Bull, Fae. Bioresources, Mie Univ.
No.l4: 25—50
March 25. 1995

A Numerical Experiment on the Coastal Effects
on the Western Boundary Current.
Part I Effect of Inclined Coastline

Yoshihiko SEKINE and Akiya AsO

Faculy of Bioresources, Mie University

Abstract

Effect of coastal topography on the western boundary current is studied by use of a
barotropic numerical model with special reference to the effect of inclination of the
northern boundary from zonal direction. Detailed flow patterns of the numerical
experiment are presented in this paper. It is resulted from the numerical experiment
that there exists two representative flow pattern: one flow pattern is a meander flow and
the other is a straight flow along northern boundary. In case of the meander flow
pattern, spin-up and spin-down of the cyclonic eddy accompanied by meander flow are
carried out. Meander flow pattern has a tendency to appear in the cases with zonal
northern boundary. Chaotic change from meander pattern to straight flow pattern
occurs in the case with the inclination of 10° and relatively small eddy viscosity.
Straight flow pattern has a tendency to appear in the cases with the large inclination of
the northern boundary from zonal direction.

1. Introducion

The Kuroshio, the western boundary current in North Pacific has a peculiar nature and shows bimodal
path characteristics: a straight path and a large meander path'™® . Such large meander path is not
observed in the Gulf Stream System and other western boundary currents” . The large meander in the
Kuroshio has been studied by many investigators, and it has been shown that the large meander of the
Kuroshio has a character of a stationary Rossby wave in the zonal flow and that the configuration of the
coastal line is essential in dynamics of the Kuroshio meander® . The western boundary of the North
Pacific Ocean is not straight and it runs rather zonally to the south of Japan. The Kuroshio flows
almost eastward, and a Rossby wave can be easily generated there. In the present study, the coastline
is simplified as shown in Fig. 1 and the coast south of Japan will be called as a northern coast for
simplicity.

In early studies®®, it was argued that the Kuroshio takes large meander path when its volume
transport andor current velocity is relatively small while in later studies” ™, that the Kuroshio
takes the large meander path when the volume transport is relatively large. The difference between these
two groups is whether inclusion of the effect of the north coast from the zonal direction is taken into
account in the later studies or not taken into account in the early studies.

Sekine'” examined the effect of the inclination of the north coast, and showed that the western boundary

current is unstable and a meandering flow is formed when it flows zonally. In contrast, if the northern
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coast inclines considerably from the zonal direction, the current is stable and flows in a straight path
pattern along coast. In the previous paper” , however, the northern coast in the meridional direction
corresponding to the eastern coast of Honshu, Japan was not included in the model. In this paper, the
effect of the inclination of the north coast will be examined further, including the northern coast in the

model shown in Fig. 1.

2. Numerical model

A homogeneous ocean with a depth of 1000 m is assumed. We adopt a Cartesian coordinate system on
a B plane with x-axis to east, y-axis to north. The vertically integrated equations under rigid lid

approximation and hydrostatic balance are transformed into the vorticity equation:
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The symbols used in the above equations are tabulated in Tablel. The system is driven by in- and
outflow with a volume transport of 55 Sy (1Sv = 10% ecm®sec™). Inflow is given at the southern boundary
and outflow at the eastern boundary. Sinusoidal horizontal velocity distribution of the in- and outflow

is assumed and only northward velocity component is given at the southern open boundary:
$=¢o~docos (7x/Li) for0sxsL; B-1),
$=2¢, forL; £ x 8-92),

where ¢ois a half of the total transport of the in- and outflow and L: (=187km) is the width of the
inflow (Fig. 1). The Similar boundary condition is imposed at the eastern outflow boundary.

6 =26, for 05y <1020.5km (4—1),
¢ =0¢o—dscos (n (y=1020.5)/Lo) for 10205km =y 4-2),

where Lo (=157km) is the width of the outflow. Viscous boundary condition is imposed on the
northern boundary and slip condition is imposed on the others boundaris. In the numerical caleulation,
we adopt a rectangular grid with horizontal spacing of 18.7km in west-east direction and 15.7km in
southnorth direction.

In the present study, eight cases of numerical experiments with different model character are
performed (Table2). Firstly, a relatively small eddy viscosity with Ax = 5X10°cm’sec™ is assumed
and coastal topographic effect is examined by use of four models with different inclination of northern
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boundary from zonal direction (Fig. 1). Models with the inclination from zonal direction (8 in
Pig. 1) with0°, 10°, 20° and 30° are referred to as VOOSE, V10SE, V20SE and V30SE, respectively
(Table, 2). Secondly, similar four experiments are performed assuming relatively large eddy viscosity
with A, = 1X10"em’sec™, of which four models with the similar inclination of the northern boundary
from zonal direction are referred to as VOOLE, VIOLE, V20LE, and V30LE, respectively.

Table1 List of symbols

t :time

x :eastward component of Cartesian coordinate

y :northward component of Cartesian coordinate

u : x-directed (eastward) component of horizontal velocity
v :y-directed (northward) component of horizontal velocity
d :depth of the ocean

: relative vorticity

N

S

: volume transport function
: linear change rate of the Coriolis parameter (8= 2 X 10 cm™ sec™)
Ay : coefficient of horizontal eddy viscosity

V? : Laplacian operator for the horizontal direction

Table2 Parameters of the experiments

Run Inclination of northern coastal Coeffient of horizontal eddy
boundary (8 in Fig. 1) (in degree) viscosity (As) (in cm®sec™

VO0OSE 0 5 X 10°

V10SE 10 5 x 10°

V20SE 20 5 x 10°

V30SE 30 5 x 10°

VOOLE 0 1 x 107

VI0LE 10 1 x 107

V20LE 20 1 x 107

V30LE 30 1 % 107
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3. Results

3 —1 Cases with zonal northern boundary (8 =0°)
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Fig. 2—1

Fig. 2 Results of VOOSE shown by the spatial distribution of volume transport function.
The contour interval of transport function is 20 Sv and areas with negative volume
transport function are stippled.
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in the volume transport of the cyclonic eddy. These correspond to the enhancement of the cyclonic eddy
during the westward shift and just before the cut-off from the mean flow. The former case is seen in the
flow patterns in 380 - 390 days and 580 - 590 days, the latter in 400 - 410 days and 680 - 690 days.

The result of VOOLE with relatively large eddy viscosity (Aw= 10"em®sec™) is shown in Fig. 4. The
spin-up and spin-down of the cyclonic eddy are also carried out. However, some different patterns from
VOOSE are detected. Firstly, there exists a decrease in the period of the spin-up and spin-down : the first
decay of the cyclonic eddy occurs spin-up in 40 days, while that in VOOSE occurs at 55 days, which is clear
in the time change in the volume transport of the cyclonic eddy shown in Fig. 5a. [t is shown that the
averaged period of the spin-up and spin-down is about 50 days over all the time integrated period of 1000
days, while that of VOOSE is 70 days (Fig. 3a). Another difference is no enhancement of the cyclonic
eddy, which is detected in the flow pattern of 30 - 40 days. Furthermore, cut-off of the cyclonic eddy is
not carried out. The cyclonic eddy monotonously decays after elongating southward. On the whole, it
is demonstrated that a large frictional effect in VOOLE enhances the decay of the cyclonic eddy in
comparison with that in VOOSE and it results in the short period of spin-up and spin-down and no

occurrence of the spin-up and the cut-off of the cyclonic eddy.

3 — 2 Cases with inclined northern boundary (8 =10° ) ‘

The result of VIOSE with the small eddy viscosity is shown in Fig. 6. A cyclonic eddy is formed and
its volume transport oscillates around 40 Sv (Fig. 3b). After the southward elongation at about 110
days, cut-off is carried out in 120-130 days and the cut-off eddy decays in 135 days. However, remaining
cyclonic eddy near the northern boundary is maintained and enhanced again after 140 days. This
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Fig. 3 Time change in the volume transport of the cyclonic eddy. (a) V00SE, (b) V10SE
and (¢) V20SE.
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Fig. 4 Same as in Fig. 2, but for VOOLE.
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Fig. 5 Same as in Fig. 3, but for the cases with larger eddy viscosity. (a) VO0SE,
(b) V10SE and (e) V20SE.

cyclonic eddy is elongated southward at 220 days and decays at 245 days. The spin-up and spin-down of
the cyclonic eddy are repeated upto 580 days. However, it should be noticed that the spin-up of the
cyclonic eddy does not occurs afterwards and only large anti-cyclonic circulation is formed. This
anti-cyclonic circulation is stables and the straight flow along northern boundary is maintained sta-
tionary. On the whole, it is suggested that there exist two representative flow patterns in this model.
One is & meander flow patten and other one is a straight flow along northern boundary.

The results of VIOLE with the larger eddy viscosity is shown in Fig. 7. Although growth of the
cyclonic eddy is almost common to V10SE, the spin-down occurs quickly: the first decay of the cyclonic
eddy occurs at about 90 days, while the decay in V10SE occurs at about 135 days. After this, almost
similar spin-up and spin-down are repeated (Fig. 5b). Thus, the straight mean flow shown in V10SE
(Fig. 6) is not formed in this case.

3 — 3 Cases with inclined northern boundary (8 = 20° )

Results of V20SE are shown in Fig. 8. A cyclonic eddy is formed in the eastern area of the northern
boundary and it does not show the westward shift. This cyclonic eddy decays at120days and a
dominant anti-cyclonic circulation is generated in the central basin, The total flow pattern resembles to
that of V10SE in the later period. Because of the southwestward intrusion of the cyclonic eddy, mean
flow separates from the northern boundary.

Results of V20LE are shown in Fig. 9. Almost similar flow patterns to those of V20SE are found in the
initial stage, however development of the two cyclonic eddies is relatively slow. In particular,
southwestward intrusion of the cyclonic eddy does not occur and the separation of the mean flow is not
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Fig. 6 Same as in Fig. 2, but for VI0SE.
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Fig. 6 — 4
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Fig. 8 Same as in Fig. 2, but for V20SE.
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Fig. 8 — 2
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Fig. 9 Same as in Fig. 2, but for V20LE.
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Fig. 10 Same as in Fig, 2, but for V30SE,
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carried out. Although there exist weak time variations in the cyclonic eddy in north of the outflow
(Fig. 5¢) and in the dominant anti-cyclonic circulation shown by the contour of volume transport

function lager than 60 Sv, total flow pattern attains stationary state after 120 days.

3 — 4 Cases with inclined northern boundary (0 = 30° )

Results of V30SE (Fig. 10) is characterized by no formation of the cyclonic eddy in south to the
inclined northern boundary. In contrast to this, cyclonic eddy in north of the mean outflow develops
significantly. Stationary state is attained at about 60 - 70 days, except for the westward propagations of
eddies in a southern area of the model basin. Because of the formation of large and strong anti-cyclonic
flow, south-westward development of the cyclonic flow is suppressed. Totally, mean flow shows a
strong tendency to flow along northern boundary. This tendency is also found in the flow pattern of
V30LE (Fig. 11). However, development of the cyclonic eddy is very weak in comparison with V30
SE. Nevertheless, relatively large volume transport of the cyclonic eddy north of the mean flow is
detected in an initial stage. To see the details of the variation in the cyclonic eddy in north of the mean
flow, time change in the volume transport of the cyclononic eddy is shown in Fig. 12, As for V30SE, very
large volume transport with irregular time change around 210 Sv is detected, while clear oscillation of the
volume transport is found in V30LE, after the spin-up in the initial period. Because of the small
frictional dumping in V30SE, it is indicated that enhanced cyclonic and anti-cyclonic circulation are

formed by the total kinetic energy balance of the in- and outflow system.

4, Summary

The western boundary current flowing along an zonally aslant coast is examined with special reference
to the degree of the coastal line inclination from zonal direction at the eastward flowing portion. Asthe
preliminary study, basic numerical solutions have been presented. Main results of the numerical
solutions are summarized as follows:

(1) It it shown from the total features of the numerical experiments that there exist two representative
flow pattern: one is & mender flow pattern and the other is a straight flow pattern along northgm
boundary. In case of the meander flow pattern, spin-up and spin-down of the cyclonic eddy
accompanied by the meander flow are carried out.

(2) Meander flow pattern is formed in the cases of zonal northern boundary. The spin-up and
spin-down of the cyclonic eddy accompanied by the meander path occurs with a period of 70 days in
small eddy viscosity (A= 5X10°cm®sec™) and 50 days in larger eddy viscosity (A= 10" ecm*sec™.

(8) Chaotic change from meander {low pattern to straight flow pattern occurs at about 600 days in the
case V10SE with the inclination of northern boundary of 10° and small eddy viscosity. Straight
mean flow along northern boundary is formed in the cases with the inclination of the northern
boundary larger than 20° .

All the above results almost agree with those of Sekine™ . However, it is shown that the cyclonic
eddy formed in north of the mean outflow has a influence on the flow pattern. This cyclonic eddy is
not formed in Sekine', in which meridional coastal boundary in the outflow area was not modeled.

Because such a meridional coastal topography is common to the representative western boundary
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Fig. 11 Same asin Fig. 2, but for V30LE.
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Fig. 12 Time change in the volume transport of the cyclonic eddy in northern side of the
mean flow in the outflow area. (a) V30SE and (b) V30LE.
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current: eastern area of Japan for the Kuroshio and northern coastal topography from Cape Hatteras
for the Gulf-Stream. On the basis of these results, topographic effect of peninsula will be examined in
the next step of this study.
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