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A numerical model is established in order to simulate the storm surges which were observed in the
seas around Korea during typhoon and winter storm periods. The typhoons are Brenda (1985), Vera
(1986) and Thelma (1987). The winter storm period is January 1-6, 1986. The simulated surges for the
typhoon periods show good agreements with the recorded ones for the periods at the Korean coasts, but
those for the winter strom show fair agreements in general tendencies, not in details.

The model simulation in open sea shows a positive sea level near the typhoon center and a negative
sea level behind the typhoon. The positive surge seems to be due to the low pressure near a typhoon
center and the negative one due to the wind stresses of the typhoon. The negative sea level is usually in
the form of an elongated gyre. In the gyre, there is a cyclonic circulation of sea water, in which the
pressure gradient force induced by the circular depression of the sea surface is balanced by the Coriolis
force in readjusting stage.
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1. INTRODUCTION

Rapid variations of air pressure with strong
winds occur during typhoon or extratropical
cyclone passages in the seas around Korea
The typhoons affecting the Korean Peninsula
originate in the North Pacific (5-20°N.,
125-155°E). The number of these tropical
cyclones is about 25 a year, among these 2 or 3
pass the adjacent seas to Korea in summer
(Korean Central Meteorological service, 1984).
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In winter many of the extratropical cyclones
developed in China cross the Yellow Sea and af-
fect the Korean Peninsula. Northwesterly and
northerly winds are dominant during the winter
monsoon in this area. These meteorological
events induce rapid disturbances of sea surface
in a short time i.e., storm surges.

The storm surges of Korea have been studied
by data analysis (Hwang, 1971; Chu, 1987; Oh,
et al., 1988) and by numerical medelling (Korea
Ocean Research and Development Institute,
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Fig. 1. Model area covering the Yellow, East China and

part of the East Seas. Small triangles indicate the
position of the sea level stations; 1 (Inchon), 2
(Kunsan), 3 (Mokpo), 4 (Daeheugsan), 3
(Cheju), 6 (Seogwipo), 7 (Keomundo), 8
{Yeosu), 9 (Chungmu), 10 (Pusan), 11 (Simono-
seki), 12 (Fukue) and 13 (Nagasaki).

1985, 1986; Choi, 1986). Through these data
analysis, following surge characteristics were
found: maximum storm surges on the southern
coast of Korea were caused by typhoons in sum-
mer, while on the western coast they were cau-
sed by northwesterly monsoon wind in spring
and winter (Hwang, 1971). The ranges of the
maxima of the significant surges were 83-109 cm
in the western coast and gradually decreased
43-90 cm for the southern coast and 30-68 c¢cm
for the eastern coast of Korea (Chu, 1987). The
conspicuous figure of typhoon surge on the
southern coast of Korea is that a positive surge is
followed by a downward bend (or a negative
surge in some place) after typhoon passage. This
phenomenon is more clear in the western sta-
tion, such as Cheju, Seogwipo and Keomundo
(see Fig. 1 for these locations) than in the eastern
stations, Pusan and Ulsan (Oh, er a/., 1988).
The numerical model studies above have been

focused on surge hindcast. Choi (1986) estab-
lished a numerical model which was applied
to the typhoons Carmen and Wendy of 1978.
He compared the calculated results with the sea
level data from several tidal stations.

In the present study, a numerical model
which can be used for computing surges due to
summer typhoons and extratropical winter
storms is developed. We applied the model to
the storm surges which are induced by the ty-
phoons, Brenda (1985), Vera (1986) and Thelma
(1987), and to the extratropical winter cyclone
of January 1-6, 1986.

We also investigate the surge characteristics
and dynamic responses of currents to the meteo-
rological forcings in the shallow and coastal
areas which are believed to be accociated with
sea level variations in open sea.

II. THE MODEL
A. The Governing Equations

The vertically-integrated equations of motion
and that of continuity are used. Equations are
basically nonlinear in advection and quadratic
bottom friction terms.

The equation of continuity in spherical coor-
dinates (4 in east-west direction, and ¢ in north-
south direction) is

on 1 o

2
3t " Reosg {EE(UH) +£(VH cosg) =0,
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The equations of motion are as follows,
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Here, vertically-averaged velocity components,
U and V are defined as follows,

U=-§T[:u dz, V=%j::v dz. ()

and the simbols have the following meanings,
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u, v: eastern and northern components of
horizontal current, respectively,
: time,
. elevation of sea surface above mean sea
level,
. undisturbed water depth,
. total water depth (=h+n)
: horizontal eddy viscosity,
: gravitational acceleration,
. angular velocity of the earth (f =2wsing),
: radius of the earth,
: sea surface pressure,
: density of sea water,
9, r¢, : 6 and ¢ components of sea surface
wind stresses,
19, Tog: 6 and ¢ compoents of sea bottom
stresses.
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The bottom stresses are calculated as

s =pkU (U’-{—Vz) 12
toe h+7
ka (‘Uz+vz) 12
T BzT (6)

where k is the sea bottom frictional coefficient.
The sea surface stresses can be obtained as

1s=paCoWIW], (7

here, W is a wind velocity, p, the air density(1.2

Kg m™?), and C, the wind drag coefficient
(=(0.8+0.065W)x 10”, W in m/s; Wu, 1980,
1982).

B. The Model Area

The model area includes the entire coast of
Korea: the Yellow Sea, the East China Sea, and a
part of the East Sea (Fig. 1). This area covers
117° E.-134° E. in longitude and 24° 34’ N.
—43°24 ' N. in latitude, It consists of 66 by 83
grids. There are three segements of open boun-
dary, north-eastern part of the East Sea, south-
eastern part of the East China Sea, and southern
part of the East China Sea. Most area of the
model domain is a continental shelf. Relatively
shallow depth exists near the south-eastern open
boundary around the Ryukyu Islands.

C. Initial and Boundary Conditions

Initially the computation starts from a resting
state, 7=U=V =0 at t=0. It starts two days
before the period of interest time.

The model is set for the disturbances which
were developed in the model domain to pro-
pagate freely through open boundary by using
the radiative boundary condition (Reid and
Bodine, 1968; Flather and Davies, 1976).

Qn= (8h)* (7 —7a), (8)

where Q, is the outward normal transport
across the open boundary. Here it is assumed
that internally generated disturbances can be re-
presented as a progressive plane wave travelling
at right angles to the open boundary. 7. repre-
sents the externally generated surge elevation
entering the model area.

Nm™ (Pn—Pa)/Pg, {9}

here, P, is the ambient mean sea surface pres-

sure, 1010 mb for the summer typhoon seasons

and 1025 mb for the winter storm season.
Along land boundaries, non-slip condition is
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Fig. 2. Finite difference grid system (A§=0.25° in
longitude, A¢=0.2° in latitude, and m = number
of grids in #-direction).

applied, i.e., the velocities, u and v are assumed
to be zero.

D. Finite Difference Equations

The finite difference scheme for the present
study is sketched in Fig. 2. The equations(1)-(3)
are read in difference form as follows,
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For the ¢ -directional momentum equation, the
latitude ¢ ; is replaced by ¢, — Y244 . The
average operators are

I-—-LO= (HJ +Hj»-l )/2
H:“:(HJ +H/~m)/2

Ti=(1,+17,..)/2
Tl=(r,+1,.n)/2

U, =(U,4U, n+U, 0t U, 1) /4
V, =(V, 4V, otV omadtV, ) /4

The governing equations were numerically in-
tegrated using a forward time scheme on a stag-
gered spatial grid. Spatial grid intervals are
0.25° in east-west direction (= A4 ), and 0.2°
in north-south direction (= 4¢ ), respectively,
The CFL condition for computational stability
requires that the time interval At is no greater
than 90 seconds. The actual At used is 60
seconds, water density p, 1.0 g/cm3, gravitational
acceleration g, 980 cm/secz, bottom frictional
coefficient k, 0.0025 and horizontal eddy visco-
sity A, 10° cm?/sec.

E. Mereorological Conditions

If one wants to simulate the actual situation
of a storm surge field more accurately, the
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carefully measured actual pressure and wind
fields are essential. The real field data, however,
are very difficult to obtain in severe situations
like a storm. Even though we had some wind
data which were obtained in these situations,
they may not be dense enough to be used direct-
ly for the present model.

There are two indirect methods to obtain a
wind field from air pressure data. The first
method is to model the sea surface wind using
several oceanic and meteorological parameters
(Cardone, 1969; see Appendix). This method
was used for winter storm in the present study.
The second method is to get the sea surface wind
from the sea surface pressure distribution under
the assumption of geostrophic balance including
a proper friction.

In a tropical cyclone structure the low-level
(Ekman boundary layer) flow relative to the
storm (the relative flow is obtained by subtrac-
ting the storm’s velocity from the actual wind
field) is approximately symmetric about the
center of the storm, though in the upper layer
(troposphere) the outflow is quite asymmetric
(Anthes, 1982). This low-level symmetry is relat-
ed to the strong circular isobaric field and the
resulting symmetric pressure gradient force.
Thus the surface pressure pattern of a typhoon
shows close concentric circles. The associated
wind fields are also closely related with these
close pressure pattern. This symmetric field can
be easily calculated by several parameters such
as the air pressure of storm center and the radius
of maximum wind.

There are several frequently used analytic
models about air pressure distribution (Fujita,
1952; Myers, 1957; Holland, 1980). Holland
(1980) reviewed these widely used analytic
models including the two models above. His
analytic model reads as,

P=P.+ (P.—P.) exp(—A/r?), 13)

where P is the air pressure at a distance r from

the storm center, P, the pressure at the center, P,
the ambient pressure, and A,B are the para-
meters which determine the shape of the radial
profiles of pressure and its gradient. From this
pressure distribution, we can get the gradient
wind as,

W= (AB(P,~P.) exp(~A/r*)/par’®
41/ —rf/2, {14)

using dW/dr =0, we can find the radius of the
maximum wind, R,.

Ro=A'"" 15

According to Holland(1980), dimensionless pa-
rameter B is in the range of 1~ 2.5. For the pre-
sent study, we choose 1. In this case R | becomes
A and this model becomes identical to the
Myers’.

Since the air pressure of the typhoon center
and the radius of the maximum wind vary with
time, we supplied the locations and the air
pressures of the typhoon center every 6 hours
which were read from the weather charts of the
area. From the center pressure and the surroun-
ding pressure we obtained the radius of maxi-
mum wind. For actual calculations, the values
are interpolated to make 30-minute interval
data, considering the moving speed of the ty-
phoons and the grid size of the present model.
Table 1 shows the informations about the ty-
phoons: Brenda, Vera and Thelma.

For actual computations, we considered the
frictional effect of the sea surface in addition.
Thirty percent reduced wind speeds and the cor-
rected wind directions of 30 ° ingress angle to the
typhoon center were used. In the Northern He-
misphere, the wind speeds of typhoon are st-
ronger in the righthand side than in the lefthand
side due to the translation of typhoon. In the
present model we added the typhoon velocity to
the calculated gradient wind speed.
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Table 1. Location, center pressure (P,) and radius of maximum wind (R,) of the typhoons: Brenda (1985), Vera (1986) and

Thelma (1987)

Time Lat. Long. P R

Data [GMT] N °E {mb] [km]

3 OCT. 1985 00z 19.7 125.3 965. 64.5

3 127 216 123.3 965. 58.6

4 00Z 24.5 122.8 9. 64.8

4 122 27.6 123.6 960. 54.2

5 00z 32.2 126.2 965. 732

5 122 35.0 130.0 980. 66.2

6 002 38.0 132.0 992. 70.8

6 122 40.5 133.0 986. 100.6

6 00Z 42.0 136.0 988. 65.1

25 AUG. 1986 00Z 24.0 133.6 945, 105.7
25 122 25.2 130.6 945. 92.6
2 00Z 26.0 127.7 950. 116.1
26 122 27.4 125.3 950. 101.8
27 007 28.7 124.2 960. 107.6
27 122 30.9 124.1 960. 120.8
28 00Z 33.7 125.8 960. 140.0
28 122 37.5 127.7 980. 253.7
14 JUL. 1987 00Z 24.4 125.2 950. 56.1
14 122 27.1 125.1 950. 62.6
15 00Z 29.4 125.3 955. 65.2
15 122 33.9 127.2 965. 64.8
16 00Z 40.0 130.1 980. 146.3
16 122 43.0 132.0 988. 122.0

II1. SIMULATION OF SURGES A. Brenda

1} Typhoon Periods

We simulated the storm surges generated in
the periods of the three typhoons, Brenda
(1985), Vera (1986) and Thelma (1987). Fig. 3
shows the tracks of the typhoons; after they
passing the East China Sea, Brenda passed over
the Korea Strait, Vera struck the south-western
coast and Thelma approached the southern
coast of Korea.

Using the sea level data obtained at tidal sta-
tions the surges (i.e., tide residuals) are calcula-
ted by eliminating the predicted tide which was
composed of 64 tidal constituents. The tidal
constituents are obtained by harmonic analysis
using hourly sea level data of 355 days (See Oh,
et al., 1988).

Brenda entered the model area at 00Z on
October 4, 1985 and passed the study area from
south-west to north-east direction. The model is
set to run two days before the typhoon’s enter-
ing the model area. At this initial stage the
typhoon locates far out of the model area.

Fig. 4 shows the computed (dotted line) and
the observed (solid line) surges during the Bren-
da period. The observed surges show about
I-day-peak instances, and several oscillations
after the typhoon passage. The correlation coef-
ficients between the observed and the computed
surges are 0.49 (Dacheugsan), 0.87 (Cheju), 0.84
(Seogwipo), 0.54 (Yeosu), 0.68 (Keomundo),
0.41 {Chungmu), 0.37 (Pusan), 0.65 (Shimono-
seki) and 0.46 (Nagasaki). Poor correlation
coefficients seem to be due to mismatch in



Numerical Simulations of the Storm Surges 167

h
Br‘enI‘la‘3 Ima

Fig. 3. Tracks of the tvphoon Brenda (1985), Vera (1986)
and Thelma (1987). The square is the position of
the typhoon center at 00Z and the triangle at
122Z.

resurgence stage. Peak times of the surges match
well in the western stations (Dacheugsan, Cheju
and Seogwipo), but they tend to mismatch in the
eastern stations such as Chungmu and Pusan. At
Pusan the discrepancy is about 4 hours. There
are two possible reasons for these. First, the posi-
tion of the typhoon center is linearly interpo-
lated from every 6-hour data in the model com-
putation, thus the maximum discrepancy can be
6 hours. Second possible cause is the fact that
the typhoon became a tropical depression dur-
ing passage over the Korea Strait (from 12Z on
Ociober 5). During the process, the pressure and
wind patterns are changed to the ones that could
not match to our simple mathematical formula
of pressure and wind fields.

B. Vera

Vera was a powerful typhoon. When she rea-

ched the Korean peninsular her center pressure
was 960 mb, the maximum wind speed 70 m/s
and the translation speed 10 km/h.

Fig. 5 shows the computed (dotted line) and
observed (solid line) surges during the Vera
period. Surges started increasing gradually from
the time when the typhoon influenced the model
area. Several high frequency oscillations which
appeared in the recorded data are not simulated.
At this moment, we do not know the reason, but
we suppose that the tidal current may have done
an important role. There are some experiments
on the similar problem. According to Kim
(1988), the interactions of surges and tides could
generate such oscillations. Prandle and Wolf
(1978) also reported that tidal frequences of M,,
M, M, etc. apprearing in surge profile were
related to the residual component arising from
modification of the tidal phase due to interac-
tion with the surge. However, we need more
data and experimental study to understand this
problem.

The magnitudes and peak instances of the
computed surges, however, agree well with
those of the observed ones in this case. Correla-
tion coefficients between the observed and the
computed surges are 0.88 (Daeheugsan), 0.92
(Seogwipo), 0.71 (Cheju), 0.81 (Keomundo),
0.79 (Yeosu), 0.63 (Chungmu), 0.62 (Pusan),
0.73 (Shimonoseki), 0.76 (Fukue) and 0.75
(Nagasaki). The trends of the negative surge ap-
peared at Dacheugsan and Seogwipo after their
main peaks are simulated successfully. This
negative surge seems to be related to the baro-
tropic response of the ocean to a moving
typhoon. This will be explained with the surge
currents below.

The computed depth-mean currents and the
computed sea level variations during the period
of the typhoon Vera are shown in Fig 6a-f. The
strong cyclonic wind during the typhoon period
forces the sea water. Thus, the sea water moves
in the same direction (Fig. 6a, ¢) and this cyclo-
nic gyre induces negative sea level. As far as we
know, there are no directly measured currents



168 Im Sang Oh and Seong 1] Kim

DREMEUGSAN

F%

." v, 1 e 41 o
Ve | s
Oot. 1985

Oct. 1865

Fig. 4. Time series of the observed(solid line) and the computed (dotted line) surges during the typhoon Brenda. Time is

the Greenwich means time.

and sea level data to compare with in this open
sea area for the period.

We see that the center of the cyclonic gyre lies
slightly behind the center of the typhoon (com-
pare with the typhoon position in Fig. 3) and the
center of the negative sea level also appears be-

hind the center of the cyclonic gyre, while
positive sea level appears at the center of the
typhoon position due to the effect of the at-
mospheric pressure. At 00Z on August 28, the
typhoon center locates at the northwest of the
Cheju island, but the center of the cyclonic gyre
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Fig. 5. Time series of the observed (solid line) and the computed (dotted line) surges during the typhoon Vera. Time is the

Greenwich mean time.

is at the southwest of the island (Fig. 6 c).
Negative sea level and cyclonic gyre are elonga-
ted following the typhoon. After 12 hours (122
on August 28) the typhoon locates on the
Korean peninsula, and the current strengths are
weakened. The cyclonic gyre lasts quite a long time
after the typhoon passes the area. The shape of
the elongated gyre matches the contour of the
sea level. It seems that the surge currents flow
along the contour lines at this time. This means
that the cyclonic gyre of the sea water due to the
wind forcing is balanced by pressure gradient
forces and Coriolis forces in a quasi-geostrophic
sense when meteorological forcing abates.
Similar phenomena are observed in open sea
(O’Brien and Reid, 1967; Leipper, 1967; Geisler,

1970; Suginohara, 1973; Chang and Anthes,
1978; Greatbatch, 1984; Cooper and Thomp-
son, 1989). It is known that the baroclinic and
barotropic modes are induced when a typhoon
passes over an ocean (See Anthes, 1982). The
trough of the surface height (negative sea level in
the elongated gyre area in this study) generated
by the wind stress curl is a barotropic mode
(Geisler, 1970). Similar results are also found in
the barotropic mode of Kuo and Ichiye (1977).
Cooper and Thompson (1989), however, argued
that the deep water response can be characteri-
zed as baroclinic in the sense that the response is
dominated by effect of stratification and is large-
ly independent of external presssure gradients,
while the shallow water response can be charac-
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Fig. 6a. Computed depth-mean current field at 127 Fig. 6b. Computed sea level at 12Z August 27, 1986,
August 27, 1986, during the typhoon Vera. during the typhoon Vera.

S0 CM/SEC

Fig. 6c. Computed depth-mean current field at 00Z Fig. 6d. Computed sea level at 00Z August 28, 1986,
August 28, 1986, during the typhoon Vera. during the typhoon Vera.
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Fig. 6e. Computed depth-mean current field at 12Z
August 28, 1986, during the typhoon Vera.

terized as barotropic, in the sense that the flow is
slablike and internal pressure gradients are
unimportant.

At this moment we don’t know which process
is more dominant than the other in our study
area, continental shelf, because the present
model has only one layer. But, it is certain that
the negative surge appeared in coastal area after
typhoon passing is closely related to the nega-
live sea level induced by wind stress curl in open
sea. This negative sea level area of open sea ex-
ists behind the typhoon because in the area, the
influence of the wind-induced water circulation
on sea level variation is stronger than that of sea
surface air pressure. As the typhoon moves close
to land and crosses the southern coast of Korea,
the contoured shape of the negative sea level is
more elongated, and the cyclonic water motion
of the elongated gyre is hindered by land mass-
es (the Korean Peninsular and Japan Islands).
The sea water of the lefthand side of the gyre is
drawn offshore, while the water of the right-
hand side of the gyre piles up. Thus, the western

Fig. 6f. Computed sea level at 12Z August 28, 1986,
during the typhoon Vera.

staions, such as Daeheugsan, Seogwipo, show
negative surges after the typhoon passing, but
the eastern stations do not. We believe that this
is not the only reason why the western stations
have negative surges but, this explains, at least,
why negative surges are relatively clear in the
western stations while not in the eastern sta-
tions.

C. Thelma

Thelma was a fast moving typhoon with a
translation speed 30 km/h, a wind speed of 35
m/s and a center pressure of 965 mb when the
typhoon reached the southern coast of Korea.
Unfortunately, no dependable data were col-
lected for about two days due to the malfunc-
tioning of the tide gauges. Thus, Fig. 7 shows
only the computed surges during the Thelma
period. Sharp peak instances shown in this
figure are due to the typhoon’s fast translation.

The computed depth-mean currents and the
contours of the computed sea level during the
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Fig. 7. Time series of the computed surges during the typhoon Thelma. Time is the Greenwich mean time.

period of Thelma are shown in Fig. 8. The cy-
clonic wind forcing piles up the sea water along
the southern coast of Korea at 12Z on July 15,
1987. This causes the large computed surge at
Yeosu and Chungmu (Fig. 7). The elongated
gyre also appears in this event but the gyre is
separated into two at 12Z on July 15. The st-
ronger gyre locates at the position where the
typhoon center is at 00Z on July 15 and lasts all
through the computations. The center of the ne-
gative sea level is located at the same place until

it disappears.

Fig. 9 shows the time series of force balance
in ¢ -directional momentum equation in
readjusting process after typhoon passing. The
series are taken from a point, A, located at the
righthand side of the typhoon track during ten
days run (see Fig. 3 for the location of the point
A). Four terms are dominant: Coriolis force
(CF), pressure gradient force(PG), wind
stress(WS) and sea surface air pressure gradient
force (SAP). The other terms of the equation
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Fig. 9. Relative magnitudes of the dominant terms (CF:
Coriolis force; PG: pressure gradient force;
SAP: sea surface air pressure gradient; WS: wind
stress) ing-directional momemtum equation at a
point (A) in the righthand side of a typhoon track
(See Fig. 3 for the location).

are negligibly small (1 or 2 orders of magnitude
less). The time variational term can be large
when the four dominant terms are not balancing
for the first 60 hours. Notable figure is the force
balancing between CF and PG when SAP and
WS are drastically reduced. It is interesting that
the force balance between CF and PG is achieved
whether the Coriolis force is negative or not.
This fact supports that the force balance in
readjusting stage becomes quasi-geostrophic.

2) Winter Storm

The storm surges generated during an extra-
tropical cyclone passage in winter (Junuary 1-6,
1986) are simulated. The synoptic air pressure
distribution for the area is as follows.

A low pressure with a center pressure 1018
mb is developed in the northwest of the Korean
Peninsula near the Pohai Sea at 12Z on January
2 (see Fig. 10). This low pressure moved east-
ward by crossing the northern part of the Penin-
sula, and strengthened its influence with a center
pressure 1008 mb at 00Z on January 3. At
00Z of the next day, this low pressure center
located in the middle of the East Sea. Mean-
while, a high pressure which was near the Pohai
Sea moved closer to the Peninsula with a center
pressure 1032 mb. Due to this pressure pattern,
close isobars were shown in the north-south di-

rection, and the associated strong winds (about
10-18 m/sec) were recorded in the Yellow Sea on
January 4 and 5.

In order to compute the sea level variations
under this meteorological condition by the pre-
sent model, it is necessary to input sea surface
winds. We obtained the sea surface wind distri-
butions from a numerical model established by
Bong, ef al. (1988, 1989). This sea surface wind
model generally follows the logic of
Cardone(1969). A brief description of the model
is in the Appendix of the present paper.

Fig. 11 shows the computed (dotted line), the
observed (solid) and the moving averaged ob-
served (dashed) surges. After positive surges on
January 2 and 3, negative surges were recorded.
Surges get smaller from Inchon to Daeheugsan,
especially the negative surges. The negative
surge is coincident to the close isobars which ap-
peared in the Yellow Sea (see Fig. 10). By the
model test, we found that the magnitudes of
negative surge are proportional to the
southward wind strength. Model result shows a
similar pattern to the 13-hour moving averaged
observed data rater than to the observed data
themselves. The high frequency oscillations
(about 12 hours) seen in the observed data are
not simulated properly. However, the correla-
tion coefficients between the moving averaged
and the computed surges shows fair agreements,
i.e., 0.82, 0.66, 0.68 and 0.64 for Inchon, Kun-
san, Mokpo and Daeheugsan, respectively.

There are two possible reasons on this con-
siderable discrepancies between the observed
and the computed surges. The first one is due to
the insufficiency in sea surface wind. The tem-
poral and space resolution of the wind data is
not dense enough. The time resolution of the
wind data is 12 hours, while the time step of the
present model is 60 seconds. The space resolu-
tion of the wind data may also cause some er-
rors. The resolution of the wind data is about
200 km, while the grid size of the present surge
model is about 22 km. The other reason can be
the tidal effects. The presence of tides could
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Fig. 10. Sea surface pressure distributions at 00Z, January 3-6, 1986.

make a considerable difference in the surge pro- The depth-mean current fields and sea level
file as mentioned in the previous section(Choi, variations at every 12-hour interval are shown in
1986; Kim, 1988), but we did not consider the Fig. 12. The northerly wind generates south-
tidal effects in this study. We reserve this problem ward flows in most parts of the Yellow Sea (Fig.

for the next target. 12 a,c). The outward flow from the Yellow sea
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Fig. 11. Time series of the observed (1), the 13-hour
averaged (2) and the computed (3) surges during
the typhoon Thelma. Time is the Greenwich

mean time.

causes the sea level drop in the northern reach
(Fig. 12 b,d). The southward wind forcing be-
comes stronger from south (East China Sea) to
north (Yellow Sea) after the low pressure
passage. Consequently a sea level setup is made
from the Yellow Sea to the East China Sea. Si-
milar setup along the west coast of Korea is
repoted by Hsueh, er al. (1986). According to
them, the presence of sea level setup along the
west coast of Korea is a consequence of the
presence, at thé end of the peninsula, of relative-
ly deep offshore water that was less responsive
to wind forcing than the shallow shelf water.
The negative surge and the increase in its
magnitude from south to north along the west
coast of Korea (see Fig. 11) can be attributed to

-----

.....

........

......
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Fig. 12a. Computed depth-mean current field at 007
January 4, 1986, during winter storm.

Fig. 12b. Computed sea level at (0Z January 4, 1986,
during winter storm.
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Fig. 12f. Computed sea level at 00Z January S, 1986,

Fig. 12e. Computed depth-mean current field at 00Z
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Fig. 12i. Computed depth-mean current field at 00Z

Fig. 12j. Computed sea level at 00Z January 6, 1986,
January 6, 1986, during winter storm,

during winter storm.
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. Computed north-southward transport (positive
northward) through the east-west line connec-
ting the southmost point of the Korean Penin-
sular with China during winter storm.

this sea level setup to south. When the northerly
wind abates, northward (upwind) flow begins 1o
appear in more deep part of the Yellow Sea, yet
southward flow continues in more shallow parts
of the sea (Fig. 12. e,g,i). Due to the northward
flow, the sea level begins to ascend first in the
eastern part of the Yellow Sea (Fig. 12. f,h,j).
North-southward transport through the east-
west line connecting the southmost point of the
Korean Peninsula with China shows in/outward
flow pattern druing the process (Fig. 13).
Southward flow exists throughtout the entire
section. The maximum transport is formed in the
trough of the Yellow Sea. Northward flow ap-
peares in a great magnitude at the trough of the
Yellow Sea from January 5, while southward flow

continuously apprears in the adjacent areas of
China and Korea, i.e., in the relatively shallow
water. At January 7, a considerable southward
flow is appeared along the Korean coast. It
makes the net transport of the whole cross sec-
tion vanish. From this analysis, we found that
in/outward flows mainly exist in the trough of
the Yellow Sea, while some waters in shallower
area flow in opposite direction.

1V. CONCLUDING REMARKS

We simulated the storm surges which were
occurred in the seas around Korea. The genera-
ted storm surges are in two categories: one is a
surge due to a typhoon in summer and the other
is due to an extratropical cyclone in winter.

The surge simulations for typhoon seasons
show good agreements with the observed ones.
However, the simulations of tt_Le winter seasons’
show considerable discrepancies.

From the surge simulations, we found some
interesting features in our shallow study area. A
negative sea level is clearly shown behind the
positive sea level which are directly underneath
the typhocn center. As the typhoon move closer
to a land boundary, the negative sea level are
hindered to ’follow’ the storm because the
surges are strongly related to the sea water
movement. Considering the typhoon direction
crossing the southern coast of Korea from the
south, we can understand why the western sta-
tions usually have clear negative surges while the
eastern stations do not.

The shape of this negative sea level becomes
elongated as time goes by. The balance of forces
which control the seawatermotion in open sea is
maintained by Coriolis force and pressure gra-
dient force. This balance of forces could be
quite different in a shallow area and in a coastal
region. Bottom and lateral friction term will be
more important.

There could be many problems in surge simu-
lation, especially for winter season cyclones.
Among them, a very important and inevitable
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problem is due to an insufficient accuracy in sea
surface wind.

The magnitude and peak time of a calculated
surge are strongly dependent on the center pres-
sure and the track of the storm considered.
Therefore, an exact prediction of a storm surge
needs correct informations of the strom,.

This model does not include any surge-tide
and surge-wave interactions. We, however, beli-
eve that tidal current would play an important
role in generating the high frequency oscillations
of surge which were appeared in the recored
surge, and the tide itself be modified somewhat.
We have already made a good progress on this
proglem and will conduct more experiments on
1t.
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APPENDIX
SEA SURFACE WIND MODEL

Cardone(1969) separated the atmospheric
boundary into surface and Ekman layers. He as-
sumed that at the upper limit of the Ekman layer
the wind velocity becomes the geostrophic wind
ie,, V=V,, and in surface layer the wind
velocity has a logarithmic profile and it vanishes
at the sea surface(Fig. Al).

The variables are

W : wind velocity in Ekman layer, and W, =
W(z=h)

Free Atmosphere

Ekman iayer
W=W, expl-3(z-h}-if {z-n)]

Flusug M+ilv-vg)

Surface loyer
Velu, /k) Un 2/2-@(z/LN
o] V=0

Fig. Al. Seperation of atmospheric boundary layer.

V . wind velocity in surface layer, and V, ==
V(z=h),

u, v, Eastern and Northern components of
geostrophic wind Vg in free atmosphere,
respectively,

u, : frictional wind velocity,

k : von Karman constant (=0.4),

z, : sea surface rougness,

¢ : function concerning the vertical stability

of atmosphere which is a function of
Monin-Obukhov stability length, L,

B : vE/2v, where v is eddy diffusion coeffi-
cient, and

h : height of surface layer.

The wind velocity in Ekman layer is obtained
from the momentum equation as follows,

1 P+i8_r'

o p oz

where V, P, 5, f and r are wind velocity, air
pressure, air density, Coriolis parameter and
wind stress, respectively.

The surface layer height is determined from
h=B_V /f, here B_is a constant coefficient of 3
x10™. The distributions of sea surface and air
temperatures are used for the calculation of 1.
(Kim, 1989).

Bong, er al. (1988, 1989) made a numerical
model for the calculation of sea surface wind us-
ing the model above. For the present study, we
used the sea surface wind model.
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