La mer 42 : 73-82, 2004
Société franco-japonaise d'océanographie, Tokyo

A numerical experiment on the coastal and bottom
topographic effects of the Tokara Strait
on the Kuroshio flow

Miao Yang CHEN™ and Yoshihiko SEKINE"

Abstract : Coastal and bottom topographic effects of the Tokara Strait south of Kyushu on the
Kuroshio flow are studied by use of a two layer numerical model. It is shown that a western re-
gion of the Tokara Strait is essentially considered as a separation region of the Kuroshio from
the western boundary in the East China Sea and an anticyclonic eddy is formed in the separa-
tion region. It is also shown that the southwestward flow along the continental slope off
Nansei Islands is formed in the lower layer by the topographic guiding effect along the isopleth
of depth. The southwestward flow is also formed in a flat bottom model during the spin-down
period of the cyclonic eddy. This southwestward flow 1s an opposite direction to the northeast-
ward Ryukyu Current, which is not modeled in this study. As the Ryukyu Current is essen-
tially formed as a barotropic response to the seasonal change in wind stress, the vertically
homogeneous flow is expected. It is suggested that the Ryuku Current is blocked by this south-

westward flow and the vertical velocity change

(vertical velocity shear) is generated in the

Ryukyu Current, which agrees with the observational evidence.
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1. Introduction

It has been widely accepted that the Kuroshio
has a bimodal path characteristics in the
Shikoku Basin between a non-large meander
path and a large meander path (e.g. TAFT,
1972; N1TANI, 1975; IsHII et al., 1983). Recently,
the difference in the horizontal velocity distri-
bution of the Kuroshio through the Tokara
Stait south of Kyushu was especially noticed as
an important parameter of the selection of the
bimodal path of the Kuroshio. AKITOMO et al.
(1991, 1997) numerically showed that the
northward shift of the main Kuroshio axis in
southwest to Kyushu is formed during the
large meander path. A similar tendency is also
shown by observational data analyses (e.g.,
KAWABE, 1995; YAMASHIRO and KAWABE, 1996,
2002; Oka and KAWABE, 2003). As the simpli-
fied flat bottom is assumed in the numerical
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tailed discussion on the coastal and bottom
topographic effects of the Tokara Strait is
needed to draw firm conclusion on this prob-
lem.

In the present study, a realistic topography
of the Tokara Strait and Shikoku Basin south
of Japan are modeled and the coastal and bot-
tom topographic effects of the Tokara Strait on
the velocity distribution of the Kuroshio is ex-
amined. ZHANG and SEKINE (1995ab) modeled
realistic coastal and bottom topographies
south of Japan and examined the path dynam-
ics of the Kuroshio. However, since the inflow
of the numerical model was given at the west-
ern region of the Tokara Strait, detailed
coastal and bottom topographic effects of the
Tokara Strait have not been examined. There-
fore, the inflow of the numerical model is given
at east of Taiwan in the present study and the
topographic effects of Tokara Strait is exam-
ined.

Some numerical models with different model
characteristics are performed in the present
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Fig. 1. Schematic view of the model ocean shown by the isopleth of depth (in 1000 m). Two arrows show the re-
gion of the in-and outflow and regions shallower than 1000 m are stippled.

study and the coastal topographic and bottom
topographic effects are examined independ-
ently. Namely, the coastal topographic effect is
examined by the flat bottom model and the bot-
tom topographic effect is examined by the real-
istic bottom model, depending on the intensity
of the current velocity of in- and outflow. In
the followings, the details of the numerical
model and characteristics of each model are de-
scribed in the next section. The results of the
numerical experiments are mentioned in sec-
tions 3, summary and discussion are made in
section 4.

2. Numerical model

A two layer ocean with bottom and coastal
topographies shown in Fig. 1 is employed in
this study. Here, an isopleth of the depth of 150
m is assumed as the coastal boundary in the
East China Sea. The reduced gravity of the two
layer model is assumed to be 2.87 X 10 *msec 2.
The basic equations are the same as those of
ZHANG and SEKINE (1995ab). The system is
driven by stationary in- and outflow through
the open boundary.

As for the initial state, the flow is given only

in the upper layer and the lower layer has no
motion (Fig.2). Sinusoidal horizontal velocity
distribution of in- and outflow is assumed and
only northward (eastward) velocity compo-
nent is given at the inflow (outflow) boundary.
A viscous boundary condition is imposed on the
northern coastal boundary and a slip boundary
condition is imposed on the other open bounda-
ries. In the numerical calculation, we adopt a
rectangular grid with horizontal spacing of
18.7 Km along x - axis (eastward) and 15.8 Km
along y - axis (northward).

In the present study, 8 cases of numerical ex-
periments with different model character are
performed. Firstly, a flat bottom with the
coastal topography of Fig. 1 and with a con-
stant depth of 3800 m is assumed and the
coastal topographic effect is mainly examined.
Here, the different in- and outflow volume
transport of 30 Sv (1 Sv = 10°m® sec™), 55 Sv,
70 Sv and 80 Sv is given and the effect of non-
linear effect (advection) is also examined. The
four models with different in- and outflow are
referred to as F30, F55, F70 and F80. The range
of in- and outflow volume transport of the
Kuroshio, 30 Sv to 80 Sv, is essentially based on
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Initial condition of F30. Spatial distribution of (a) volume transport function, (b) upper layer thick-

ness, (¢) velocity fields of upper layer and (d) those of lower layer. The contour intervals of the volume
transport function and the upper layer thickness are 10 Sv and 50 m, respectively. Areas with negative vol-
ume transport function or thinner upper layer less than 500 m are stippled.

the observed geostrophic flow observations of
35 Sv—-55 Sv (Isobe and IMawaKI, 2002) and 30
Sv-65 Sv (IMAWAKI et al., 2001) and 40 Sv90 Sv
estimated from the sea level height
TOPEX/POSEIDON (IMAWAKI et al., 2001).
Secondly, the realistic coastal and bottom to-
pographies of Fig. 1 are employed and the bot-
tom topographic effect of the continental slope
1s furthermore examined. Here, similar four
models with different in- and outflow volume
transport of 30 Sv, 55 Sv, 70 Sv and 80 Sv are
carried out and they are referred to as T30,
T55, T70 and T80, respectively. As for these
four realistic bottom models, coefficient of
horizontal eddy viscosity is assumed to be 5 X
10’m’sec !, while a larger value of 1X10°m’ sec”
is assumed for the four flat bottom models.
Because the current over a flat bottom is es-
sentially unstable and the enhanced velocity is
induced. SEKINE (1992) pointed out by use of a
simplified two layer model proposed by IKEDA
(1983) that a western boundary current over
the flat bottom is baroclinically unstable, while
a flow over the continental slope south of

Japan is almost stable by the stabilizing effect
of the continental slope. Therefore, in order to
suppress the enhanced velocity in a flat bottom
model, larger coefficient of the eddy viscosity is
given for the flat bottom models. The numeri-
cal time integration of ten years is carried out
for each model and the numerical solutions in
the stationary state or quasi-stationary state
are analyzed.

3. Results

Results showing the statinary velocity fields
of 30 are displayed in Fig. 3. A coastal flow
along western and northern coasts is formed in
the upper layer and the total flow pattern
shows a non-large meander path. In the lower
layer, three anticyclonic eddies exist at south-
east of Kyushu and south of Shikoku and
southeast of Kii Peninsula. The volume trans-
port function showing the total transport in
the upper and lower layer and thickness of the
upper layer of F30 are shown in Fig. 4. Since
the lower layer has a larger layer thickness, ve-
locity fields of the lower layer is relatively



76 La mer 42, 2004

T T T T T T T T T

------- 3 =]
-8 UpPER LaYER : 359

— 200CM/S

Caam————

[o3]
o

Leems St it

I

4“
.

M)

EN

vt
1

LOVER LAYER
— 100CM/S

AN s s P E
oy
2PNV I

Ny

.
"
e v
:

1250z 130° 135° 140° 145°

Fig. 3. Result of F30 shown by (a) upper layer ve-
locity and (b) lower layer velocity in a station-
ary state. No velocity vectors less than 10 cm
sec ' in the upper layer and 5 cm sec ' in the
lower layer are plotted.

exaggeratedly appeared in the volume trans-
port function. A clear compensation of the sur-
face pressure gradient is not carried out by the
gradient of interface in the stationary state
(Fig. 4b) and a lower layer velocity is formed
(Fig. 3), which indicates the occurrence of the
baroclinic instability.

Stationary velocity fields of F55 are shown in
Fig. 5. Although essentially similar flow pat-
tern to F30 (Fig. 3) is obtained, amplitude of
the meander of the mean flow in the upper
layer is enhanced in F55. Two anticyclonic ed-
dies southwest of Kyushu and south of
Shikoku are also enhanced in the lower layer
and their existence is also detected in the upper
layer. A small cyclonic eddy is formed at south-
east of Kii Peninsula in the lower layer, which
is shown by C in Fig. 5.

In contrast to F30 and F55, a stationary solu-
tion is not obtained in F70 and F80. In both
cases, a large meander path is essentially
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Fig. 4. (a) Volume transport function and (b) the
upper layer thickness of F30 in a stationary
state. The contour interval is the same as in Fig.
2.

formed and a spin-up and spin-down of a
cyclonic eddy southeast of Kyushu is repeated
(Fig. 6). The large cyclonic eddy is formed in
the spin-up periods, while it decays in the spin-
down periods. The period of the spin-up and
spin-down of the cyclonic eddy is about 50 days
for both cases. The flow pattern during the
spin-up period of the cyclonic eddy essentially
corresponds to the small meander of the
Kuroshio southeast of Kyushu (SorLoMoN,
1978; SEKINE and ToBa, 1981ab), which is a
trigger meander prior to the formation of the
large meander path. However, the spin-up and
spin-down of the cyclonic eddy in the numerical
model give no large influence on the total flow
pattern of the Kuroshio south of Kii Peninsula
and the large meander path is formed station-
ary. As for the velocity fields of these models
(Fig. 7, a typical large meander path is
formed in the upper layer velocity south of Kii
Peninsula and the cyclonic eddy accompanied
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Fig. 5. Same as in Fig. 3 but for F55. The location of
the cyclonic eddy southeast of Kii Peninsula in
the lower layer 1s shown by c.

by the large meander path is formed in the
lower layer. Two anticyclonic eddies southeast
of Kyushu and south of Shikoku are signifi-
cantly enhanced and they are also clear in the
upper layer flow.

It is noted from Figs. 6b,d and 7a that in pe-
riods of the spin-down of the cyclonic eddy
sothwest of Kyushu, a southwestward flow
with a velocity of 30 cm sec ' is formed in the
lower layer at the southwestern part of the
anticyclonic eddy at the separation area. Al-
though the Ryukyu Current with an approxi-
mate maximum velocity of 50 cm sec™' (YUAN
et al., 1998) is not modeled in this numerical
model, the simulated southwestward flow is
the opposite direction to the observed north-
eastward Ryukyu Current along the continen-
tal slope off Nansei Islands. Therefore, it is
inferred that the southwestward flow formed
in F70 and F80 and the Ryukyu Current blocks
each other and their velocities are decreased. In
period of the spin-up of the anticyclonic eddy
(Figs. 6a,c and 7b), since the anticyclonic eddy

develops so eastward and the surrounding flow
of the anticyclonic eddy dominates, while the
southwestward flow is unclear.

It is also noticed that in F70 and F80 the
northward shift of the current path west of
Kyushu is more prominent in the upper layer
in comparison with those of F30 and F55. Con-
sidering that the large meander path is formed
in F70 and F80 and the non-large meander path
appears in F30 and F55, the northward shift of
the current path in case of the large meander
path agrees with the observational evidence
(KAWABE, 1995; Y AMASHIRO and KAWARE, 1996,
2002; OkA and KAWABE, 2003) and the results
of the numerical models so far proposed
(AKITOMO et al., 1991 and 1997). From the dif-
ference of the results between F30-F55 and F70
F80, it is resulted that the formation of the
large meander path in F70 and F80 is caused by
the northward shift of the current path west of
Kyushu and the downstream southward shift
by the topographic effect of Kyushu. Namely,
because the large northward shift in west of
Kyushu yields a large Rossby Lee wave in east
to Kyushu, the large meander path has a possi-
bility to be formed as a Rossby Lee wave which
induced by the topographic effect of Kyushu.

Although the non-large meander path is
formed in F80 of ZIANG and SEKINE (1995a),
the large meander path is formed in F80 of this
study. Because the non-large meander path in
their model is formed by the downstream
advection of the large meander, which yields
the decay of the large meander path. In the pre-
sent study, as the inflow 1s given at east of Tai-
wan (Fig. 1), the eastward velocity south of
Kyushu and its downstream advection of the
large meander path are weak and the large me-
ander path is formed. The difference between
the two models shows that the range of the
non-large meander path in the exceedingly
large current velocity of the Kuroshio south of
Japan.

Results of T30, T55, T70 and T80 are shown
in Fig. 8. Although time dependent quasi-
stationary solution is obtained in F70 and F80
(Figs. 6 and 7), the stationary solution is ob-
tained in T70 and T80. All the eddies formed in
the flat bottom models are relatively weak and
a coastal flow along the western and northern
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Fig. 6. Time change in the volume transport function of F70 at (a) 1200 days, (b) 1225 days, (c) 1250 days and
(d). 1275 days The contour interval of the stream [unction is 20 Sv. The regions with negative stream func-

tion are stippled.

boundaries is formed. In general, the bottom
topographic effect is enhanced in a two layer
model and the large meander appears in case of
significantly large offshore advection effect
from continental slope (e.g., SEKINE, 1990). It
should be noticed from the lower layer velocity
shown in Fig. 9 that the southwestward flow is
commonly formed along the continental slope
off Nansei Islands. The southwestward flow is
maintained stationary and it is confined to the
lower layer. Because the lower layer flow has a
strong tendency to flow along the contour of
f/h, where f is the Coriolis parameter and h is
the thickness of the lower layer, which is well
approximated by total depth, the southwest-
ward flow along the continental slope off
Nansei Islands is generated by the bottom
guiding effect along isopleth of depth.

As the northeastward Ryukyu Current flows
along the continental slope of the Nansei Is-
lands, the northeastward Ryukyu Current is
weakened by the opposite southwestward flow
simulated in the present model. Furthermore,
the Ryukyu Current is considered as a

barotropic response of the ocean to the seca-
sonal change in the wind stress (SEKINE and
KuTrsuwaba, 1994; KAGIMOTO and YAMAGATA,
1997), the vertically homogeneous flow is ex-
pected for the Ryukyu Current. However, it is
commonly observed that there exists a vertical
velocity change in the Ryukyu Current and the
Ryukyu Current is confined to the shallowest
margin of the continental slope off Nansei Is-
lands (YUAN et al., 1994, 1998; ZHU et al,2003).

As for these observational evidences, it is in-
ferred that the northeastward Ryukyu Current
is blocked by the southwestward flow with a
vertical velocity shear. Namely, the collision of
the southwestward flow and the Ryukyu Cur-
rent yields the vertical velocity change in the
Ryukyu Current. Together with the south-
westward flow formed in the flat bottom mod-
els, more detailed discussion will be made in the
next section.

4. Summary and discussion
We have examined the coastal and bottom
topographic effect of Tokara Strait on the
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70 and (d) T80 in a stationary state. The contour

55 are 10 Sv and those in T70 and T80 are 20 Sv. Areas with negative volume transport

rt function of (a) T30, (b) T55, (¢) T

Fig. 8. Volume transpo
intervals in T30 and T
function are stippled.
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velocity distribution of the Kuroshio south of
Kyushu, as a succeeding study of the numerical
experiment of ZHANG and SEKINE (1995a,b).
The main results of the present study are sum-
marized as follows:

(1) Tt is resulted from the numerical experi-
ments that the Tokara Strait is essentially con-
sidered as a separation region of the Kuroshio
from the western boundary in the East China
Sea. An strong anticyclonic eddy is formed in
this region in a flat bottom model and the
southwestward flow is formed in the lower
layer at the southwestern part of the
anticyclonic eddy during its spin-down periods.

(2) In the realistic bottom model, the south-
westward flow along the continental slope off
Nansei Islands is commonly generated by the
topographic guiding effect along isopleth of
depth. This southwestward flow is an opposite
direction to the Ryukyu Current and the
Ryukyu Current is blocked by the southwest-
ward flow. Although the Ryukyu Current is
essentially formed as a barotropic flow, the
vertical shear is observed. It is suggested that
the vertical shear of the Ryukyu Current is
caused by the blocking of the southwestward
flow.

(3) In case of the large meander path, the
northward shift of the current path at the
western region of the Tokara Strait is clear in
the upper layer in comparison with those in the
non-large meander path. This agrees with the
results of the previous observations and the nu-
merical studies so far proposed. It is suggested
that the large meander path is essentially con-
sidered as a Rossby Lee wave formed by the
coastal topography of Kyushu.

{4)  Although the non-large meander path is
formed in F80 in ZHANG and SEKINE (1995a),
the large meander path is formed in F80 of the
present study. As the inflow of ZHANG and
SEKINE (1995a) was made at the western region
of the Tokara Strait, the eastward advection of
the large meander path is enhanced. The range
of non-large meander path in exceedingly large
current velocity of the Kuroshio is suggested.

On the observed velocity distribution of the
Ryukyu Current, it is inferred that the ob-
served confinement of the Ryukyu Current to
the shallower margin of the continental slope
off Nansei Islands (YUAN et al., 1994; 1998; ZHU
et al., 2003) may be generated by the blocking
by the southwestward flow denoted in (2). Even
if the topographic effect of the continental
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slope i1s weak, the southwestward flow is
formed by the spin-down of the anticyclonic
eddy mentioned in (1), the residual flow may
be exists only in the margin of the continental
slope. It is also inferred that because the south-
westward flow is formed by the topographic
guiding effect of the continental slope off
Nansei Islands, the stronger southwestward
flow is mainly confined to the lower layer. If
the southwestward flow is formed during the
spin-down of the anticyclonic eddy, the surface
trapped southwestward velocity still exists in
the upper layer (Fig. 7a), there is a possibility
that the minimum of the southwestward flow
exists in the intermediate layer. Therefore, the
northeastward Ryukyu Current has a has a
maximum velocity at the intermediate layer
and the smallest blocking effect is expected in
the intermediate layer. This agrees with the ob-
served velocity maximum of the Ryukyu Cur-
rent at a depth of 600 m (YUAN et al., 1998).
However, more detailed discussion is needed to
explain the observed velocity distribution of
the Ryukyu Current, which will be carried out
in the next step of this study.

It is pointed out from (4) that the path pat-
tern of the Kuroshio depends on not only the
volume transport but also the velocity distribu-
tion at the Tokara Strait. YAMASHIRO and
KAWABE (2002) suggested the clear difference
in the shape of the Kuroshio axis south of Kyu-
shu between the large meander path periods
and the non-large meander path. They also
pointed out that a realistic flow through the
Tokara Strait should be given in the numerical
model, while the inflow should not be given at
the Tokara Strait as a boundary condition in
almost numerical model so far proposed. The
different results between F80 of the present
study and that of ZHANG and SEKINE (1995a),
which is mentioned in (4), correspond to this
event. Therefore, more realistic modeling south
of Kyushu including the Ryukyu Current is
needed in the next stage of this study.
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