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A numerical experiment on the path dynamics
of the Kuroshio south of Japan
Part 1. Coastal topographic effect’

Mingqgiu ZHANG™* and Yoshihiko SEKINE""

Abstract: Effects of the coastal topography on the path dynamics of the Kuroshio are studied
by use of a two layer numerical model. Realistic coastal topographies south of Japan with a flat
bottom is employed as Part 1 of this study. A straight path is formed when in- and outflow vol-
ume transport is relatively small (30 Sv). If the in- and outflow volume transport of 55 Sv is
given, two cyclonic eddies southeast of Kyushu and Kii Peninsula and two anti-cyclonic eddies
southwest of Kyushu and south of Shikoku are formed and a large meander path is formed. It
is shown from vorticity balance that advection term is balanced with the planetary beta term
in offshore region, while the advection term is balanced with the friction term near the coastal
boundary. If in- and outflow volume transport of 70 Sv is given, more amplified large meander
path is formed. However, if the in- and outflow volume transport is increased to 80 Sv, a differ-
ent flow pattern with the dominant eastward flow from south of Kyushu is formed. It is
pointed out that a critical maximum volume transport exists for the generation of large mean-
der path. In the cases with large meander path, current path commonly separates from the
Cape Muroto. If only the coastal topography corresponding to the Kii Peninsula is excluded
from the numerical model, separation point of the mean flow at the Cape Muroto is not
changed. However, the separation point shifts to east of the Cape Muroto, if the coastal topog-
raphy corresponding to the Cape Muroto is excluded. If both coastal topographies of the Cape
Muroto and Kii Peninsula are excluded, the separation point shifts further downstream. It is re-
sulted that the topographic effect of the Cape Muroto has an important influence on the path

dynamics of the Kuroshio south of Japan.

1. Introduction

The kuroshio south of Japan is a western
boundary current of the subtropical circulation
in the North Pacific. It has been widely ac-
cepted that the Kuroshio has a bimodal path
characteristics between a straight path and a
large meander path (e.g., TAFT, 1972; NITANI,
1975; Isuii et al., 1983). There have been various
studies on the bimodal path dynamics of the
Kuroshio. In early studies (e.g. WHITE and Mc-
CREARY, 1976; CHAO and MCcCREARY, 1982;
MASUDA, 1982), the Kuroshio takes large mean-
der path when the volume transport and/or the
current velocity of the Kuroshio is relatively
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small, because the large meander of the
Kuroshio is considered essentially as a station-
ary Rassby wave in the zonal flow. In contrast
to these studies, it is shown by some later
studies (e.g. YOON and YASUDA, 1987, SEKINE,
1988; 1990; AkiToMO et al, 1991) that the
Kuroshio takes the large meander path when
the volume transport is relatively large. The
difference between the early and later studies
is the inclusion of topographic effect of north-
ern coastal topography inclination from zonal
direction in the later studies. In particular,
AkiTOMO et al. (1991) showed important topo-
graphic effects of Kyushu and Kii Peninsula on
the path dynamics of the Kuroshio. They also
showed that these topographies give mean
flow the positive vorticity, which is necessary
for the generation of large meander path. How-
ever, because coastal topographies south of
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Fig. 1. (a) Domain of numerical experiments (stippled area) of F30, F55, F70 and F80
shown in Table 2. (b) Domain of FKN55, (c) FMN55 and (d) FMKN55. Closed areas
in (b), (¢) and (d) are excluded from the domain of (a). Two arrows in (a) indicate
the boundary with in- and outflow.

Japan are significantly simplified in their
model, details of the coastal topographic effects
south of Japan were not fully discussed.

In the present study, we model more realistic
topographies south of Japan and examine the
coastal and bottom topographic effects on the
path dynamics of the Kuroshio. As Part 1 of
this study, we assume a flat bottom ocean with
a depth of 3800 m and coastal topographic ef-
fects on the path dynamics of the Kuroshio are
examined. The bottom topographic effects of

the continental slope and Izu Ridge will be dis-
cussed in Part 2 of this study (ZHANG and
SEKINE, 1995). In the following, model charac-
teristics are described in the next section, re-
sults of numerical experiments in section 3 and
summary and discussion in section 4.

2. Numerical model

A two layer ocean is assumed and the upper
layer and lower layer have a constant density
o and o + A p, respectively. We adopt a
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Fig. 2. Initial condition of F30. (a) Spatial distribution of volume transport function, (b)
upper layer thichness, (c¢) 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 5 Sv and 50 m, respectively. Areas with negative volume transport or thinner
upper layer thickness less than 500 m are stippled.

Cartesian coordinate system on a S8 plane with
z-axis to east, y-axis to north and z-axis to up-
ward. The vertically integrated equations for a
two-layer Boussinesq fluid in hydrostatic bal-
ance are

Gthl _ 614%/11 “auﬂJ]h] _L hﬁ
ot ox oy po " or
+fvihy + AV ik (1)
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where

h=H+n, {79 H, 7
h.=D—H—n. (8)

The rigid lid approximation is assumed and
we introduce the total volume transport func-
tion
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U1h1+u2h2:_‘g“$‘, (9)
vihi+ Uzhz:%. (10)

Then, the equations (1)-(6) are transformed
into the vorticity equation for the barotropic
mode with a flat bottom ocean:
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horizontal velocity distribution of in- and out-
flow is assumed and only eastward velocity
component is given at the boundaries:

(uy, vy) = (ug sin{%y}, 0), (18)
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and shear equation for the baroclinic mode:

Table 1. List of symbols

%St—“ - —%f—gg% 1S, + AV, . —
Coul duw +M N Busvs 12) u:(i=1, 2) velocity in the x-direction
or oy or oy vi(i=1, 2) velocity in the y-direction
oS, h(i=1, 2) layer thickness
ja‘f_ - 4%9% S AVA, n interface deviation positive downward
_ Ouwy  Ovt n Ousvy +@ (13) from mean interface level
ox oy or oy’ D total depth (D=3.8x%10°cm)
where H mean upper layer thickness (H=4.0 X
10‘cm)
7= i(ﬂ) +i(ﬂ> (14) ¢ surface deviation from average surface
0x \ Dox /oy \ Doy level
Su= uwi— u (15) f Coriolis parameter (f,=6.19 X 10 *sec ")
B linear change rate of the Coriolis pa-
S,=v,i— v» (16) rameter in the y-direction ( 8 =2Xx 10"
cm sec™")
The continuity equation for the above system g acceleration due to gravity (¢=980cm
is sec™®)
o0 dhats hs g reduce(?zgraV1ty (g*(Ap/p) Xg=287
o= on + 3 an cm sec %) .
O mean density over the upper and lower
The symbols used in the above equations are layer
tabulated in Table 1. Schematic view of the Ap density difference between upper and
model ocean is shown in Fig.l. The system is lower layer
driven by in- and outflow through the open A, horizontal eddy viscosity coefficient
boundary. For the initial state, the flow is (A,=10"cm?*s™")
given only in the upper layer and the lower Subscripts quantities in the upper and lower layer,
layer has no motion (Fig. 2). Sinusoidal 1 and 2 respectively
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Table 2. Parameters, in- and outflow transport, coastal topographies
for the experments discussed in this study

Volume transport of  Maximum Velocity of inflow  Topography of Kii Topograhpy of

Runs in- and outflow (Sv) uo(cm sec™) in (18) Peninsula Cape Muroto
F30 30 61.9 Yes Yes
F55 55 100.7 Yes Yes
F70 70 121.1 Yes Yes
F80 80 133.7 Yes Yes
FKNb5 55 100.7 No Yes
FMNb5 55 100.7 Yes No
FMKNb55 55 100.7 No No
d
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Fig.3. Result of F30 shown by (a) volume transport function (upper) and the upper layer
thickness (lower) and (b) upper and lower layer velocity fields. The contour interval
in (a) is the same as in Fig. 2. No velocity vectors less than 5 cm sec™ are plotted.
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Fig. 4. Same as in Fig. 3 but for F55. The contour interval of the volume transport func-

tion is 10 Sv.

Where L=158 Km is the width of in- and out-
flow, u, is the maximum velocity at the center
of in- and outflow. Viscous boundary condition
is imposed on the northern boundary and slip
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 z - axis and 15.8 Km along y - axis.
In the present study, seven cases of numeri-
cal experiments with defferent model character
are performed (Table 2). Firstly, the realistic
coastal topography shown in Fig. 1 is assumed
and different in- and outflow volume transport
of 30 Sv (1 Sv 10* cm®sec™), 55 Sv, 70 Sv

and 80 Sv are given, which are referred as F30,
Fh5, F70 and F80, respectively. Secondly, to see
the specified topographic effect of Cape Muroto
and Kii Peninsula, additional three experi-
ments are performed: the coastal topography of
Kii Peninsula is excluded in FKN55 (Fig. 1b).
In next, the coastal topography of Cape Muroto
is excluded in FMN55 (Fig. 1c) and both Cape
Muroto and Kii Peninsula are excluded in
FMKNS55 (Fig. 1d) . These models are driven
by the in- and outflow with the volume trans-
port of 55 Sv. The horizontal velocity distribu-
tion of in- and outflow at the boundaries is
similar to all experiments and u, in (18) is
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Fig. 5. Spatial distribution of vorticity change in Eq. (11) for F55 averaged over 1500—
2000 days. The contour interval is 16X 107" s and regions with negative value less

than —1.5X107"* s are stippled.

listed in Table 2.

3. Results -

The result of F30 is shown in Fig. 3. The cur-
rent path is stable and flows along northern
boundary. The velocity fields (Fig. 3b) show
that the upper layer flow runs along the north-
ern boundary. Some anti-cyclonic circulations
are detected in southwest of Kyushu, off
Shikoku and off Enshu-nada in the lower layer.
The result of F55 (Fig. 4) shows that two
cyclonic eddies are formed in southeast of
Kyushu and east of Kii Peninsula and total
flow pattern shows an observed large meander
path after about 250 days. This large meander
path is stable and maintained stationary. It is
showed from the velocity fields (Fig. 4b) in the
upper layer that two separation of the current
path are detected at southeast of Kyushu and

at east of Kii Peninsula. In the lower layer, two
cyclonic circulation southeast of Kyushu and
east of Kii Peninsula are more enhanced in
comparison with F30. In order to see basic dy-
namics of a large meander path of Fb5, spatial
distribution of the vorticity change in Eq. (11)
is shown in Fig. 5. It is shown that the friction
term is mainly balanced with advection term
near the coastal boundary, but the planetary
beta term is mainly balanced with advection
term in offshore region. It is resulted that ob-
tained large meander path is essentially consid-
ered as a stationary Rossby wave. It should be
noticed that the advection of negatibe vorticity
from Cape Muroto is prominent, which shows
that current path separates from Cape Muroto
and forms the large meander path by the plane-
tary beta effect.

Almost similar flow pattern to F55 is de-
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Fig. 6. Same as in Fig. 3 but for F70. Contour interval of the volume transport function is

20 Sv.

tected in F70 (Fig. 6). However, the large me-
ander path is relatively amplified. The volume
transport of two cyclonic eddies southeast of
Kyushu and Kii Peninsula are about 48 Sv and
28 Sv, while those of F55 are 19 Sv and 7 Sv, re-
spectively.

Enhanced large meander path is also gener-
ated in early stage of F80 (Fig. 7.) However,
after about 250 days, the cyclonic eddy south-
east of Kyushu is weakened and a northward
flow east of Kyushu is changed to flow east-
ward. This eastward flow is further developed
and it runs zonal direction to southeast of Kii
Peninsula. Conversely, the cyclonic eddy off

Kii Peninsula shifts westward and a weak wide
cyclonic area is formed in the northern side of
zonal flow. Anti-cyclonic circulation develops
on southern side of the zonal flow. Because
this zonal flow is due to large eastward
advection by the mean flow, this flow is consid-
ered as a new flow pattern that exists in larger
nonlinear (inertial) stage than the large mean-
der stage appeared in F55 and F70. It is sug-
gested that there exists a critical maximum in-
and outflow volume transport and/or current
velocity for the generation of large meander
path.

Spatial distribution of volume transport
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Fig. 8. Results shown by the horizontal distribution of volume transport function. (a)
FKNB55, (b) FMN55 and (¢) FMKN55. The contour interval is 10 Sv and regions with

negative value are stippled.

function of FKNb5 is shown in Fig. 8a. Al-
though large meander path is almost similar to
F55, volume transport of the cyclonic eddy off
Kii Peninsula with 12 Sv is larger than that of
F55 (7Sv). It is shown from the spatial distri-
bution of vorticity change (Fig. 9a) that the
advection of negative vorticity from Cape
Muroto is very significant, which suggests that
current path separates at Cape Muroto.

To see this more clearly, the contours of 10
Sv, which represents the northern latitude of
the mean flow, is shown in Fig. 10. It is noted
that almost common spacial distribution of 10
Sv contour is detecetd between F55 and
FKNbG5. It is thus resulted that the separation
point at the Cape Muroto is not changed, even
if the coastal topography of Kii Peninsula is ex-
cluded. Result of FMN55 (Fig. 8b) shows that
the current path runs along the northern
boundary off Shikoku. In comparison with the
flow pattern of F55 (Fig. 4), current path off
Cape Muroto shifts to further northeastward.
The spatial distribution of the vorticity change
(Fig. 9b) shows the advection of negative
vorticity from Kii Peninsula. it is indicated
from Fig. 10 that the separation of the current
path of FMNb55 shifts downstream in compari-
son with F55. The eastward shift of the separa-
tion point is more enhanced in FMKN55. It is
concluded that the separation point of the cur-
rent path shifts eastward, if the coastal topog-
raphy of Cape Muroto is excluded, however,
the separation point is not changed if the kii
Peninsula is excluded.

4. Summary and discussion

We have examined the coastal topographic
effect south of Japan on the path dynamics of
the Kuroshio path. As a Part I of this study, a
flat bottom model with a depth of 3800 m is as-
sumed. The main results are summarized as
follows:

(1) Only a stationary straight path is
formed, if in- and outflow volume transport is
30 Sv. However, a large meander path is
formed, if in- and outflow volume transport of
55~70 Sv is given. It is shown from spatial dis-
tribution of the vorticity change that
advection term is balanced with friction term
near the northern boundary, while advection
term is balanced with planetary beta term in
offshore region. The large meander path is
considered as a stationary Rossby wave.

(2) In case with in- and outflow volume
transport of 80 Sv, dominant zonal flow from
south of Kyushu to southeast of Kii Peninsula
is formed by the large eastward advection of
the main flow. It is shown that there exists a
critical maximum in- and outflow volume
transport and/or current velocity for the gen-
eration of a large meander path.

(3) If the topography of Kii Peninsula is ex-
cluded from the model, large meander path is
almost similar to the case with realistic coastal
topography and separation point of the current
path from the northern boundary is not
changed. However, if the topography of Cape
Muroto is excluded, separation point shifts to
downstream. It is resulted that the current
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. 10. Contour of the 10 Sv volume transport, which
represents the northern most latitude of the
mean flow. Coastal topographies for each model
are also shown.

path has a strong tendency to separate at Cape
Muroto.

In the above results a large meander path is o

formed when the volume transport is relatively
large in the present study. This result agrees
with the later studies (YOON and YASUDA, 1987;
SEKINE, 1988, 1990; AKITOMO et al. 1991) with in-
clined coastal topography south of Japan. It is
pointed out that the inclusion of northern
coastal topography from east-west direction is
necessary for the investigation of the path dy-
namics of the Kuroshio south of Japan.
YamacaTa and UmaTant  (1989)  and
AKITOMO et al. (1991) showed the important
topographic effect of Kii Peninsula for a large
meander path. However, it is shown from this
study that large meander path usually sepa-
rates from Cape Muroto. It is needed to con-
sider the details of the coastal topographic
effects south of Japan on the actual path dy-
namics of the Kuroshio. Although only the
coastal topographic effect has been studied in
the present study, topographic effect of the bot-
tom slope is also important for the path dynam-
ics of the Kuroshio. "As the Part I of this

study, the topographic effect of the continental

slope south of Japan and Izu Ridge will be ex-
amined.

33, 1995

Acknowledgment.

The numerical calculations were carried out
on a VP-2600 of Nagoya University and on a
FACOM M-760 of Mie University. This study
was supported by a Graind in Aid for Scientific
Research from the Ministry of Education, Sci-
ence of Culture of Japan (05640475).

Reference

Axkrromo, K, T. Awan and N. Imasato (1991):
Kuroshio path variation south of Japan. 1
Barotropic inflow-outflow model. J. Geophys.
Res., 96, 2549-2560.

CHAO, S. Y and J. P. McCreary (1982): A numerical
study of the Kuroshio south of Japan. ]J. Phys.
Oceanogr., 12, 680-693.

Isun, H.,; Y. SEKINE and Y. Topa (1983): Hydrographic
structure of the Kuroshio large-cold water mass
region down to the deeper layers of the ocean. J.
Oceanogr. Soc. Japan, 39, 240-250.

Masupa, A (1982): An interpretation of the bimodal
. character of the stable Kuroshio path. Deep-sea

" Res,, 29, 471-484.

Nitang, H. (1975): Variation of the Kuroshio south of
Japan. J. Oceanogr. Soc. Japan, 31, 154-173.

SEKINE, Y. (1988): Coastal and bottom topographic ef-
fects on the path dynamics of the west boundary
current with special reference to the Kuroshio
south of Japan. La mer, 26, 99-114.

SEKINE, Y. (1990): A numerical experiment on the
path dynamics of the Kuroshio with reference to
the formation of the large meander path south of
Japan. Deep-sea Res., 37, 359-380.

TAFT, B.A. (1972): Characteristics of the flow of the
Kuroshio south of Japan. In: Kuroshio - Its physi-
cal aspects, H. Stommel and K. Yoshida, editors,
Univ. Tokyo Press, pp. 165-214.

Wuite, W.B. AND JP. McCreary (1976): The
Kuroshio meander and its relation-ship to the
large scale ocean circulation. Deep-Sea Res., 23,
33-47.

YAaMAGATA, T. and S. Umatant (1989): Geometry-
forced coherent structure as a model of the
Kuroshio large meander. J. Phys. Oceanogr., 19,
130-138.

YooN J. H. and I. Yasupa (1987): Dynamics of the
Kuroshio large meander. Two-layer model. J.
Phys. Oceanogr., 17, 66-81.

ZHANG, M. and Y. SExINE (1995): A numerical experi-
ment on the path dynamics of the Kuroshio
south of Japan. Part 2 Bottom topographic effect.
La mer 33, 77-87.



Coastal and bottom topographic effects on the path of Kuroshio 1

HAREE - 0 B o /171 B9 % #fE R
B PERMERIR

ok HERK - BIMREE

E5 . TEMEEFVER O THAREROBERE O T 2BEESREE . JoWK
O 1HE LT, 3800m OHEBHBELRE L 7z. RHEACHED 30Sv OBAITIEEERESA U
3. HHIAGED 55Sv DA I 3N OEE L LFAEEOMBEICBREAMER & h, KIETHE
LS. BENT Y ROBICLD, MTRBHELREN-FIEE, B TREBHRE S TR
NS VA LTWS T EWRENS. BREBAKRESD 10Sv OBAICR L VRIBOK & WRIBFTHRER
HE Uk, UL, REAGERD 80SY OBAICIZUN DR, SHET AREEHSHE U, KIETTHRE O
BRICOWTHER R © FRMH 3 EREN. KETRBSELCLETFVTREFIED S
RSB L7, OB BRI A £ EFAVTREFFOHERBOBERIE DL 5L LA,
FEFRIHARNY £-HEFAVTRERT AEABEP L D EICHE L. LR L EFRORERIE
AR E-HEFNVTRERET 2RI SKEOTHICHET 2. B IEFIROREMENEE
BREAERZLTWA I EWRENT.

(6



