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When typhoons passed around the Korea Strait, some observation in this strait carried out by
Mizuno et al. (1986) gives us the following oceanographic features; 1) the direction of the
observed current was opposite to the northeasterly wind, 2) temperature rapidly increased having
a time lag as the depth deepens, after then decreased with oscillation. A primitive equation ocean
model that makes use of a sigma-coordinate system and incorporates a typhoon model was used
to examine the mechanism to generate these phenomena. The model region covers the East
China Sea, the Yellow Sea, and a portion of the East Sea (Japan Sea). The model well
reproduces the observed features, especially in temperature field, and clearly manifests how the
above observed features happened. From early time when the typhoon was located in low
latitude, an alongshore northward current in the west of Kyushu (hereafter the West Kyushu
Current) is generated by an alongshore wind in the typhoon. This current flows into the eastern
‘channel, as a coastal jet, regardless to the wind field within the Korea Strait during this period.
The above observed phenomena are generated by this current. The model results indicate that
when typhoons pass around the Korea Strait, the West Kyushu Current is generated, and

oceanographic condition in the strait should be greatly influenced by this current.

INTRODUCTION

Every year many typhoons from tropical regions
pass around the Korea Strait (henceforth KS; Fig. 1),
and seriously influence oceanographic conditions in
the KS, even though such typhoons are short-term
impacts for several days. Yi (1974) reported the
existence of a rapid sea level variation between
Izuhara and Pusan when typhoons pass around the
KS, and Hong and Yoon (1992) (henceforth HY)
examined how such a sea level variation happens
using a numerical shallow water model. A distur-
bance propagation excited by a typhoon through the
KS was investigated by Hong and Yoon (1993) in
the northern Japanese coast of the East Sea (Japan
Sea). :

Fig. 2 shows time series of the observed velocity
and temperature at St. T4 (see Fig. 1) in the eastern
channel of the KS observed by Mizuno et al. (1986).
Atmospheric pressure and wind speed (upper panels)
were obtained from a marine tower of Kyushu
University in Japan. Tidal and higher frequency fluc-
tuations were removed by using a low-pass filters.
In the observation period, a typhoon (TP8305), of
which track is illustrated in Fig. 1, passed the south
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of Japan during August 15 to 18, 1983. The vertical
bar represents a time when TP8305 passed a
proximity of the KS. Even though the typhoon has
passed far away from the KS, it made there a great
impact on oceanographic condition because its scale
was very large, e.g., the lowest central pressure was
about 890 hpa. In this period, the observed wind
direction was basically northeasterly over 10 m/s.

In this observation results, we can point out
several oceanographic features. Firstly, the current
at St. T4 was northeastward flowing into the East
Sea opposing to the wind direction. Moreover, at
three layers (50 m, 80 m, and 110 m), the situation
is almost the same, implying that the current is
basically barotropic. It is not easy to simply
understand these results since the current primarily
flows downwind. Excluding the mean current speed
(about 25 cm/s) in the observed period, variation of
velocity by the typhoon can be roughly estimated
as about 20 to 40 cm/s. On the other hand, in this
period, the temperature (lower panel) rapidly increa-
ses, especially higher (3 to 5°C) in the middle layers
(50 m and 80 m). The temperature maximum (cross
mark) appears earlier in the surface, and delays as
the depth deepens. Thus, its time lag between the
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East Sea

Fig. 1. Map of the Northwest Pacific Ocean area. Tracks
of typhoons, (TP8305 and TP8410) are roughly given,
and time intervals between black circles on the tracks are
one day. Time series of the observed temperature and velo-
city have been obtained at St. T4 by Mizuno et al. (1986).
Pusan, Izuhara, and Hakata are symbolized by PS, 1Z, and
HK, respectively. The model region is indicated by a rec-
tangle, and the dashed lines show open boundaries in the
model.

surface and the bottom layers becomes about 6 to 7
days. After passing of the typhoon, temperature
slowly decreases with oscillation for several days.
Another typhoon (TP8410) passed through the
KS during August in 1984, as shown in Fig. 1, and
velocity and temperature in that period were also
observed at St. T4 by Mizuno et al. (1986) (Fig. 3).
The interval between two vertical bars shows per-
iods of 19th to 23rd, August, when TP8410 passed
through the KS. Similar features to those in the case
of TP8305 have been also found; the current in the
eastern channel flows into the East Sea against to
northeasterly wind of the typhoon at least before the
typhoon passes through the KS; a rapid increase of
temperature also appears, then it decreases with
oscillation for several days, and a time lag with the
maximum temperature in depth has been found,
but it has been shorter (about 2 days) than that of
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Fig. 2. Time series of velocity and temperature at St. T4
of the eastern channel in August, 1983, with atmospheric
pressure and wind speed from a marine tower of Kyushu
University in Japan. Data intervals are 6 hours. Repro-
duced from Mizuno et al. (1986). Vertical bar represents a
time when TP8305 has passed a proximity to the Korea
Strait (KS) on August 16, 1983. Cross marks in the tem-
perature indicate the maximum values.

TP8305.

The purpose of this paper is to examine how the
above phenomena happen, using a three-dimension-
al primitive equation model in sigma coordinate.

NUMERICAL MODEL

Governing equations

The ocean model is the Princeton Ocean Model
(POM) described in detail by Blumberg and Mellor
(1987), and its configurations are almost the same
as one used by Hong (1998a). POM has been used
by many coastal oceanographers due to being well
documented and effectively reproducing coastal and
estuarine bodies of water (Blumberg and Mellor,
1983; Galperin and Mellor, 1990a, b; Oey et al.,
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Fig. 3. Same as Fig. 3 except for TP8410. The interval
between two vertical bars shows a few-days period of the
passing of TP8410 through the KS.

1985a, b, c). Recently, it has been applied to tidal
motion in the coastal ocean of Korea (Hong and
Choi, 1997; Hong, 1998b), and to circulation in the
Yellow Sea and the East China Sea (Oh et al., 1998).
It is a primitive equation model with a free surface,
a split mode time step, and solves the following
traditional hydrodynamic equations for conserva-
tion of mass, momentum, temperature, and salinity
coupled with the equation of state.
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The notations are conventional: K,, is the vertical
eddy viscosity, K, the vertical eddy diffusivity, F*”
the horizontal eddy friction terms, and F®® the
horizontal eddy diffusion terms. The Boussinesq and
hydrostatic approximations are assumed, and the
Knudsen's equation is used to solve the equation (7).
The K,,, K, are determined by Mellor and Yamada
level 2.5 turbulence closure model (Galperin et al.,
1988). The horizontal friction and diffusion terms
are treated by the Laplacian forms with -the
coefficients A,, and A, calculated with Smagorinsky
scheme. The detailed description for the governing
equations is given in Mellor (1996). The model uses
a bottom-following, sig}na-coordinate system ©6=(z
—-n)/(H+mn), where 1 and H are the sea surface
elevation and the water depth, respectively. The
model has 12 vertical sigma levels (0.000, —0.016,
—0.031, —0.063, —0.125, —0.250, —0.375, —0.500,
—0.625, —0.750, —0.875, —1.000).

The model geometry (Fig. 4a), obtained from
NOAA National Date Center, is realistic with open
boundaries in the east and south (see Fig. 1), and
has horizontal resolution of 20 km in both x and y
directions from its left-southernmost grid point (26°
00'N, 117°25'E) to its right-northernmost grid point
(42°00'N, 132°00'E). The model region covers the
East China Sea, the Yellow Sea, and a portion of the
East Sea, and an enlarged area of the KS is shown in
Fig. 4b. The bottom topography has a maximum
depth of 3000 m and has been smoothed so that the
sigma coordinate system does not cause spurious
current in the region of steep topographic gradients.
The model is formulated by a Cartesian coordinate
where a shape of typhoon at high latitude should be
somewhat deformed owing to curvature variation
of the Earth's surface. However, it would not sig-
nificantly influence the objective of this paper
because we mainly focus on phenomenon in the KS
(about 35°N) before a typhoon enters the East Sea.

At open boundary the internal normal velocities
are governed by a Sommerfeld radiation condition;
an elevation is specified as the external open boun-
dary condition. A constant structure of temperature
is upwinded on the boundary; when the flow is into
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Fig. 4. Model bathymetry (depths in meters) a). Black rec-
tangles represent stations for drawing a space-time di-
agram. An enlarged area of the KS b).

the model domain temperature is prescribed, and
tangential velocities are subject to free slip con-
dition. The model is initialized with horizontally
homogeneous temperature which is exponentially

decreased from 27°C at the surface, and the sea level
and velocities are set to be zero, u=v=w=n=0.
Salinity distribution, for convenience, is assumed to
be equal everywhere to 34.50%0. For simplicity, no
heat flux and no basic current, such as the Tsushima
current, are considered. The latter may be critical
for the model results because the Tsushima Current
becomes stronger in the eastern channel during sum-
mer. This will be more discussed at the last section.
Refer to Hong (1998a) for details of the model.

Atmospheric conditions

Atmospheric conditions in the present study is
almost the same as one in Hong (1998a) except for
the run-time being from 2100 GMT 17 August, 1984
(hereafter 17:2100) to 27:2100. Briefly repeating
some salient points, the air pressure P(x, y) at (x, ¥)
of which the lowest is the center of a typhoon, is -
given by Fujita (1952),

P(,y)=P_—8P N1+ (r/r, )

where P, is the ambient air pressure, 6P a depres-

sion of the air pressure at the center of the typhoon,
r the radius from the center of the typhoon, r, a
distance in which the depression of the air pressure

becomes 8P /2 having the maximum gradient wind,
i.e. it corresponds to a radius of the typhoon’s core.
The isostatic elevation is obtained by hydrostatic
equation using the second term in the right hand
side of the above equation, and is incorporated in

" the pressure gradient terms in equations (2), (3).

The wind is given by Miyazaki et al. (1961),
W=CyW, (r)+C, W,E™*

where (W,) is a gradient wind, (W,) wind is propor-
tional to the moving speed of the typhoon, and C,
(=0.8) and C,(=0.5) are parameters for fitting to
the observation, o a coefficient for exponentially
decreased amount of W, from the center of the
typhoon. The wind stresses (7° , 7’ ) are calculated by

7, 7)= PaCyW(wy , wy)

where C, (=2.6 X107°) is a drag coefficient of the
wind, p, is the atmospheric density, and w, and w,
are the components of W in x and y directions, res-
pectively. The life of the typhoon was approxi-
mately 15 days, but the calculation was done for 10
days from 17:2100 until being a weak cyclone in
the Okhotsk Sea. The detailed track of TP8410 used
here is illustrated by Fig. 5.
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Fig. 5. The track of typhoon TP8410. Filled circles (®)
indicate the central position, and the numerals give the
central pressure and arrival time for each location.

MODEL RESULTS
Comparison with the observation

Fig. 6 shows time series of the calculated wind
(Fig. 6a), velocity (Fig. 6b), and temperature (Fig.
6¢c) at St. T4 (see Fig. 1). The interval between
vertical bars represents twelve hours with passing of
the typhoon through the KS. In the model the wind
direction before the typhoon passed through the KS
is basically easterly, and is slightly different from
the observation on the northeasterly wind (Fig. 3).
As the typhoon passes through the KS, however, the
model wind has been changed to southeasterly and
southwesterly winds as the observation. However,
it is roughly about two times stronger than the
observation (about 10 m/s), probably associated
with a limitation of the typhoon model, as already
discussed by Hong (1996). On the other hand, the
calculated currents in 85 m and 119 m depths at St.
T4 (Fig. 6b) are northwestward or northward in the
period of the typhoon passing through the KS

although the observed current (Fig. 3) was northeast-
ward (note that the compared depths are a little
different each other). The current speed is stronger
(about two times) than the observation. In the model,
after the passing of typhoon through the KS, inertial
oscillation with a period of about 22-hour is predo-
minant.

In the temperature field (Fig. 6¢), it seems that
the observed features (Fig. 3) is rather successfully
reproduced; temperature rapidly increases, after
then decreases with oscillation for several days; it
earlier reaches the maximum level (cross mark) in
the surface, and delays as the depth deepens, but the
time lag between the surface and the near-bottom
is slightly shorter (12 hours) than that in the observa-
tion (1.5 to 2 days), probably relating to the overes-
timated current speed in the model.

Response of open ocean to typhoon TP8410

Fig. 7 shows the sea surface elevation (Fig. 7a),
wind vector (Fig. 7b) from 20:0900 to 21:0900 with
every twelve-hour. Shade zones represent negative
values of the elevations, and the center of the
typhoon is marked by a cross symbol (X). The
elevation around the center of the typhoon should
be basically determined by balancing two effects, i.
e., isostatic effect and Ekman effect. The former
contributes to increase the sea level due to inverse
barometry (hydrostatic equilibrium), and the latter
to decrease the sea level due to Ekman divergence.
As the typhoon moves on the continental shelf in
the East China Sea (20:0900), a cyclonic eddy is
formed by Ekman dynamics behind the center of the
typhoon, and gradually develops in time. In the
Chinese coast (about 30°N; see Fig. 1), sea water is
piled up with coastal jet (Fig. 8) developed by the
alongshore wind of the typhoon (Fig. 7b), while
negative sea level (shade zone) gradually appears in
western coastal area of Korean peninsula (21:0900)
due to piling-down when the typhoon has closely
approached the KS.

In the velocity fields at 20:0900 (Fig. 8a), the
cyclonic eddy influences the current field around
the KS from early time when the typhoon is located
at low latitude, especially in the surface current
field (level 3). At this time we note that alongshore-
northward current in the west of Kyushu exists
although it is more clearly seen at level 3 and 7.
Considering the wind field (see the left panel in Fig.
7b), this current is induced by alongshore wind of
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the typhoon in the west of Kyushu, as a coastal jet.
As the typhoon approaches the KS (21:0900), the
current develops more at all layers (Fig. 8b) with
stronger alongshore wind in time (see the right
panel in Fig. 7b). Therefore, the velocity field
accompanied by this current in time governs the
current field in the eastern channel in this period,
almost regardless of the wind field in the KS. For
convenience, hereafter we call it ‘West Kyushu
Current (WKC)'. This will be discussed more in
detail at next section.

One interesting point is that the center of the
eddy in the surface layer almost coincides with one
of the typhoon, but as the depth deepens, it has been
positioned behind the typhoon by about 300 km at

2(; - 2% o culated wind a), velocity b), and
temperature c) at St. T4 (see Fig.
1). Data intervals are one hour.

near-bottom in this time (Fig. 8b). On the other
hand, an interpolated velocity field in z-coordinate
at 21:0900 (Fig. 8c) shows that the amplitude is
rapidly decreased in depth, for example, at 50 m
depth (the middle panel), it has been reduced to
about 10 to 20% of the surface one, especially at
area out of the eddy. This indicates that the effect of
typhoon on the sea water is concentrated on the
surface layer.

Response of sea water in the Korea Strait to
typhoon TP8410

In this section consider how the observed features
(Figs. 2, 3) happened. Fig. 9 shows temperature
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Fig. 7. The sea surface elevation a), wind vector b) from 20:0900 to 21:0900 with every twelve-hour. Shade zones
represent negative sea level, and the center of the typhoon is marked by a cross symbol (X).

fields at 50 m and 80 m depths at 19:2100 (Fig. 9a)
and 20:2100 (Fig. 9b) when the typhoon has been
located at the southwest of Kyushu (see Fig. 5). In
these periods, around St. T4 (black circle), there is
no significant change of sea water properties in both
layers in time. Temperature in the central area of the
KS is near 18°C in 50 m and near 16°C in 80 m.
Behind of the Tsushima Island, however, there is
cold water lower than surrounding water, probably
related to its topographic effect as discussed by
Isoda (1989). At 21:0900 when the typhoon has
entered the KS (Fig. 10a), in the upper layer (50 m),
warm water over 20°C flows into the eastern
channel (the upper panel). As seen in the velocity
field (the lower panel), this warm water has been
accompanied by the WKC mentioned in previous

section. By passing of the typhoon (Fig. 10b), the
WKC has more developed (the lower panel),

‘resulting in increasing the transport of warm water

(the upper panel). Thus, the model results show that
a rapid increase of the observed temperature in the
eastern channel can be explained by transport of
warm water from the East China Sea, which is
accompanied by the WKC. In the lower layer (80 m)
at the same time (21:0900; Fig. 11a), temperature
field (the upper panel) is still almost the same as
before (see Fig. 10), despite that in the upper layer
warmer water has been already transported, since
the WKC does not yet develop at the lower layer
(the lower panel). However, as it develops more
(the lower panel in Fig. 11b), warm water higher
than 18°C is transported into the eastern channel
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(the upper panel in Fig. 11b). This result shows that
a time lag of the maximum temperature in depth has
been generated by difference of developing time of
the WKC in depth.

Finally, we discuss about oscillation found in
observed temperature and velocity fields after the
passing of typhoon through the KS. Fig. 12 shows
elevation fields from 22:0900 to 25:2100 with every
12-hour. After the typhoon enters the central of the
East Sea (22:0900), some disturbance (positive sea

level) propagates along the coast in the Yellow Sea -

and the East China Sea, and repeats from 25:2100
with a period of about 2.5-day as earlier indicated
by HY. A space-time diagram of sea surface
elevation is illustrated in Fig. 13 (see Fig. 4a for
stations). A wave propagation is seen after the
passing of typhoon through the KS (note that the
period of the typhoon's passing is given by two
horizontal bars). Its speed is about 20 m/s, and
corresponds to the speed of Kelvin wave if we
assume that the mean depth of the Yellow Sea is
about 40 m. The periodicity of the oscillation,
however, is not manifested compared with one
obtained by HY. This will be discussed at next
section. Consequently, the model implies that the

for 80 m depth.

oscillation in the observed temperature after the
passing of the typhoon through the KS may be due
to a basin-scale undulation with Kelvin wave al-
though its periodicity is not clear.

CONCLUSION AND DISCUSSION

When typhoons (TP8305 and TP8410) passed
around the KS, in the observation at St. T4 in the
eastern channel corried out by Mizuno et al. (1986),
we can find several oceanographic features; 1) the
direction of the current was opposed to the northea-
sterly wind, 2) temperature rapidly increased having
a time lag as the depth deepens, after then decreased
with oscillation.

The POM version that 1ncorporates a typhoon
model reproduces the major features in the obser-
vation. In the model, the West Kyusyu Current
(WKC), which flows northward along the west of
Kyushu, plays important role in the oceanographic
condition in the eastern channel in this period. This
current is a coastal jet generated by an alongshore
wind in the typhoon, and flows into the East Sea
almost without regard to the wind field within the
KS in this period. Warm water from the East China
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Fig. 12. Elevation from 22:0900 to 25:2100 with every twelve-hour.

Sea is transported by the WKC into the eastern
channel, resulting in a rapid increase of the tem-
perature. The WKC first has developed at the
surface layer, and gradually at the lower layers in
time. This caused a time lag in temperature increase
in depth (Figs. 2 and 3).

In addition, elevations and velocities in the case
of TP8305 (Fig. 14) were obtained using a numer-
ical shallow water model under the same conditions
as the typhoon parameters (e.g., Cd etc.) in the
present study with an extended study area. At
16:2100 (Fig. 14a) and 17:0900 (Fig. 14b) in
August, 1983 when the typhoon (cross mark) hit the
south of Japan, it is seen that as the case of TP8410,
the WKC also flows into the eastern channel, and
continues to flow along the northern Japanese coast.
The strong current, more than about 10 cm/s as a
mean velocity, flowing into the eastern channel at
17:0900 (Fig. 14b) is well identified by the obser-
vation as shown in Fig. 2. In this case, the WKC
develops accompanied by a Kelvin wave along the
coast in the south of Japan. Consequently, this
paper indicates. that when typhoons pass around the
KS, oceanographic condition in the KS should be
greatly influenced with the WKC. The strength of

m

LN
50

40 70
DISTANCE (x56 km)
Fig. 13. A space-time diagram of sea surface elevation.
See Fig. 4a for stations. The period (twelve-hour) of pass-
ing of typhoon is given by two horizontal bars. Shade
zones represent negative sea level. A roughly propagation
speed of wave is given by 20 m/s.



84

EL (cm)

16:2100 17:0900

TP 8305

Chul-hoon Hong

EL (cm)

ClL= 10 em

V (cm/s) 17:09()6

(a)

the WKC should be primarily associated with the
track of typhoon since it is generated by alongshore
wind in the west of the Kyushu (or in the south of
Japan, see Fig. 14). For example, a typhoon which
moves towards the China will be difficult to
generate and develop the WKC although we here
did not examine it. Tracks of the typhoons pre-
sented here, TP8305 and TP8410, are likely pref-
erable to generating and developing the WKC.

In this paper, we pointed out several oceano-
graphic features in velocity and temperature field
(Figs. 2 and 3) in the observation carried out by
Mizuno et al. (1986), and in the model this pheno-
mena were generated by the West Kyushu Current.
The existence of this current, however, was not
identified yet by the observation.

v ( m/s)

|
Cl=10 cm

Fig. 14. Elevation (the upper
panels) and velocity (the lower .
panels) at 16:2100 a), and at 17:
0900 b), August, 1983 when
typhoon TP8305 (cross mark) hit
the south of Japan. These results
were obtained using a numerical
shallow water model.

(b)

In the model, oceanographic conditions in the KS,
such as velocity and temperature distributions, have
been greatly changed by typhoons even for several
days, and in particular affected by the WKC
resulting in more warming sea water in the eastern
channel than in the western channel (Fig. 9). In this
effect, the WKC probably would contribute in
part to causing difference of sea water properties
between two channels of the KS mentioned by
many authors (Omura et al., 1994; Isobe, 1994;
Hong, 1998c).

The model has been much simplified to capture
only basic key points. The basic currents, such as
the Tsushima Current, has been neglected, and
would result in modifying somewhat strength of
the current in the eastern channel. This current,
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however, would act on intensifying the WKC. For a
goal of this paper, the model region has been cut off
a lot of the East Sea, so that in the East Sea activity
of many eddies generated by the typhoon (see HY)
has been negligible, although this paper does not
focus on it. This would affect periodicity of a basin-
scale undulation (Fig. 13) since this undulation is
related to the scale of the basin in the model. In the
model, we also simply initialized horizontally homo-
geneous temperature field at some levels without
considering different temperature in each region, so
that it will somewhat modify the calculated tem-
perature field in the vertical. This must be com-
plemented in the future.
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