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A Numerical Experiment of the Effect of Coastline Geometry
on the Upwelling along the East Coast of Korea
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Abstract: A numerical experiment was carried out on the wind-induced coastal upwelling along
the east coast of Korea. Only the variability in coastline geometry is considered and an attempt is
made to correlate it with the observation previously performed. In order to approximate the coast-
line geometry as closely as possible, the finite element method with linear triangular grid is emp-

loyed. Among several fixed locations of upwelling center found in the model, the one in the south-

eastern coastal area seems to be just what has been observed most frequently.

TH 8T FAQE AL
IgAS gHol F2t BHVE =
dqch AAsH FUR ALAE
249 B BRI 2

INTRODUCTION

Along the southeast coast of Korea, the cold
surface water has been frequently observed dur-
ing the summer(An, 1974; Seung, 1974; Lee,
1983) as shown in Fig. 1.
have been given to this phenomenon. Kim and
Kim (1983) reported that this cold surface water
is an extension of the North Korea Cold Cur-
rent which flows southward along the coast. The

Many explanations

shoaling of deep cold water toward the coast,
caused by the strengthening of the northward
bound Tsushima Warm Current, may also con-
tribute to this phenomena (Seung, 1974). On
the other hand, Lee(1978) emphasized the sig-
nificance of the cyclonic circulation of the Tsu-
shima Current in this area. Seung(1974) and
Lee(1983) conjectured the important role of the
local wind which induces the coastal upwelling.
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In particular, Lee(1983) showed a significant
correlation among sea level, surface temperature
and southwesterly wind blowing parallel to the
coastline.

A remarkable feature is that the coldest water
appears often at fixed locations along the line
joining Ulsan and Gampo(Fig. 1) which, oth-
erwise, should propagate along the coastline as
an internal Kelvin wave. There should be many
unknown factors involved in this phenomenon.
However, in this paper, an attempt is made to.
correlate their fixed locations with the coastline
geometry alone, which implies a variability in
the local alongshore component of large scale
wind stress field.

In order to approximate the coastline geo-
metry as closely as possible, a numerical finite
element using a linear triangular grid is chosen.
The employed numerical scheme is very simple

(Seung and Lee, 1984) and it retains an unco-
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Fig. 1. Temperature distribution in degree centigrade
at 20m depth in August 1967 and 1968 ave-
raged)over the years, extracted from Seung
1974).

nditional stability of the system.

GOVERNING EQUATIONS

The vertical variation of density may be ap-
proximated assuming a homogeneous two layer
fluids. Hydrostatic and Boussinesq assumptions
employed and the equations are vertically inte-
grated in each layer. Assuming small perturba-
tions from rest, the equations can be linearized.
The resulting equations are:

in the upper layer

0;‘ +fkxuy=—ghipki+1/p, n
d
& —&) +pu=0 (2)
in the lower layer
L Fhxtty= —ghopbatghep (61— &) (3)
B =0 @

where

£,(&) elevation of the sea surface(interface)
from rest

u,(u, vertically-integrated velocity in the
upper (lower) layer

g gravity constant

k unit vector positive upward in the
vertical axis

hy(hy) thickness of the upper(lower) layer

at rest
o1 density of the upper layer
€ density ratio
T wind stress vector at the sea surface

The stress at the interface is small and can
be neglected. Therefore, the coupling between
the upper and lower layers is due only to the
pressure forces. The total depth{kh,+%,) is held
constant since the effect of bottom topography
is not considered here. The bottom stress is.
assumed insignificant. Since the scale of consi-
dered motion is not large, the beta-effect is also
neglected.

Using a technique described by Csanady
(1975), equations (1) through (4) can be sep-
arated into two independent ones which are
mathematically equivalent. In fact, the resulting
two equations represent the surface and internal
mode which are expressed as follows:

surface mode

d
T(u1+u2) <+ fkx (uy,+uy)

=—gh=h)psi—7/p (3)
%+V~(u,+u2)=0 6
internal mode
e+ Fhxu,=—ge —,:"f;z ré:
— /. )
%Etz +peu=0 ®

These equations were solved analytically by
Csanady (1975) for two-dimensional problem,
and by Crepon for three-dimensional problem.
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Fig. 2. Finite element grid of the study area. Five
nodes are numbered where the interface
elevations are recorded continously during
the experiment.

In three-dimensional problem, the Kelvin waves
are generated at discontinuities in alongshore
component of wind stress, and then propagate
along the coastline. The response to the wind
can be divided into two classes according as
wheather the wind field is divergent or rotati-
onal. For divergent field, the disturbance soon
becomes independent of time. Whereas, for the
rotational field, it increases indefinitely with
time unless the Kelvin wave f{ronts arrive. In
this paper, we aim to solve the equations (5)
through (8) for relatively uniform southwes-
terly wind blowing over a large oceanic area

with realistic coastline geometry.

NUMERICAL EXPERIMENT
The grid used for the realistic simulation of the

eastern coastal waters of Korea is shown in Fig.

2. It has a total of 287 triangles. The smallest

resolution is about 7. 5km in the region of interest
and the largest one is about 50km around the
outer boundaries. A uniform and constant wind
force is imposed suddenly at time £=( over the
domain which was initially at rest. The outer
boundaries are established artificially to avoid
the long computing time. No flux condition is
imposed along these boundaries as well as along
the coastline. The real conditions may then be
affected by Kelvin waves generated along these
boundaries and then entering into the region of
interest. Otherwise, the effect of these bounda-
ries would extend no farther than the defor-
mation radius(r) from these boundaries(Hua,
1981). Table 1 summarizes all physical para-
meters emploved in our experiment. These values
are chosen to be as realistic as possible to the
observed ones(for example Kim and Kim, 1983},
Referring to Table 1, it can be realized that

the internal mode has relatively small propaga-
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small scale of motion (r=c¢/f=6.3km). On the

=54km/day) and

other hand, the external mode has relatively

large propagation speed(c= /g (h;+h,) =3,024
km/day) and large scale of motion (r=c/f=350
km). Therefore, the solution for the internal
mode can be obtained within 3~4days from the
initial state since the waves generated at arti-
ficial boundaries takes 3~4days to propagate
into the region of interest. As for the external

mode, solutions are prone to errors and will not

Table 1. Values of physical parameters employed
in the model

parameter l symbol l value

Coriolis’ parameter| f 8.133x 107 %sec™!

wind stress | T 0. 049N/m?
Ty . 0.010N/m?

upper layer depth | kA | 25m

lower layer depth | &s l 100m

density ratio € l 0. 002

gravity constant g | 9.8m/sec?
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be considered hereafter. Note that the elevation
of interface (&, is determined mostly by the

internal mode. i.e. equations (7) and (8).

RESULTS

The time evolution of computed interface ele-
vation (Fig. 3) recorded at arbitrarily chosen
five node points(refer to Fig. 2 for position)
shows that the inertial oscillation is of minor

" importance in upwelling problem. The contour
maps of elevation are made for 6 different ins-
tants(Fig. 4) and they show the spatial distri-
bution of upwelling. For the sake of convenie-
nce, reference positions are marked by the let-
ters from A through E. These positions indicate
the regions where relatively intense upwelling
occurs throughout the experiment.

Generally, the location of upwelling center is
well defined. The upwelling centers can be cle-
arly seen at C and D soon after the wind starts
to blow. At other locations, i.e. at A, B and E,

they become distinctive in about one day. In
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Fig. 3. Evolution of the computed interface elevation
recorded at arbitrarily chosen 5 nodes (refer
to Fig. 2).
the southern part, the upwelling area slowly
extends to the south. This may be due to the
effect of internal Kelvin wave propagation. Same
effect can be seen in the northern part at an
early stage. However, the propagation seems to
be blocked soon by the abrupt change in coast-
line geometry especially at C. The estimated
speed of propagation is slightly smaller than
50km/day, which is to be expected on the
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Fig. 4.

Cotour maps of interface elevation at 6 different instants. Contourings are made at every 2m interval
starting from 1,3,5 and 7m following the development of upwelling. Some of local maxima are
shown in meter. The reference positions are maked by the letters from A through E. Also marked
is the wind stress by an arrow.
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Fig. 5. Interface elevations at the coast plotted as a L.
function of alongshore position at every 12 )
hour interval. Times are marked in hour along
the curves.

straight coastline. The evolution of coastal oi -

upwelling may be seen more easily in Fig. 5 57 HCJES o
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plotted as a function of alongshore position at ' e
every 12 hour interval. The rate of intensifica- AL
tion of upwelling is very high at B and C , ,/,‘: -
whereas it is low at A. At D, the upwelling / Y] _-‘\ 2
grows relatively fast during the first 36 hours. !
However, it becomes stagnant after then. On
the other hand, at E, it is initially indistinct R
but, after 36 hours, it grows rapidly until finally P
it becomes more intense than that at D.

Fig. 6 shows the computed current in lower
layer. It suggests that the coastal undercurrent

may well develop in this area It is confined

Fig. 6. Computed currents for the internal mode in

lower layer at two different instants. —
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within the narrow coastal region of which
the width is comparable to the deformation
radius (7). The formation of undercurrent im-
plies that there is an alongshore variation of
pressure field which is induced by the variabi-
lity in the local alongshore component of wind
stress. Similar effect has once been observed in
this area by Seung and Byun(1984). In the
offshore region, the onshore transport predomi-
nates to compensate the offshore Ekman drift

in the upper layer.

CONCLUDING REMARKS

Application of simple, but essential, physical
law to an area with realistic geometry may be
meaningful in itself. The resulis obtained in
this way verified the fact that there can exist
some fixed locations where the upwelling is
most favorable. The upwelling area known to
be most frequently observed is the coastal zone
between Ulsan and Gampo (Fig. 1). This is
just around D in Fig. 4, However, according
to the results of this study, even more intense
upwelling can occur at other locations, especi-
ally near B and C in the north and near E in
the south. This discrepancy may be due to oth-
er factors such as advection predominating over
the effect of wind in the north.

This model may be too simple to be realistic
since only the variability in coastline geometry
is considered. Inclusion of bottom topography,
non-linear effect, interactions with other com-
ponents, and also the turbulent mixing between
upper warmer and lower colder waters may
result in more complete feature. Hua and Tho-
masset (1983) have performed nearly the same
experiment for the coastal upwelling in the
-Gulf of Lions. They stressed the important role
of mixing which reduces the propagation speed
of the Kelvin wave fronts and allows the cen-
ters to persist and to spread out. In this paper,

the inclusion of mixing would produce a better

result, for the upwelling centers keep their
initial position and the formation of new up-
welling area is much restrained especially in the

south, i.e. near D and E.
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