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Abstract

The formation and structure of the steady barotoropic flow over the shallow shelf slope are investigated using
the theory with linear bottom friction and the numerical experiments with quadratic bottom friction. The
barotropic flow over the shallow shelf slope, which is controlied by the bottom friction, has the balance between
bottom stress curl and vortex stretching of water column. Such flow cannot conserve its volume transport to the
downstream due to the onshore or offshore flow. The formation of barotoropic flow is related with the coastal-
trapped wave propagation, i.e., Kelvin wave or topographic Rossby wave, during the transient period like as the
geostropic adjustment. Therefore, the steady barotropic flow is formed in the direction of wave propagation, i.e.,
at the right hand sidewall to the source of disturbance in the northern hemisphere. By using the numerical model
in which the ideal topography around the Tsushima/Korea Strait is taken into account and the flow system is driven
by the sea level difference between the East China Sea and the Japan Sea, the flow patterns in winter are considered.
In result, two branches in the central part of the East China Sea can be simulated. One northward branch is
clockwise-flow along the isobaths in the northern part of the East China Sea and the other eastward branch directly

inflows into the Tsushima/Korea Strait.
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Introduction

The Tsushima/Korea Strait is situated between the
East China Sea and the Japan Sea shown in Fig. 1.
The Tsushima Current flows into the Japan Sea through
the Tsushima/Korea Strait due to the sea level difference
between both areas. The East China Sea and the
Tsushima/Korea Strait are very shallow with a maxi-
mum depth about 100 m, and their density structure is a
homogeneous vertically in wintertime due to the vertical
mixing associated with the winter cooling. However,
the detail flow structure in this area has not observed still
now.

Yoon(1982) and Kawabe(1982) investigated the for-
mation mechanisms of flow on the shelf slope with use
of the numerical model, and showed that the flow on the
shelf is the bottom controlled steady flow due to the
topographic-4 effect. In the real situation, over the
shallow shelf slope region like as the East China Sea and
the Tsushima/Korea Strait, the bottom friction must
play an essential role in such flow. In the present study,
the barotropic flow structure over the shallow shelf slope
will be analyzed theoretically taking into account of the
liner bottom friction, and the formation mechanism of

such flow will be examined by using the numerical
model. Then, we will investigate the brotropic flow
around the Tsushima/Korea Strait in winter.

Analytical solution

We chose a right-handed coordinate system, so that
the x-axis coincides with the coast, positive y pointing
offshore, as shown in Fig.2. We suppose that the
depth is only a function of offshore distance y, and that
the constant shelf slope region is confined to a near-
shore band of width W. The driving force is the
alongshore component of the inflow, ie., u(0, y), at the
left end of the shelf slope region.

We consider the steady state problem with a linear
bottom friction. The dynamical equations for the
depth-averaged velocities are

fu=—g 3k @)
ou | v dh
WG+ o) a=0 @)
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Fig. 1 The bottom topography around the Tsushima/
Korea Strait.

Fig. 2 The topographic configuration and coordinate sys-
tem of the model.

where u and v are depth-averaged components of
velocity in x- and y-directions, respectively ; 7 is the
elevation of sea surface; r is a bottom resistance
coefficient with the dimension of velocity; g is the
acceleration due to gravity ; A= Ah(y) is the depth; f is
the Coriolis parameter. At the first approximation, the
barotropic flow over the shelf slope flows along the
isobaths due to the conservation of the potential vor-
ticity, i.e., f/h(y) is conserved. Therefore, the along-
shore flow is dominant compared to the offshore flow
over the shelf. That is, equation (2) is valid only if

| fu > @.

Such a problem has some similarities to the work of
Csanady (1978), which studied the arrested topographic
wave generated by the alongshore wind component.
Elimination of » from equations (1) and (2) and
using of equation (3) lead to the vorticity equation ;
0 (reN, S dh
o () =0 ©)
The first term of equation (5) is the curl of bottom
stress, which is balanced by the vortex stretching term.

Here, when v assumes to be zero, the offshore distribu-
tions of # may be computed use of equation (5), ie,
u(y)oc A(y), but such distribution of alongshore velocity
u should be unrealistic. On the general shelf slope, if
0

u>0 and u—0 at y—oo, the bottom stress curl : ——

oy
ru\ 1 gu u dh .
(T)_Ta—y_fvﬁf becomes negative at least near

the offshore shelf area because of %ﬂ
oy

u dh .. .
Td—y> 0. This implies that the velocity v over the
shelf slope is positive. That is, the alongshore steady-
state barotropic flow (#>0) must be maintained by the
offshore transport (v>0). Thus, such flow over the
shelf slope cannot conserve its volume transport to the
downstream.

Eliminating u and v from equations (1), (2) and (3),
an equation for the surface elevation is as follows;

<0 and

2
21— T ©)
where
-1
k2= <%_‘$ > ().

Equation (6) has the form of heat conduction equation
with positive x playing the role of time, when k?
assumes to be thermometric conductivity. Equation
(6) will be solved with the following boundary condi-
tions.

(i) The boundary condition along the coast is that
the normal flow vanishes, i.e., ¥(x,0)=0. From equa-
tions (2) at y=0, we have

9 _ -
N =0 at y=0 (8).

(iiy As dh/dy=0 beyond y=W, equation (6)
2
shows gyz =0 or g—f}:constant (y>W). Suppose
that the offshore gradient of surface elevation vanishes at
y—00, we have the boundary condition at the shelf edge
of y=W as follows;

07 _ _
3 =0at y=W ).

(iii) The driving force at x=0 is assumed as the
alongshore flow with offshore width L. Then, using
equation (2),

10 9=—L [ uonay=9 (0

With the method of a separation of variable, the
solution 7(x, y) is assumed as follows,

7(x.y) =X(XxX)Y(») (1D.
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Substituting equation (11) into equation (6), we have
following two equations,

Y +(A/ kY =0 (12)
X'+2X=0 (13)
where the prime denotes differentiation with respect to y
for equation (12) and x for equation (13), and A is the
positive coefficient. The general solution of equation
(12) using the boundary conditions of (8) and (9) is

Y(y):cos(%) (14)
where 2 is given by
_ ngk _
A== (n=1,2,3..) (15).

The general solution of equation (13) is
X(x)=e *** (16).

7(x, y) is expanded using equations (14), (15) and (16)
in the form

(x, y)= i An-cos< n;g >-e——"2v71522k2x (17)
n=1

where

=gy [ 9 oo Z-)ay (18)

which can be obtained substituting the boundary condi-
tion of (10) into equation (18). From equations (1),
(2) and (17), the velocity # and v may be expressed as
follows ;

uGx, =435 4.7 sin( 2 Je " (19)
WX, y)=

_ B [T (YL (mry>2_ﬂ} R
ZIA,,{HOCOS< W) 7Sl e
(20)

From these solutions, it may be seen that the fundamen-
tal flow, n=1, is only dominant at the far downstream
and the maximum alongshore velocity u exists at the
center of the shelf width, i.e., y=W/2.

We model the typical shelf bottom topography with
linear slope around the Tsushima/Korea Strait and the
driving inflow from the entrance at x=0. The follow-
ing values are adopted ; W (shelf width)=100 km, HO
(depth of outer shelf region)=100m, L (inflow
entrance width)=150 km, r (resistance coefficient)=0.04
cm s7Y, f (Coriolis parameter)=8.58x 107% s~!. The
alongshore velocity profile is assumed as follows ;

u(0,y) = 40cm s at 0<y<L (210).
Ocm s™! at y>L

This inflow volume transport is 1Sv, which value is
equivalent to that of the Tsushima Current in winter
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Fig.3 Horizontal distributions of sea level 5 (top),
offshore velocity v (middle) and alongshore velocity u
(bottom) given by the theory. Thick broken line
denotes the end of the shelf slope and the negative
velocity region is shaded.

(Toba et al., 1982).

Figure 3 shows the spatial distribution of 7, # and v
for this case. As the distance from the entrance
increases, the offshore gradient of 5 becomes smaller
gradually. The alongshore flow u is confined to the
shelf slope region, but its velocity tends to decrease in the
same manner as the offshore gradient of 7, because the
offshore flow v is positive, which is larger especially near
the entrance.

Numerical experiments

The previous section has shown that the steady bar-
otropic flow over the shelf slope is formed under the
balance between the bottom stress curl and the vortex
stretching of water column due to the offshore flow.
Now, we will consider the formation mechanism of such
barotropic flow with use of the time-dependent numeri-
cal experiments.

Model

We consider a homogeneous ocean shown in Fig. 4.
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Fig. 4 Schematic view of the model ocean used in the numerical study.

The alongshore length of the model ocean is 600km and
the offshore length is 310 km. The bottom topography
is uniform in the alongshore direction and is the same as
that in a previous section, 1.e., constant shelf slope with
the 100 km offshore width. A rectangular coordinate
system on an f-plane is used with x alongshore, y
offshore and z vertically upward. We obtain the gov-
erning equations without forcing term as follows ;

R R T
- %Jr 4 Mu——’bzuﬁ 22)

‘;: +u g; + v—+ Su=
‘;’7 + 4 hAv———’bZVW (23)
gl

Here, signs of u, v, y, 4, f and g are the same as those
in the previous section. A, (=10°cm?™) is the
coefficient of lateral eddy viscosity, /4 is the Laplacian
operator, #,2 (=2.6%x 107®) is the quadratic bottom drag
coefficient. Equations (22) to (24) are solved numeri-
cally using the following boundary conditions. The
coast drawn by the thick solid line in Fig. 4 has a slip
boundary. At the entrance, 7, ¥ and v are prescribed
as the driving force. Another conditions at open
boundaries are given by the following radiation condi-
tions. At the opposite side boundary against the
entrance ;

‘/Tax 8x =0, v=0 (15).

At the offshore boundary ;
=/gHO 0 16).
g 8)/ ay =0, u= (16)

The grid size is 20 kmXx 20 km and the time interval is
200 seconds.
We carried out some experiments to confirm the

Table I Five experiments carried out in the present study

Flow conditions

ntr. r exit
at the entrance Entrance or e

Case Bottom drag

coefficient o exit position (x-axis)
1 0 Inflow 0km
2 26x1073 Inflow 0km
3 2.6x1073 Outflow 0km
4 2.6 %102 Inflow 600 km
5 26x1073 Outflow 600 km

steady barotropic flow solutions obtained in the previ-
ous section and to investigate the flow conditions, i.e.,
inflow and outflow, and its positions against the shelf
slope regions. The entrance width (=50 km) and the
volume transport of the driving force (=1 Sv) are the
same as those in the previous section. They are fixed in
all experiments. The external conditions of five cases
are shown in Table 1.

The ocean is initially at rest. At first, the inflow or
outflow transport is increased exponentially up to 1 Sv
during 10 days in order to avoid the numerical divergent
for the solutions. Then, we observe the steady state
spatial distributions of 7, # and v. Its steady state flow
pattern is reached satisfactorily at 50 days after the start
of inflow or outflow in all cases.

Results

Figure 5 shows the steady state spatial distribution of
7, u and v without (Case 1) and with (Case2) the
bottom friction, respectively. Although the flow over
the shelf slope is dominant in both cases, the alongshore
velocity u decreases to the downstream due to the lateral
eddy viscosity for Case 1 and bottom friction for Case 2.
At the outer shelf region, the onshore flow exists in Case
1 and, on the other hand, the offshore flow in Case 2.
Yoon (1982) used the barotropic model in which there
is the bottom topography corresponds to Case 1 without
the bottom friction and showed that lateral eddy viscos-
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Fig. 5 Horizontal distributions of sea level 7 and velocity vector (top), offshore velocity v (middle) and alongshore
velocity u (bottom) in Cases | and 2, given by the numerical experiment. The negative velocity region is shaded.

ity seems to an important factor in determining the flow
over the shelf slope. The flow patterns of Case 2 are
very similar to those of analytic solution shown in Fig.
3. By comparing Case 1 and Case 2, it is found that the
bottom friction remarkably changes the vorticity balance
of the barotropic flow over the shelf slope and affects its
flow pattern and structure.

Figure 6 shows the spatial distributions of 5 and the
velocity vector in Case 3,4 and 5. In Case 3 with the
outflow exit, the flow has the opposite flow directions to
those in Case 2, but its spatial distributions of » and
velocity vector are similar to those in Case 2. In this
case, the alongshore flow is formed near the exit with the
onshore flow, i.e, v<<0. On the other hand, the along-
shore flow over the shelf slope cannot be formed in
Cases 4 and 5, although the driving force is induced on
the shelf slope. In other words, the bottom controlled
flow due to the conservation of the potential vorticity
cannot be formed. The strong gradient of 7 is formed
at the entrance or exit and the onshore or offshore flow
is dominant there in each case.

The property of the common flow pattern in all cases
is that the barotropic flow is formed along on sidewall,
that is, the right sidewall to the inflow entrance or the
left sidewall to the outflow exit. Such steady flow is
formed after the waves are generated during the transient
period like as the geostrophic adjustment. As the
possible waves in this model, Kelvin wave and topo-
graphic Rossby wave are considered. These waves are
generated at the source of disturbance, i.e., the entrance
or exit, and propagate along the wall to right hand side
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in the northern hemisphere. In result, the steady bar-
otropic flow is formed in the direction of the wave
propagation. Yoon (1982) and Kawabe (1982) showed
that the topographic wave, i.e., continental shelf wave,
contributed to the determination of the steady flow path
on the shelf slope. Thus the steady barotoropic flow is
related to the coastal trapped wave propagation and may
be formed at the right sidewall to source of disturbance
in the northern hemisphere regardless the existence of the
shelf slope. Therefore, it may be considered that the
steady flow in Cases 4 and 5 cannot be formed over the
shelf slope which region is opposite side to the direction
of the wave propagation.

Applications to the ideal topography
around the Tsushima/Korea Strait

In this section, the flow patterns around the Tsu-
shima/Korea Strait in winter will be reproduced in the
barotropic model where the ideal topography in taken
into account, as shown in Fig. 7(a). In winter the wind
driven current due to the strong northwestly wind is
prominent in this model area. However, the flow sys-
tem of this model is only driven by the sea level
difference between the East China Sea and the Japan
Sea, between we want to understand the dynamics of
flow around the Tsushima/Korea Strait and to investi-
gate on how far the influence of its driving force extends
in the East China Sea.

The governing equations and some parameters of this
model are the same as the previous numerical model.
The open boundary conditions of this model are
assumed as follows. At the southern end boundary in
the East China Sea

p=10cm, g—;‘:o, y=0 @7)

At the eastern end boundary in the Japan Sea

ou av
/ 7(Ddl=0em, =020 (28)
That is, we suppose that the mean sea level difference of
10 cm between the both open boundaries is maintained.
Time interval is 120 seconds.

Figures 7(b) and (c) show the steady state (50 days)
spatial distribution of 7, velocity vector and absolute
value of velocity. In the East China Sea, the strong
northward flow is formed along the bottom contour
lines more than 50 m depth, and two branches exist in
the central part of the East China Sea. One eastward
branch inflows into the Tsushima/Korea Strait directly
and the other northward branch is the bottom controlled
flow. The latter volume transport gradually decreases

240km

520km 400km

480km

w08

Kyushu

(a)

n {1cm interval)

40CK/SEC, —
30cassec. ———

20ca/sEc.

= ~(b)

Fig. 7 (a) Schematic view of the model ocean around the
Tsushima/Korea Strait. Horizontal distributions of
sea level 7 and velocity vector (b) and the absolute
velocity (c) after 50 days.

northward and continues to the southward flow along
the west coast of the Korean Peninsula. Consequently,
the weak clockwise flow is formed at the northern part
of the East China Sea. The southward flow along the
west coast of the Korean Peninsula may be generated by
the driving force in the Tsushima/Korea Strait like as
Case 5 in Fig. 6. On the other hand, the northward
flow along the west coast of Kyushu is not formed like
as Case 3 in Fig. 6. In spite of neglecting wind stress,
two branches simulated by this model are suggested by
the observed spatial distributions of surface temperature
and salinity in winter shown in Fig. 8, after JODC
(1975). Figure 8 shows that the open ocean warm
water with salinity more than 34 psu occupies the south-
ern regions in the East China Sea and two branches of
this warm water exist near the Cheju Island.
Supposing the effect of the bottom friction var-
nishes, two branches in the central part of the East
China Sea shown in Fig. 7 cannot be generated. Only
clockwise flow along isobaths in the northern part of the
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(b)

Fig. 8 The mean surface temperature (a) and salinity (b) fields around the Tsushima/Korea Strait after JODC (1975).

East China Sea will be dominant in this case like as
Case | in Fig. 5, in which the bottom controlled flow is
formed remarkably. That is, the flow pattern in Fig. 7
shows that the effect of the bottom friction has weaken
the clockwise flow due to the offshore volume transport
along the east coast of China. Therefore, the offshore
gradient of sea level along the isobaths in the northern
part of the East China Sea becomes small, comparing
with the case without the bottom friction. Then, the
insufficient sea level difference between both sea areas is
compensated near the Tsushima/Korea Strait and the
eastward branch which inflows directly into the Tsu-
shima/Korea Strait can be formed. An importance of
such bottom friction in the East China Sea was also
pointed out in Ichiye and Li (1984) by the numerical
study. They showed that bottom friction term was
about ten percent of the Coriolis term and the nonlinear
terms might be less important than the friction term
around the Tsushima/Korea Strait.

Conclusion

We investigated the formation and structure of the
steady barotropic flow on the shallow shelf slope, using
the linear theory and the numerical experiments. The
main results of this study are as follows.

(1) The steady barotropic flow over the shallow
shelf slope is formed under the balance between the
bottom stress curl and vortex stretching of water column
on the shelf slope. Thus, the flow over the shelf slope
cannot conserve its volume transport.

(2) The maximum alongshore velocity exists at the
center of the shelf slope, as distance from the entrance
increases.

(3) The steady barotropic flow can be formed in the
direction of the coastal trapped wave propagation dur-
ing the transient period like as the geostrophic adjust-
ment. Thus, in the northern hemisphere the barotropic
flow is formed at the right sidewall to the source of

disturbance, i.e., entrance or exit. Therefore, the exis-
tence of the shelf slope and bottom friction does not play
an important role in its formation.

(4) By using the model in which the ideal topogra-
phy around the Tsushima/Korea Strait is taken into
account and the flow system is driven by the sea level
difference, two branches of northward branch and east-
ward branch in the central part of the East China Sea
can be simulated. One northward branch is the clock-
wise flow along isobaths in the northern part of the East
China Sea, however its flow is weaken by the bottom
friction and offshore gradient of sea level along the
isobaths becomes small. Therefore, the other eastward
branch near the Tsushima/Korea Strait is formed in
order to compensate the insufficient sea level difference
between both sea areas.
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