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A numerical experiment on the path dynamics
of the Kuroshio south of Japan
Part 2. Bottom topographic effect”

Mingqiu ZHANG** and Yoshihiko SEKINE**

Abstract: On the basis of the results of Part I (Zhang and Sekine, 1995), effects of bottom and
coastal topographies on the path dynamics of the Kuroshio south of Japan are investigated by
using of a two layer model. The realistic coastal and bottom topographies south of Japan are
modeled and twelve experiments with different bottom slope, different volume transport of in-
and outflow and different coefficient of horizontal eddy viscosity are performed. In the cases
with the realistic bottom topography and relatively large horizontal eddy viscosity (A,=10"
cm’sec” '), current path flows along northern boundary and the large meander path is not
formed. As for these cases, main vorticety balance is made between the divergence term and
coupling term, which indicates the stability of the current path over the continental slope. This
tendency is also detected in the cases with decreased bottom slope (half ~ 1/10 of the realistic
bottom slope). However, formation of large meander path is carried out in the model with rela-
tively small eddy viscosity (A,=5X10°cm’sec "), decreased bottom slope (1/10) and large in-
and outflow volume transport of 80 Sv. In this case, large kinetic energy in the lower layer is
generated by the occurrence of baroclinic instability and the main vorticity balance is made
among advection, divergence and coupling terms, which shows the increase in the inertial ef-
fects in comparison with the cases with large eddy viscosity. It is suggested that the large me-

ander path is made by the baroclinic instability under strong inertial condition.

1. Introduction

The Kuroshio south of Japan has two repre-
sentative current paths between straight path
and large meander path. In Part 1 of the pre-
sent study (ZHANG and SEKINE, 1995), the
coastal topographic effect was examined by
use of a two layer flat bottom model. As the
succeeding study of Part I, we further investi-
gate the bottom topographic effect on the path
dynamics of the Kuroshio. There have been
various studies on the bottom topographic ef-
fect: if effects of friction and density stratifica-
tion are neglected, a geostrophic flow has a
very strong tendency to be vertically coherent
flow and runs along f/h contours, where f is
Coriolis parameter and h total depth of the
ocean (e.g. PEDLOSKY, 1979). Here, because
change in f is relatively small in local flow dy-
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namics, the flow actually runs along isopleths
of h. If effects of density stratification is con-
sidered, the tendency of vertical coherence is
weakened.

In the regions of the Kuroshio south of
Japan, there exist various bottom topographies
such as the continental slope and the Izu Ridge.
Most of the previous studies on the path dy-
namics of the Kuroshio have been focused on
the coastal topographies and intensity of vol-
ume transport (current velocity) (e.g. WHITE
and MCcCREARY, 1976; CHAO and MCCREARY,
1982; CHAo, 1984; Yoon and YAsuDa, 1987;
SEKINE, 1988; YAMAGATA and UMATANI, 1989;
AKITOMO et al., 1991). However, bottom topo-
graphic effects have not been fully discussed in
the previous studeies. SEKINE (1990) investi-
gated the bottom topographic effect south of
Japan. However, because the straight northern
coastal boundary topography is assumed in
SEKINE (1990), path dynamics of the Kuroshio
was not fully discussed. In this study, we ex-
amine the coastal and bottom topographic
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Fig. 1.
lower than 1000 m are stippled.

effects on the path dynamics of the Kuroshio
by use of a numerical model with realistic
coastal and bottom topographies south of
Japan.

2. Model

A two layer ocean with bottom and coastal
topographies shown in Fig. 1 is employed.
Here, coastal boundaries are the same as those
in Part 1 and only the realistic bottom topog-
raphies south of Japan are added. The basic
equations are the same as those in Part 1, ex-
cept for the vorticity equation. Because of the
inclusion of bottom slope, two topographic
terms, divergence and coupling terms, are

Model basin. Contour of isobar is shown by every 1000 m. Regions with depth shal-

added in the vorticity equation: the divergence
term estimates total divergence or conver-
gence of upper and lower layer over the bottom
slope, while the coupling term estimates
stretching or shrinking between the interface
gradient and bottom slope. The vorticity equa-
tion is as follows (for all the symbols, see Table
1 of Part 1):

In- and outflow systems, initial and bound-
ary conditions are also the same as those in
Part 1. In the present study, twelve runs with
different bottom topographies, horizontal eddy
viscosity, and in- and outflow volume trans-
port are performed (Table 1). Here, mean
depth of the model ocean is assumed to be 3800
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Table 1. Parameters and model conditions for the experiments.

In- and outflow

Bottom topographic

Coefficient of horizontal

Runs transport (Sv) parameter: a in (2) eddy viscosity (A, cm’sec™)
B30T 30 1.0 107
B55T 55 1.0 107
B80T 80 1.0 107
B30T05 30 0.5 107
B55T05 55 0.5 107
B80T05 80 0.5 107
B30TO01 30 0.1 107
B55T01 55 0.1 107
B80TO1 80 0.1 107
B30TO1E 30 0.1 5X10°
B55TOLE 55 0.1 5x10°
B80TO1E 80 0.1 5x10°

m and actual depth D (in meter) for each run
are given as

D=3800+ a (Dr—3800) (2)

where, Dr is the total depth of the realistic bot-
tom topography shown in Fig. 1. In the first
phase, the realistic bottom topography (a =1.
0) is given and three cases with different in-
and outflow volume transport of 30, 55 and 80
Sv (10%cm?®sec™') are performed (Table 1).
These runs are referred to as B30T, B55T and
B80T. In the second phase, because effect of
the bottom topography has a tendency to be
enhanced in a two layer model, six runs with
small bottom slope (a =05 and a =0.1) are
performed. Here, three different in- and out-
flow volume transport similar to the first phase
are imposed and they are referred to as B30T05,
B55T05 and B80T05 for runs with a =0.5, and
B30T01, B55T01 and B80TO01 for runs with a =
0.1. In the third phase, although relatively
large coefficient of horizontal eddy viscosity
(A,) of 107cm?®sec™ ! are assumed for all the
above runs, relatively small eddy viscosity
with A,=5X10%cm?ec™'is given for this case.
a is fixed to be 0.1 and three different in- and
outflow similar to the previous cases are per-
formed. So these runs are referred to as
B30TO1E, B55TO1E and B80TO1E.

3. Results
The results of B30T, Bb5T and B80T are

shown Fig. 2. Main current path commonly
flows along the northern boundary and large
meander path is not formed. Three runs have
similar velocity patterns and it is shown from
the velocity fields of B80T (Fig. 3a) that the
main current in the upper layer flows along the
northern boundary and goes over the Izu
Ridge. It is detected from the spacial distribu-
tion of the term balance in the vorticity equa-
tion (1) of B80T (Fig. 4) that main vorticity
balance is made by divergence term and cou-
pling term. This balance indicates the
barotropic (divergence) and baroclinic (cou-
pling) adjustment of the flow over the bottom
slope. The upper layer mean flow over the con-
tinental slope is almost stable (e.g., SEKINE,
1992) and formation of large meander path is
suppressed.

The results of B30T05, B55T05 and B80T05
are shown in Fig. 5. All the current paths flow
along the northern boundary and large mean-
der path is not formed. Almost similar results
are obtained for B30T01, B55T01 and B80TO01
shown in Fig. 6. It is shown from the vorticity
balance of these models (not shown) that al-
though the advection term is enlarged in com-
parison with the cases of a =1, it is still smaller
than the two bottom topographic terms and
the vorticity balance is almost similar to that
shown in Fig. 4. However, a different process is
detected in early stage of B80T01 (Fig. 6¢): the
cyclonic circulation south of Shikoku is formed
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Results of the cases with @ =1 and A,=10cm’ec™' shown by the isopleth of vol-

ume transport function (stream function) and upper layer thickness (interface). (a)
B30T, (b) B55T and (c) B80T. The contour interval of the volume transport function
is 5 Svin (a), 10 Sv in (b) and 20 Sv in (c). Contour interval of the upper layer thick-
ness is 50 m. Regions with negative volume transport function and those with the
upper layer thickness thinner than 500 m are stippled.

by 100 days but decays in a short time. Fur-
thermore, the anti-cyclonic circulation off
Shikoku is advected eastward and a relatively
large anti-cyclonic circulation is formed over
the Izu ridge. During the advection of the anti-
cyclonic circulation, the upper layer thickness
does not correspond to the change in the vol-
ume transport function (Fig. 6d), which indi-
cates that this processes is a barotropic
phenomenon. It is suggested that the anti-
cyclonic circulation off Shikoku is advected by
the larger eastward mean flow and blocked by
bottom topography of the Izu Ridge. It is also
suggested that because the main flow runs
rather northward in the eastern side of the Izu
Ridge, the eastward advection of the anti-
cyclonic circulation is suppressed by the weak-
ened eastward flow.

Results of B30TO01E, B55T01E and BS8O0TOIE
with relatively small coefficient of horizontal
eddy viscosity are shown in Fig. 7. Current
paths of B30TO1E and B55T01E (Fig. 7a,b) flow

along the northern boundary and the straight
path is formed. Eastward advection of the anti-
cyclonic circulation off Shikoku, which is simi-
lar to B80TO1 (Fig. 6¢), occurs in B55T01E in
periods of 300 ~ 550 days. In B80TO1E (Fig.
7c), a cyclonic eddy east of Shikoku is formed
and a stable large meander path is formed after
about 250 days. The cyclonic eddy accompa-
nied by the large meander path develops
slightly upto about 1000 days. The velocity
fields (Fig. 3d) show a different flow pattern
from those of the above models: the main upper
layer flow shows the separation in south of Kii
Peninsula and significant cyclonic eddies and
anti-cyclonic eddies are formed in the lower
layer.

The time change kinetic energy in the lower
layer is shown in Fig. 8. The kinetic energy of
B80T, B80T05 and B80TO1 attains stationary
value in relatively early stage by about 300
days, however, that of BBOTO01E increases upto
about 1000 days. Because the large meander
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plotted.

The increase in the kinetic energy in the lower
layer is also detected in B80T01, of which peri-

ods coincides with the development of the anti-

path is formed before 1000 days, the large ki-
netic energy in the lower layer of BS8OTO1E in-
dicates the occurrence of baroclinic instability.
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Fig.4. Mean spatial balance of vorticity change estimated in the vorticity equation (D) for
the case of B80T. Averaged values over 1500- 2000 days are plotted. The contour inter-
val is 7X 10"'sec? and regions with negative vorticity change less than —7X10"sec™*
are stippled.
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Fig. 6. Same as in Fig. 2 but for the runs with a =0.1. (a) B30TO1, (b) B55T0L and (c)
B80TO1 and (d) the upper layer thickness of B80TO0L.

cyclonic eddy off Shikoku shown in Fig. 6c.
However, the increase of the kinetic energy is
ceased after 50 days, which indicates the finish
of the occurrence of baroclinic instability. It is
inferred that the ending of the baroclinic insta-
bility causes no occurrence of the large

meander path in B80TO0L. It is shown from the
velocity fields of B8OTO1E (Fig. 3d) that the
cyclonic eddy south of Kii Peninsula is promi-
nent in the lower layer, which agrees with the
observational evidence (ISHI et al., 1983; SEKINE
et al., 1985) that the cyclonic eddy accompanied
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by the large meander path of the Kuroshio has
a deep structure and it is not confined to the
upper layer. It is suggested that the observed
cyclonic flow structure in the deep layer is as-
sociated with the baroclinic instability of the
mean flow.

The spatial distribution of the vorticity
change in Eq. (1) of B80TO1E is shown in Fig.
9. It should be noted that the dominant balance

between divergence term and coupling term
shown in Fig. 4 is weakened and the main bal-
ance is made among the advection, coupling
and divergence term. It is resulted that large
advective effect is further necessary for the for-
mation of the large meander path.

4. Summary and discussion
As a succeeding study of Part 1 (ZHANG and
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SEKINE, 1995), we have examined the bottom
and coastal topographic effects on the path dy-
namics of the Kuroshio by use of a two-layer
numerical model. The main results of the pre-
sent study are summarized as follows:

(1) A straight path is formed in case with the
realistic bottom topography (a =1) and rela-
tively large eddy viscosity (A,=10"cm?’sec™!).
It is shown from the vorticity balance that di-
vergence term and coupling term are balanced,
main flow in the upper layer over the continen-
tal slope is stabilized by the topographic effect
of the bottom slope and the formation of large
meander path is suppressed.

(2) A straight path is also formed in the
cases with decreased bottom slope (a =0.5 and
0.1) and relatively large eddy viscosity. In the
run of B80TO01, anti-cyclonic circulation off
Shikoku is advected eastward and a relatively
large anti-cyclonic circulation is formed over
the Izu Ridge. This is due to the advection by
large eastward mean flow and blocking by bot-
tom topography of the Izu Ridge.

(3) A stable large meander path is formed in
the case (B80TO1E) of small eddy viscosity
(A»=5X10%m%sec™Y, small bottom slope of a =
0.1 and large in- and outflow volume transport
(80 Sv). Large kinetic energy in the lower
layer is generated in thes case, which indicates
the occurrence of baroclinic instability. The
main vorticity balance is made among diver-
gence, coupling and advection terms. It is sug-
gested that the baroclinic instability with
strong inertial effect is necessary for the gen-
eration of large meander path under the stabi-
lized effect of continental slope.

On the whole, the current path is stable and
formation of large meander path is suppressed
in comparison with the results of Part I. It is
suggested by SEKINE (1992) that a flow over
the continental slope south of Japan is almost
stable by use of a simplified model proposed by
IKEDA (1983). For the generation of a large me-
ander path, a flow must go across isopleths of
depth of the continental slope and large iner-
tial effect is necessary. This causes the differ-
ence between the results of the present study
and those of Part 1. However, it is shown from
this study that the topographic effect is weak-
ened if the coefficient of horizontal eddy

1995

viscosity is decreased. Because observed flow
character viewed from satellite imagery is gen-
erally perturbed more significantly than the
flow pattern of B80OTOLE, it is indicated that
more turbulent flow should be modeled in nu-
merical experiment. To examine this point, a
model with higer spatial resolution is neces-
sary.

It was shown by Part I that a small mean-
der southeast of Kyushu is stable and en-
hanced cyclonic eddy is formed on its coastal
side. This result is not consistent with the ob-
servational evidence that almost of small me-
ander off Kyushu decays in a several months
(SEKINE and ToBa, 1981). However, because a
few of the small meanders off Kyushu shifts
eastward and develops into large meander path
(e.g., SHOJIL, 1972; KAWABE, 1980; SEKINE, 1992),
time evolution of the small meander is very im-
portant for the path dynamics of the Kuroshio.
In the present study, clear small meander with
a cyclonic eddy off Kyushu is not simulated for
all the cases. It is shown by SEKINE and ToBa
(1981) that the formation of the small meander
off Kyushu is carried out in periods of the in-
crease in the Kuroshio velocity at the Tokara
Strait. Although the time change in the vol-
ume transport is not considered in the present
study, the time change in the volume transport
(current velocity) is necessary for the simula-
tion of dynamics of the Kuroshio south of
Japan.
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