 122 124 126 128 130

Fig. 10. Salinity changes in the Ist layer due to southerly
wind from the no wind case (contour interval is 5 psu and
negative values are shaded).

8-5 T T T T T T T T T T T T T T T T T
F ¥
- 1 A -
AW
8.0 ¢ v i
! e
r R 1
- CE R TP
» ! S P T
n\ -II,"-' . Sy e ey
E R DS T st
——= s
o O P A
o .\. .‘. "-"/. ',. -~ e v
- \" \_N ’/ ST
x \ S _/~‘,,.//'\'Z?"""
\ st
SR '
L v L -
7.0 v
L ¥ ]
E
6.5 0 « a4 b
100 102 104 106 108 110
Time, Day

Fig. 11. Time series of the discharge for four different wind
directions.
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Fig. 12. Salinity distributions in the zonal sections for the no
wind case.

vary with time.

U=A sin (%t + q)) +U,

where
A=3 cm/sec, ¢=255 days, Uy=4.5 cm/sec

and they are chosen to approximate the time variation
of the monthly discharge of Shen et al. (1998). The
monitored model discharge at the river mouth is
shown in Fig. 15. Above values are for the realistic
topography case and in the flat bottom case following
reduced values are used to take into account the shal-
low water depth at the river mouth.

A=1 cm/sec, Uy=1.5 cm/sec

The model domain is extended to the north to include
the Bohai Sea and the number of y-grid point is now
311. This is because it is expected that the fresh water
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Fig. 13. Same as Fig. 12, but for the southerly case.

plume will be advected further north than in the pre-
vious experiments. Again, flat and realistic bottom
cases are tried and the integration is performed for
two years (720 days). Salinity distributions in the first
layer of the realistic topography case at 60-day inter-
val are shown in Fig. 16. Initial salinity distribution
pattern is not much different from the previous exper-
iment but the area is smaller because of the less
amount of freshwater discharge. As time goes on the
plume becomes larger and at day 120 it reaches the
Taiwan Strait to the south and 34°N to the north.
The coastal current south of the river mouth reaches
the southern boundary at day 160 and the northward
plume reaches 35°N at day 200.

After one year (day 360) the plume appears east

of Taiwan and the northward plume reaches almost
the eastern tip of the Shantung peninsula. In the
offshore direction the plume expands to 125°E. The
domain of the coastal current is continuously growing

| | K
120 122 124 126 128 130

Fig. 14. Velocity distribution in the 1st layer at day 110 for
the southerly wind case.

x 10*, m®/s
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Fig. 15. Annual variation of discharge at the river mouth.

to the offshore direction and its width becomes 250
km at day 360. In the second year the northward
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Fig. 16. Salinity distributions in the 1st layer at 60-day interval.

plume reaches the eastern tip of the Shantung pen-
insula at day 420. It advances westward along the
northen coast of the Shantung peninsular until day
480 but soon retreats to the east. The southern plume
remains west of 122°E not advancing along the south-
ern wall.

In the central region of 30°—35°N the plume keeps
expanding to.the offshore direction while the north-
ern and southern plumes are stalling. The main
tongue of the plume in the central region is expand-
ing eastward in the southern region of the Cheju
Island and reaches 126°E at day 440. At day 500
it passes the longitudes of the Cheju Island and rea-
ches 127°E. Then this tongue is now expanding to
the north and. reaches the coast of the Cheju Island
at day 600. The expansion to the north continues and

the whole Cheju Island is surrounded by the low
salinity waters at day 640. The plume keeps this nor-
thward expansion until it reaches the south and west
coasts of Korea. The plume then advances eastward
along the south coast and northward along the west
coast and at day 720 the plume reaches 129°E in the
south coast and 37°N in the west coast.

This experiment is performed to find out the dis-
persion of the low salinity water by applying only
the time-varying discharge without any other external .
forcing. Therefore the model results cannot be direc-
tly compared with the real ocean data. The inclusion
of the tide and current would change the whole pic-
ture. Nevertheless this experiment shows that the in-
fluence of the freshwater from the Changjiang River
is large on the ocean environment in the Yellow Sea
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Fig. 17. Velocity distribution in the 1st layer at day 720.

including the South Sea of Korea. In the southern
region of the Changjiang River the influence is felt
mostly all along near the coast and the offshore ex-
pansion is limited to the west of Taiwan. On the other
hand the plume expands further offshore in the
northen region that the low salinity waters reach not
only to the Cheju Island but also to the west and
south coasts of Korea. The dispersion of the low
salinity ‘waters generates density currents and con-
sequently the ocean circulation would be very com-
plicated. The changes in the ocean circulation would
alter the distributions of the chemical/biological par-
ameters and it would lead to the modifications in the
ocean ecosystem.

Fig. 17 shows complicated velocity distributions in
the first layer at day 720. Strong southward currents
are found mostly at offshore locations unlike the first
experiment with constant discharge. There exists a
northeastward coastal current along the south coast

of the Shantung Peninsula and its direction changes
clockwise near the eastern tip and then begins to flow
southward. Most of this southward current flows
through the offshore region all the way to the east
of Taiwan. A part of it however flows southeastward
toward the Cheju Island until it becomes a northward
flowing current at the southwestern corner of Korea.
It should be remembered, however, this current pat-
tern is only temporary because the current is a density
current induced by the low salinity water which is
changing fast in its distribution.

DISCUSSION AND CONCLUSIONS

In this study several experiments are performed
under a realistic configuration in the geography and
topography. The applied external forcings are design-
ed to be added one by one so that the ocean response
to the individual elements could be isolated. In the
first experiment the discharge of the Changjiang River
is set to a constant value of about 80,000 m*/s which
is, we assume, the same magnitude as in the summer
of 1998. Experiments with flat bottom and realistic
topography are performed and the introduction of
topography reduces the eastward expansion of the
plume and enhances the northward flow.

In the second experiment a constant wind is added
and we look into the ocean response to the different
wind direction. Results confirm that the ocean res-
ponds to the applied wind according to the Ekman
dynamics and the southerly wind which is the dom-
inant in summer advects the low salinity waters to
the east. Therefore the southerly wind alone could
be responsible for the appearance of the low salinity
waters near the Cheju Island in summer. Certainly,
the southerly wind have to be strong enough and/
or to last long enough to be effective.

In the third experiment wind is now excluded and
a long integration of two years is performed with
the time variation in the river discharge. The discha-
rge is designed to change as closely as possible to
the monthly discharge data of Shen et al. (1998). The
experiment starts from a calm and homogeneous
ocean and the low salinity water reaches the west
and south coasts of Korea in less than two years.
The low salinity water occupies the whole Yellow
Sea south of the Shantung Peninsula and the resulting
density current dominates the circulation.

Anticyclonic gyre and the coastal current along the
south coast, an essential feature of the ocean response
to the input of the low salinity water, are also present
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in our experiments. However, a long integration in
the third experiment destroys this basic and simple
feature and the structure becomes more complicated.
In the basic pattern the outflow from the river flows
around the gyre and is connected to the coastal cur-
rent along the south coast but this simple pattern is
no longer possible once the gyre is destroyed by

instability or whatever reasons. The flow direction’

at the river mouth now strongly depends on the local
current and this in turn influences the salinity dis-
tribution which again changes the current structure.
This negative feedback between salinity and current
makes the problem very complicated and unpredict-
able. In other words, the system is predictable when
the anticyclonic circular gyre is present but once it
is destroyed the system becomes chaotic.

In the realistic topography case of the first exper-
iment more volames of the low salinity waters are
advected to the north than in the flat bottom case.
The development of the northward flow is also a
characteristic feature of the coastally trapped solution
of McCreary et al. (1997). This feature is explained
as a compensating flow induced by the southward
flow generated along the density front which is
formed offshore between the low salinity river water
and the high salinity ocean water. The northward
flow in our experiment could be due to the positive
relative vorticity associated with the depth increase
near the river mouth. The depth increase might be
too small to cause this sharp turning, so the dynamics
of McCreary et al. (1997) looks more responsible for
the northward flow.

In this study, simple and idealized external forcings
are applied to investigate the behaviors of CRDW
in three cases. Thus, we do not attempt to compare
the outcomes of this numerical experiments to the
real situation. However, our experiments demonstrate
that the CRDW can be spreaded significantly in the
vast area. Strong tidal current may play a very impor-
tant role in mixing the freshwater with the saline
water in the Changjiang estuary. The Kuroshio sys-
tem in the East China Sea controls not only the gen-
eral circulation in the region but also influences the
estuarine system. Therefore, tide and the Kuroshio
system together with variable winds in time and
space should be included to get a closer picture of
the real ocean.
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