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A number of hydrographic studies and some recent current measurements around Chejudo Island
suggest an existence of a clockwise residual flow in the west and north coasts of the island all the year
round. On the eastern side of the island the Tsushima Current flows northward and northeastward.

I'he contribution of tide-induced residual currents to the observed residual flow around the island
was examined here through numerical solution of the two-dimensional nonlinear shallow-water equations.
The calculated tide-induced residual currents show a clockwise circulation around the island. Signifi-
cant residuals of 2-4 cm s are confined over sloping bottom topography around the istand and the

far-field residuals are negligibly small.

The inclusion of a permanent current into the model was also attempted in order to see the effects
of the Tsushima Current system on the residual circulation around the island. It was found that com-
bined effects of tide-induced residuals and the permanent current field associated with the Tsushima
Current explain qualitatively not only the observed clockwise residuals in the west and north coasts but
also the northward flow on the eastern side of the island.
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INTRODUCTION

There are increasing evidences for the ex-
istence of mean clockwise currents in the west
and north coasts of Chejudo Island all the year
round. Based on drift bottle experiments in the
southern sea of Korea during the period bet-
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ween 1970-1972, Lee(1974) first reported that
the northward flow in the west coast of the
island and the eastward flow in the Cheju Strait
exist throughout the year (Fig. 1). Recent
hydrographic studies in the area (Kim, 1970;
Kim and Lee, 1982; Park, 1986) have revealed
warm and saline waters of Kuroshio origin”
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Fig. 1. Schematic maps of the seasonal surface flow in the southern sea of Korea around Chejudo Island.

After Lee (1974).

distributed from the southwest to northwest
coasts of the island. These hydrographic studies
together with other available hydrographic data
suggest strongly a consistent year round
clockwise flow around the west and north
coasts of the island.

The direct current measurements although
they are quite limited in coverage both in time
and in space show also undoubtful evidences for
residual clockwise currents in this coastal area.
Drogue studies during April 1983 by Chang
(1984) showed northerly flow of 3-5 ¢cm s7! in
the west coast of the island and easterly flow
of 14-19 cm™ in the northwest of the island.
The fixed current meter measurements have
been made mainly in the Cheju Strait, and
reveal mean Eulerian currents flowing toward
the northeast and east approximately parallel
to the north coast of the island with speeds in
the range of 5-15 cm s™* during spring and sum-

mer (Kim, 1979; Chang, 1984).

On the other hand, the flow on the eastern
side of the island seems to be affected mainlv
by the Tsushima Current which flows nor-
thward and northeastward into the Korean
Strait.

It is well known that residual currents can
be generated by wind stress on the sea surface,
lateral density gradients due to non-uniform
salinity or temperature distributions, or non-
linear interactions of the tidal streams with the
local bottom or coastal topography. Wind
driven residual currents which are normally in-
termittent and directionally inconsistent due (o
seasonally varying wind stresses and wind direc-
tions, could not explain adequately the observ-
ed year-round mean currents. While, tidallv
driven residual flows are persistent features,
linked to the local bottom or coastal topo-
graphy, so that they can contribute significantly
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to the over-all long-term distribution and
transports of water properties.

The generation of residual flows by tidal cur-
rents flowing over variable bottom topography
has been the subject of a number of theoreticai
or numerical investigations (Huthnance, 1973;
Tee, 1976; Zimmerman, 1978; Pingree and
Maddock, 1979a,b; Loder, 1980). Recently
Robinson (1983) reviewed the basic equations
controlling the generation of residual flows
through the rectification of oscillatory tidal cur-
rents by non-linear dynamics.

The major emphasis of this paper is an ex-
amination of the contribution of tidally driven
residual currents to the observed residual cir-
culation around Chejudo Island. Tide-induced
residual currents around an island of simple
geometry were investigated here through solu-
tion of two-dimensional non-lincar tidal model.
Numerical experiments were carried out for a
tidally oscillating plane wave propagating
across an island which has shape similar to Che-
judo Island. The inclusion of a permanent cur-
rent into the model was also attempted in order
to take the Tsushima Current into account and
to simulate more realistically the residual cir-
culatior. around the island.

NUMERICAL MODEL

a. Hydrodynamic equations

The vertically-integrated hydrodynamic
equations which form the basis of the model
are (Heaps, 1978; Robinson, 1983):
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where the notation denotes:

t : time,

X,y : Cartesian coordinates in the horizon-
tal plane of the undisturbed sea sur-
face,

U,V: components of transport in X, ¥

directions
: Total depth of water = h + n
: undisturbed depth of water
: elevation of the sea surface
: Coriolis parameter
: coefficient of bottom friction
. acceleration of the Earth’s gravity
: horizontal eddy viscosity
: horizontal Laplacian operator.

b. Model formulation

In order to examine the effect of an island
for the generation of residual currents in a tidal-
ly oscillating system, an idealized Chejudo
Island surrounded by a uniformly sloping bot-
tom topography is considered. The domain
within which numerical computation is carried
out is limited by four rectilinear open boun-
daries of the same length of 500 km.

The tide is introduced along the open sea
boundaries by specifying elevation as a func-
tion of position and time. The problem is then
to solve equations (1) — (3) to find the tidal
variations of n, U, V over the sea given the
changing distribution of elevation along the
open boundaries. The (Eulerian) residual
transport and hence the depth-mean residual
current can then be obtained by taking a mean
of U and V over a tidal cvcle considered. Later
in this paper, the input of the permanent cur-
rent such as the Tsushima Current is also ac-
complished by prescribing adequate slopes 1o
the open boundaries before tides are in-

troduced.
A simple explicit finite difference method us-

ed here is a modified version from that of Ahn
and Lee (1976). The grid system (staggered grid)
of the model is shown in Fig. 2. It consists of
three different sets of grid points: n-points
denoted by a circle, U-points by a x sign and
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Fig. 2. Finite difference grid used in the model.

V-points by a + sign. Each of these three points
has the same coordinate designation (i, j). The
grid intervals Ax and Ay are chosen to be con-
stant: Ax = Ay = As. The finite difference ap-
proximations for equations (1) through (3) are,
using the forward method for time derivatives
and the centered method for space derivatives:
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V, H the following notations mean:

. o
R G CEAE
Fomg B AF s E
IZL + W
Fi=5Fo b
For=d(F +F, )
1) 2 iy ivf=17-

c. Initial and boundary conditions

An oscillating tide is assumed to be generated
from an initial state of rest n=U=V =0 at
t=0 allowing a sufficient time for the tidal
regime to become established. The non-slip
condition is applied to the coastal boundary,
i.e. at coast U=V =0. The tidal heights along
the open boundaries are specified assuming «a
progressive plane wave of Sverdrup wave type:
n=ne cos (ot-yp) where n, is the amplitude, o
the tidal frequency (e.g., M, frequency) and
is the phase in the direction of progress.

In the model experiments, the plane wave is
directed from the under-right corner (SE) to the
upper-left corner (NW) of the model sea, which
is roughly coincident with the direction of pro-
gress of M, tide around Chejudo Island. The
spatial distribution of the tidal heights at each
time step along the open boundaries requires
the knowledge of the phase speed of the tidal
wave. The phase speed of Sverdrup wave on a
rotating ocean of infinite dimensions is (see De-
fant, 1961):

C Vil

where S is the ratio between the inertial and

. ' . f .

tidal frequency, S = —. Tidal waves are onh
o

possible in this case if S< | or o > [, and their
phase speed is greater than that of Kelvin
waves. In our case S = 0.39 lor the M, wave
at a mean latitude 33.5°N, which gives the
phase speed C = 1.23/gh.

The computation of advective terms at grid
points just inside the open boundaries requires
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the knowledge of the transport across the boun-
daries. The component of transport across the
open boundaries is calculated by using the con-
tinuity equation, following principally the
method proposed by Oh and Choi (1986).

d. Paramerer values used

The finite difference grid used in the model
consists with 50 x50 rectangular array
elements. The grid interval is As = 10 km. An
island (80 km in length and 40 km in width)
with a regularly sloping bottom topography is
placed at the centre of an ocean of constant
depth, 100 m. A test was carried out impaosing
two different beach gradients (Vh), 1/500 and
1/300 around the island. It was found that the
general circulation pattern of the residual cur-
rent does not show any significant differences
with these two different beach gradients, but
a better space resolution appearing in the case
of Yh = 1/500. In most of the following
calculations ¥h = 1/500 is used.

The maximum permissible time interval
according to the Courant-Friedrichs-Lewy

As

V2gh,. .
stability is 226 sec. The actual At used is 100

Sec.

The amplitude of the M, plane wave, no was
set to be 1 m. The relative phases of the wave
along the open boundaries at each instant were
determined considering the phase speed of Sver-
drup wave discussed previously, C = 1.23y/gh,
where the depth h here is equal to 100 m. Values
of other parameters were taken as follows:

criterion (At < ) for computational

f=8.17x10"° s, k = 0.0025
A=100m?s’', g=98 ms™.

RESULTS

After computing through 12 periods of the
M, tide the stable tidal regime had become
established such that there were no significant
differences in the elevation and the velocity
from the 1ith to 12th cycle. Data from 12th

period were then taken as the required solution.

a. Amplitude and phase of the M, wave

Fig. 3 shows the calculated M, amplitude
and phase distribution around the island. It is
interesting to remark that the phase lines of the
plane wave which propagates originally {from
SE to NW are modified drastically around the
istand. Around the northeastern and south-
western corners of the island the phase lines are
concentrated and the extreme depression and
elevation in amplitude appear around these
concentrated phase lines.

This pattern of the amplitude and phase
distritribution is consistent with the numerical
model results by Kim and Lee (1986) who in-
vestigated recently the scattered M, wave
around Chejudo Island. According to them the
differential variation of the amplitude can be
well explained by the diffraction of an incident
wave. Due to the Coriolis force the larger and
smaller amplitudes than the incident wave’s ap-
pear on the coast right and left of the wave
propagation, respectively, in the northern
hemisphere. They showed that the normalized

100.0

Fig. 3. Calculated M, amplitude in ¢m (solid lines) and
phase in degree (dotied lines). The amplitude of the inci-
dent plane wave along the open boundaries was set 1o be
100 cm. The phase is relative to an arbitrary origin.
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amplitude relative 1o the incident wave lies in
the range of 0.8 and 1.2 approximately. In our
case the highest amplitude on the southwestern
corner is 130 ¢cm and the lowest amplitude on
the northeastern corner is 60 ¢m so that the
normalized amplitude lies in the range of 0.6
and 1.3. A much higher deviation of the scat-
tered wave from the incident wave in the pre-
sent model compared to that of Kim and Lee
(1986) seems 10 be related to different topo-
graphic specifications in the two models. In
Kim and Lee’s plane wave model an elliptical
island without beach gradient was considered
while in our case we introduced a beach gra-
dient of 1/500 around the island. A test with
a steeper beach gradient of 1/300 (not shown
here) revealed somewhat reduced normalized
amplitude approaching to theoretical values
proposed by Kim and Lee (1986).

b. Tide-induced residual currents

The residual current V,, was calculated by in-
tegrating the current V over M, period T,
|

= — (! Vdi
T

R

Fig. 4 shows the calculated tide-inducea re-
sidual currents around the island with the beach
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Fig. 4. Tide-induced residual currents caleulated in the
model with ¥ h = 17500 and considering all the terms in the
cquation of motion. The boundary of the sloping beach
Is situated in five grid points from the island.
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Fig. 5. Tide-induced residual currents calculated in the
model withV h = 1500 and neglecting the advective terms.

gradient, Vh = 1/500. The most striking
features of the flow are the clockwise circu-
lating high-velocity residuals over the sloping
bettom topography around the island. A
similar result was obtained with Vh = 1/300
(not shown here).

The strongest residual current are 4 cm s
in the west coast of the island and the far-field
residuals are negligibly small. The amplitude of
the tidal current in the present model is 40
c¢m s7' so that the maximum residual current is
about 10% of the tidal current. There appears
an asymmetry in the residual flow around the
island showing relatively stronger and narrower
residuals on the western side of the island than
their counter parts on the eastern side.

In order to examine the effects of different
terms in the equation of motion on the calculat-
ed clockwise residual currents shown in Fig. 4,
the computation was performed first neglecting
the advective terms (Fig. 5) and second neglec-
ting the Coriolis terms (Fig. 6). It can be easily
seen that neglecting the advective terms changes
drastically the strength of the residual current.
The values of V,, around the island are reduc-
ed from the order of 3cm s to less than | cm
s7'. The far-field residual currents are still
negligibly small.

In the case of neglecting the Coriolis terms
the residual current field shows completely dif-
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Fig. 6. Tide-induced residual currents calcutated in the
mode! with ¥h = 1/500 and neglecting the Coriolis terms.

ferent pattern from that shown in Fig. 4. In-
stead of circulating clockwise around the island
the residual currents are directed to the north
in the east coast and to the west in the north
and south coasts. In the west coast the residual
currents are much weaker than those in the east
coast and they are directed to the southwest.

These results indicate obviously that the
residual current is generated mainly by the in-
ertial effect and that the clockwise residual flow
in Fig. 4 is due to the Coriolis force.

DISCUSSION

It has been shown from the results of
numerical experiments that noticeable tide-
induced residual currents can be produced by
inertial force over the sloping bottom
topography around the island. This is not
suprising because significant residual flows can
be generated by vorticity associated primarily
with the rate of stretching of water columns
moving over depth variations and secondly with
the bottom frictional torque. In the absence of
any topographic features, i.e. Vh=0, vortici-
1y will still be generated weakly by the tidal mo-
tion because of An in the vorticity equation but
its magnitude will be 2-3 orders of magnitude
less than for the topographically induced cases
(Robinson, 1983).

When the effects of Earth’s rotation are con-
sidered the tide-induced residual currents show
a clockwise circulation around the island (Fig.
4) and this can be compared with the observed
flow pattern around Chejudo Island. The direc-
tions of calculated residual currents seem to be
consistent with the observed year-round
clockwise flow around the west and north
coasts of Chejudo Island, however, they are op-
posite from the observed northward flow on the
eastern side of the island (see Fig. 1). On the
eastern side of the island the flow seems to be
affected mainly by the Tsushima Current which
flows northward and northeastward into the
Korean Strait.

In order to take the Tsushima Current into
account and to simulate a more realistic residual
circulation around the island the input of the
permanent current into the model has been at-
tempted. To simulate the typical transport of
2 x10* m* s' of the Tsushima Current out of

Sea Leve!

— 150 KM —

=

: /////////// . b
N
a’ U b’

Fig. 7. Specification of an arlificial sea-level difference
along the eastern (a-b) and southern (a’-b’) boundaries. This
specification is designed in order to include a permanent
current (Tsushima Current) into the model.
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the Korean Strait, a sca-level difference of 16
c¢m in the distance of 150 km following a half-
sine curve was specified along the northern part
of the eastern boundary before tides are in-
troduced (Fig. 7). A similar sea-level variation
was also taken into consideration along the
castern part of the southern boundary, which
could translate into the northward flow of the
same transport through the southern entrance.
The other parts of the open boundaries were
set to be level and computations were then
made until the steady-state was reached in the
model sea.

Fig. 8 shows the calculated residual current
field from the model driven by tides and time-
invariant sea-level slopes. The figure may be in-
terpreted to simulate a strong inflow of the
Tsushima Current into the model sea from the
southeast and a strong outflow of the current
to the northeast. It is interesting to remark that
the currents around the southern entry (A)
diverge radially while those around the eastern
exit (B) converge. Strongest currents are
directed northward from the southeast to the
cast of the island and they turn gradually to the
northeast and east to exit through B. In the west
and northwest coasts of the island a clockwise

Fig. 8. Pattern of the residual current from the model
driven by tides and time-invariant sea-level slope specified
as in Fig. 7.

turning of currents of noticeable magnitudes
(3-5 ¢cm s7') can be seen while the clockwise
residual currents in the east coast seen in Fig.
4 have now been disappeared. This may be due
to the combined contributions of tidally driven
residuals and steady-state currents associated
with the Tsushima Current system. On the
western side of the island northward steady cur-
rents derived from the Tsushima Current (bran-
ching from A) will be combined with the
clockwise tidal residuals producing a little in
.tensified northward and northeastward flow
around the west and northwest coasts of the
island. While on the eastern side of the island
the Tsushima Current flows northward in the
opposite direction of the clockwise tidal
residuals so that current directions there are
determined by the stronger Tsushima Current.

This calculated residual current field (Fig. 8)
seems to accord qualitatively with the hitherto
believed residual currents around Chejudo
Istand (Fig. 1). Based on our numerical ex-
periments it can be said that the observed vear-
round clockwise mean currents around the west
coast of the island may be due primarily to
tidally driven residuals and secondly to steady-
currents associated with the Tsushima Current
system. The order of magnitude of calculated
residuals in the west coast of the island (V4 cm
s™') appears to be in agreement with that {from
the drogue experiments by Chang (1984) who
showed northerly flow of 3-5 cm ¢' in the area.

However, we could not succeed in the
simulation of the stronger residuals in the north
coast of the island where the observed residuals
are much stronger (5-15 cm s™* by Kim, 1979
and Chang, 1984) than in the west coast. The
calculated residual currents here are less than
3cm s (see Fig. 8), so that the observed strong
residuals in the Cheju Channel can not be ex-
plained with the present simple model. The
stronger eastward residuals in the Cheju Chan-
nel are presumably related to some eastward
transport of waters through the western en-
trance of the channel. Lack of knowledge about
this transport and the eventual complication in
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the formulation of the model especially in the
determination of boundary conditions when the
Cheju Channel is considered in the model, limit
us to proceed to challenge the problem.
Another disadvantage of the present model
seems to be in the fact that the calculation grid
size (10 km) is relatively coarse compared with
the variation of local bottom topography
around the island (10-30 km). In our case the
choice of finer grid size is economically limited.
Besides the imperfect simulation of residuals
in the north coast of the island, however, our
model seems to demonstrate the basic features
of residual currents around Chejudo Island.

CONCLUSIONS

Tide-induced residual currents from the two-
dimensional nonlinear model show a clockwise
circulation around the island. The maximum
speed of these residual currents is "4 cm s™
in the west coast of the island which is about
10% of the amplitude of tidal currents. Signifi-
cant tide-induced residual currents of 2-4 cm
s~' are confined over a sloping bottom topo-
graphy around the island and the far-field
residuals are negligibly small.

The clockwise circulation associated with
tide-induced residual currents may explain
qualitatively the observed clockwise flow in the
west and north coasts of Chejudo Island but
it does not accord with the northward flow
along the east coast of the island. The inclu-
sion of the Tsushima Current into the model
produced a little intensification of clockwise
residual currents in the west and northwest
coasts of the island and a general northward
flow on the eastern side of the island. These
results compare better with the observations.

It is inferred from our numerical experi-
ments that the observed residual currents
around Chejudo Island are closely related 1o the
combined effects of the tide-induced residual
currents and the Tsushima Current system. The
clockwise flow in the west and northwest coasts
of the island seems to be mainly due to the con-

tribution of tide-induced residual currerts while
the northward tlow on the eastern side of the
island is thought to be dominated by the
Tsushima Current.

From the present simple model the observ-
ed strong residual currents in the Cheju Chan-
nel could not be explained. A more sophiscated
model which take the Cheju Channel and the
actual geometry of the area into account will
be desirable in the future study.
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