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Abstract: Hydrographic data and daily time series of longshore wind, sea level and sea surface
temperature were used in order to explain why the upwelling effect in SST is especially prominent
near Ulgi-Gampo although the sea level records along the whole southeast ccast show a nearly
uniform upwelling-downwelling response to wind. Regional difference in intensity of the wind-
induced upwelling represented by the SST decrease is attributed to the combined influence of two
factors; one is the baroclinic tilting of isotherms due to the East Korea Warm Current (EKWC)
near the Ulgi-Gampo coast, the other is the topographic effects around the southeast coast. Baroclinic
tilting effect of EKWC which is generally strongest near the coast of Ulgi to Gampo results in
both of the shoaling of cold water and the westward trapping of the coldest bottom water over the
shallower shelf rather than the deepest trough region off that coast regardless of the season. There-
fore, becacse of the cold water ready for upwelling at the subsurface layer, SST responds very
rapidly to the upwelling-favorable winds of summer only off the Ulgi-Gampo coast. Spreading

isobaths from Pusan to Gampo can reinforce the upwelling of the cold bottom water and its westward

trapping.
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INTRODUCTION
It has long been known that the cold water
mass appears at the sea surface near Ulgi (Ulsan)
every summer (Lim and Chang, 1969; An, 1974;
Seung, 1974). Lee (1983) stated that the varia-
tions in sea level and sea surface temperature

(SST) at Ulgi and Gampo are highly correlated
with longshore winds. According to his analysis,
sea levels at Pusan, Ulsan and Pohang fluctuate
in nearly the same fashion, which means that
sea level consistently shows an upwelling-
downwelling response to the Ekman transport
by longshore wind along the whole southeast
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coast of Korea. However, SST decreases only at
Ulgi and Gampo during upwelling, but not at
Pusan and Pohang (Janggigab). Furthermore,
the amount of SST decrease is usually greater
.at Gampo than at Ulgi. No one has given any
plausible explanation on this regional difference
in upwelling intensity represented by SST
change.

Local intensification of upwelling has been
studied in the famous upwelling regions. Arthur
(1965) demonstrated that the upwelling could
be reinforced equatorward of a cape for the
eastern boundary current following the coastline.
Johnson et al. (1980) observed that the upwelling
was intensified in downstream region of the cape
near Valparaiso, Chile. A numerical simulation
by Peffley and O’Brien (1976) shows that the
bottom topography around the Cape Blanco, not
the cape itself, is responsible for the regional
difference in the wind-induced upwelling off the
Oregon coast. Blanton et al. (1981) and Leming
and Mooers (1981) studied the topographically
induced upwelling on the South Atlantic Bight
shelf shallower than 200m, and Lee, et al. (1981)
described the upwelling caused by the cyclonic
eddy in the same region. Freeman and Denman
(1982) also studied the topographically controlled
upwelling off the southern Vancouver Island.
Janowitz and Pietrafesa (1982) made a theoretical
model of the topographically induced upwel
ling.

For the Tsushima Current flowing northeas-
tward through the Korea Strait, southeast coast
of Korea may act as a large cape. In addition,
peculiar topographic features such as the narro-
wing width and elongated trough of the strait,
diverging bathymetry from Pusan to Gampo and
the abrupt increase of bottom depth off Gampo
(Fig. 1) may have a significant influence on
the coastal upwelling as well as on the Tsushima
Current. The main objective of this study is, by
means of the hydrographic data available, to
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Fig. 1. Location map and bottom topography off the
southeast coast of Korea. Stippled area depicts

the diverging isobaths.
explain why the upwelling effect in temperature
is especially salient in the Ulgi-Gampo region
despite that the wind condition and the sea level
variations are almost the same over the southeast

coast.

DATA

Daily time series of longshore wind (y-com-
ponent at Ulgi in Fig. 1), sea level and SST
were excerpted from the data of Lee (1983). In
order to study the evolution of hydrographic
fields related with temporal variations in wind
forcing, the repeated surveys with short periods
accompanied by the continuous wind and current
measurements are desirable. However, the hydro-
graphic data available at present are mostly from
the results of bimonthly routine survey by the
National Fisheries Research and Development
Agency (FRDA). Therefore it is only possible
to compare the every hydrographic field with the
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wind conditions in order to infer the general
relationships between them, Among hydrographic
data, there were only three cases in August of
1973, 1976 and 1978 in which the periods of
the hydrographic observation and the enhanced
upwelling were coincided with each other. In
August 1974, a data set pertaining to a typical
downwelling event was made. These four cases
are studied in detail. In separating the compo-
nents of wind at Pusan, NNE direction which
is tangential to the coast at Ulgi was taken as
the positive y-axis (Fig. 1).

Mean values of hydrographic data in the
Oceanographic Handbook of the Neighbouring
Seas of Korea published by FRDA (1979) were
also used for the description of the average states
of temperature or density fields and the distri-

bution of bottom water temperatures.

RESULTS AND DISCUSSION

Variations in 10-day mean SST along the east
coast in summer 1973 (Fig. 2) is used as an
example to illustrate that, among the southeast
coast from Pusan to Janggigab (Pohang), SST
is particularly low at Ulgi and Gampo. SST
variations at Pusan and Janggigab are considered
to be normal because they have maximum values
in summer. From the daily time series of lon-
gshore wind, barometrically adjusted sea level
and SST (Fig. 3), it is recognized that not only
sea levels at Pohang, Ulsan (Ulgi) and Pusan
but also SST’s at Gampo and Ulgi show good
inverse correlation with longshore wind at Pusan.
During the periods of persistent wind favorable
for upwelling (positive y-component), depressed
state of sea level and decrease in SST are
apparent. On the contrary, SST increases fre-
quently at Pusan and Janggigab during the
period of major upwelling events at Ulgi and
Gampo (Lee, 1983). A noticeable fact is that
the sea level varies in nearly the same manner
at three stations of Pohang, Ulsan and Pusan
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Fig. 2. Variations of 10-day mean SST along the
east coast in summer 1973 (Lee, 1983).

in response to longshore wind. This result
suggests that the offshore Ekman transport has
nearly the same influence on the sea level
variations at three stasions. Then the upwelling
effect on SST will depend on whether there is
the cold water to be upwelled at subsurface layer.
For example, the depth at which the upwelling
of subsurface cold water occurs is about 25~60m
for short period upwelling off the coasts of
Oregon and NW Africa (Halpern, 1976; 1977).

Vertical sections of mean temperature (Fig. 4)
in August off Pusan (Line 207), Ulsan (Line
208), Gampo (Line 209) and Pohang (Line 102)
represent the average hydrographic structure of
summer off the southeast coast. Arbitrary refer-
ence layer of cold water of 14~15°C is hatched.
On Line 207 off Pusan, slope of isotherms in the
upper layer is greatest between St. 4 and St. 5
which is consistent with the results of Lee (1970,
1974) that the strongest Tsushima Current is
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Fig. 3. Daily series of the longshore wind, barometrically adjusted sea level at Pusan (solid line), Ulsan
(dashed line) and Pohang (dotted line) and SST at Ulgi (dotted line) and Gampo (solid line).

usually observed in this area of deepest trench.
The cold water mass is also located in the
trench. Off Ulgi and Gampo, however, isotherms
slope upward toward the coast and their steep
inclination is confined to about 30km from the
coast. Reference layers of cold water, reaching
the depths of about 40m and 20m at the coast
of Ulgi and Gampo respectively, are shallow

enough for SST to respond rapidly to short period
upwelling. Strong stratification of temperature
in this region results in probably the greatest
density change (Fig. 5) from surface to bottom
(larger than 4.5 sigma-t unit) at mid-shelf
compared with those off Oregon (2.0), NW
Africa (0.3) and Peru (0.5) (Smith, 1981).
Great density contrast in vertical also yields a
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Fig. 4. Vertical sections of mean temperature in August off Pusan (Line 207), Ulsan (Line 208), Gampo
(Line 209) and Pohang (Line 102). Arbitrary reference layer between the isotherms of 14 and 15°C
are hatched.
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Fig. 5. Vertical section of density of density off Ulsan
in August.

large baroclinic Rossby radius of deformation of
20~30km. The steepness is greatest off Gampo
and more or less reduced off Pohang. Conse-
quently, the current is considered very strong
near the coast of Ulgi to Gampo. This coastal
current is called the East Korea Warm Current
(EKWC), which is a main branch of the
Tsushima Current. The trend of sloping iso-
therms in mean field does not change substanti-
ally even in winter although their steepness and
stratification become fairly weak. Thus, this
feature is not transient but permanent except
February when the Tsushima Current is weakest
and the eroding process of stratification is culmin-
ated. Numerical experiments by Yoon (1982a,b)
on the circulation in the Japan Sea have demon-
strated that EKWC, as a predominant western
boundary current, always flows along the east
coast of Korea regardless of season and bottom
topography. Therefore, due to the baroclinic
tilting of EKWC, uplifted cold water mass is
usually waiting for upwelling at the subsurface
layer off the Ulgi-Gampo coast.

It should be noted that the baroclinic tilting
of isotherms due to the strong EKWC causes the
coldest bottom water to be concentrated in the
shallow region near the coast of Ulgi (Line 208

in Fig. 4) whereas this is not the case off Pusan.
As a result, the coldest bottom water always
exists beneath the strong surface current, and is
known to form an undercurrent flowing south-
ward (Byun and Seung, 1984). Both of the
tilting of isotherms and the coastward trapping
of coldest bottom water off Ulgi may be under-
stood as the results of geostrophic internal
adjustment of mass field to the strong western
houndary current. In summer, this coastal current
is also accelerated by the southerly wind signi-
ficantly. Horizontal distribution of mean bottom
water temperatures (Fig. 6) shows that, from
April (not shown here) through December, the
axis of cold water (shaded part in Fig. 6) is
located on the gentle bottom slope with spreading
isobaths off Ulgi to Gampo (stippled area in Fig.
1), while it is in the trench off Pusan. Only in
February, the axis of cold water lies in the
elongated trough region because the Tsushima
Current is too weak to cause the baroclinic
tilting. Bottom temperature at the trench off
Pusan is rather higher in February than in
summer months, and it is lowest (Iess than 6°C)
in July and August. This result indicates that
the southward intrusion of undercurrent is most
active in summer and weakest in February (Lim
and Chang, 1969). As a consequence, we may
conjecture that the undercurrent would be closely
related with the strength of the Tsushima
Current and its main branch (EKWC).
Undercurrents are usually found in the up-
welling region, but their dynamical relation to
coastal upwelling is not well understood (Smith,
1981). Yoon and Philander (1982) shows numer-
ically that the barotropic and baroclinic Kelvin
waves associated with wind-induced coastal jet
accelerate the undercurrent. However, undercur-
rent in the present study is not always related
with steady southerly winds favorable for
upwelling, becaused the southerly monsoon is
prevailing only in summer from june through
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Fig. 6. Horizontal distribution of mean bottom water temperature. Centers of cold water are shaded.

August but the undercurent still seems to occur
seasons. The cause of undercurrent related to
EKWC may be explained in another way. Develo-
pment of surface coastal current brings about
the tilting of isopycnals of not only the upper
layer but also the lower cold layer which is
originally horizontal if there is no motion in the
upper layer. Tilting of isopycnals requires the
baroclinic compensation (Pond and Pickard,
1978, p.93), i.e., the decrease of longshore flow
in vertical. At the lower limit of surface current
corresponding approximately to the layer of no
motion, the offshore pressure gradient changes
sign, thus the undercurrent occurs. Therefore,

as the EKWC is intensified in summer, tilting

of isopycnals and undercurrent become strong.

Of the whole southeast coast, minimum bottom
water temperature is found at the Ulgi-Gampo
coast from July to October (Fig. 6); even the
bottom temperature north of Gampo is higher
than 10°C. This result and mean temperature
section (Fig. 4) suggest that EKWC which is
strongest off Gampo becomes rather weak after-
wards. But it seems difficult to explain why
EKWC undergoes such a change. For EKWC
flowing northward along the southeast coast,
bottom depth increases very abruptly off Gampo
(Fig.1). Two ways of adjustment by EKWC to
the rapid increase of depth are possible in order

to comnserve the potential vorticity. One is to
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Fig. 7. Mean temperatures at 50m depth. Regions of strong temperature gradient are stippled.

continue following the isobaths along the Korean
coast; this is the primaro characteristic of EKWC
which is controlled by the planetary beta effect.
The other way is to foliow the isobaths after
the eastward deflection; then the current is con-
trolled by the topographic beta effect which is
the generating mechanism of the nearshore
branch of Tsushima Current flowing along the
Japanese coast (Kawabe, 1982). If the two effects
exert simultaneously, EKWC should become
weak because of the spreading of current. This
phenomenon is shown in dynamic topographies
(Fig. 10).

Fig. 7 shows the distributions of mean tem-
perature at 50m depth in August and December.
Two figures commonly illustrate that the maxi-
mum temperature gradient (shaded areas) asso-
ciated with strong current appears at the trench
region in the strait, and also near the coast of
Ulgi to Gampo. Tsushima Cuirent flowing over
the trench may be deflected westward to some
extent in order to conserve the potential vorti-

city. If so, the approach of Tsushima Current

to the coast south of Ulgi would definitely be
favorable for the development of EKWC. There-
fore, SST decrease during the wnid-induced
upwelling in summer is particularly outstanding
only near Ulgi and Gampo because the coastal
current is weak elsewhere.

There is another topographic condition favor-
able for upwelling, that is the diverging bathy-
metry off the southeast coast as depicted by the
stippled area in Fig. 1. Distance between the
isobaths of 100 and 150m is about three times
larger off Gampo than that off Pusan. Becaus-
ethe low-frequency current tends to follow
the isobaths, horizontal spreading of surface
current is compensated by the up-welling of
cold water like the case of the topographically-
induced upwelling in the South Atlantic Bight
shelf (Blanton et al.,, 1981).
Moores (1981) also found a shortlived pool

Leming and

of cold upwelled water trapped along the
diverging bathymetry between 20 and 50m
depths off the Cape Canaveral and suggested the
influence of relative vorticity change of the
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Fig. 8. Vertical sections of temperature off Ulsan in August. Stippled areas represent the wastward trapping
of the cold bottom water. Hatched areas are the arbitrary reference layers to be compared with those

off Gampo in Fig. 9.

cyclonically curved streamlines along the cape.
Theoretical model of the topographically induced
upwelling by Janowitz and Pietrafesa (1982)
confirms that in the cyclonic region of current,
if the isobaths diverge in the downstream dire-
ction, then upwelling and onshore flow occur
under both of barotropic conditions. It is remar-
kable that not only the coastline but also the
diverging bathymetry has a cyclonic curvature
for EKWC. and moreover, the axis of cold water

trapped coastward is usually over this diverging
isobaths off Ulgi to Gampo except February.
As mentioned previously, among the data sets
available, only three cases in 1973, and a case
in 1974 are suitable for the description of up-
welling and downwelling events, respectively.
Periods of hydrographic survey off the southeast
coast are indicated by the shaded bars in Fig. 3
showing the inverse correlations of SST and sea
level to the wvariations in longshore wind. Fig.
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Fig. 9. Vertical sections of temperature off Gampo in August of 1976 and 1978.

8 shows four temperature sections off Ulgi.
Coastward trapping of cold bottom water (shaded
area) is more apparent at individual upwellings
compared to the mean temperature distributions
(Fig. 4). Very flat isotherms in August 1974 are
closely related to the weak EKWC suppressed
by the strong northerly winds which persisted
for more than two weeks. SST’s and sea levels
began to increase at the relaxation period of
upwelling, and the maximum values were main-
tained during the entire downwelling event
(Fig. 3).

Hatched areas in Fig. 8 represent the reference
layer whose slope and depth are to be compared
with those off Gampo (Fig. 9) during the same
periods. As shown in mean temperature sections
of Fig. 4, slope of isotherms is greater and depth
of reference layer is much shallower near Gampo
than off Ulgi. Isotherm of 14°C is very close to
the sea surface in both cases of 1976 and 1978
50 that the decrease in SST during upwelling is
more effective at Gampo as also shown in Fig.
3. However, the fact that SST decrease at Ulgi

was very great during the upwelling in August
of 1974 suggests the importance of initial state
of EKWC determined by the fluctuation of
Tsushima Current before the coastal jet is acceler
ated by the upwelling-favorable wind.

In order to examine the gross feature of surface
current from hydrographic data, dynamic topo-
graphies (Fig. 10) corresponding to four exam-
ples above are used. Because our primary interest
is in the coastal phenomena, we assumed the 75
decibar surface as a reference level for dynamic
topography at the expence of the accurate esti-
mation of surface current in the offshore region.
There is an observational evidence of August 1981
that the reference level at about 80m depth was
adequate for the dynamic calculation off Ulgi
(Byun and Seung, 1984). In fact, dynamic topo-
graphies with deeper reference levels were not
greately different from those we adopted. During
the upwelling periods, with a strengthening
effect by the persistent southerly winds, EKWC
is generally strong whereas the current during
downwelling in August 1974 is quite weak. It
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Fig. 10. Dynamic topographies of sea surface in dynamic meters referred to 75 decibar surface in August.
should be noted that the cyclonic curvature of region of abrupt depth increase which may be
strong EKWC along the diverging bathymetry related with the two ways of adjustment by
around Ulgi-Gampo is commonly associated with EKWC. Intensification of EKWC off Gampo is
enhanced upwelilngs in 1976 and 1978. EKWC very noticeable, and is responsible for the pro-
is usually separated into two branches near the minent decrease in SST during upwelling there.
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As discussed earlier, although the offshore Ekman
transport by the southerly summer monsoon
finally induces the coastal upwelling, regional
difference in the upwelling intensity represented
by SST change at the coast is caused by the
variations in the structure of EKWC itself which
is very susceptible to bottom topography and

initial state of the fluctuating Tsushima Current.

SUMMARY AND CONCLUSIONS

In the first place we examined the mean
hydrographic conditions associated with the
regional difference in the intensity of wind-
induced upwelling represented by the magnitude
of SST decrease at the coast. Despite that the
actual current or hydrographic fields may have
considerable space-time variability, mean hydro-
graphic data reveals the following facts. Isolated
deep trench in the Korea Strait can cause the
Tsushima Current to deflect westward to some
degree even in the stratified condition, thus it
favors the development of the western boundary

current (EKWC) south of Ulsan. EKWC is
particularly strong off the coast of Ulgi to Gampo,

but it becomes rather weak afterwards along its
way north probably due to the abrupt increase
in water depth. Geostrophic internal adjustment
of mass field in the strong coastal current regime
requires the baroclinic tilting of isotherms and
results in the shoaling of cold water toward the
subsurface layer near the coast except February
when the Tsushima Current is quite weak.
Furthermore, tilting effect causes the coldest
bottom water to be trapped westward in the
shallower shelf region off the Ulgi-Gampo coast.
It has been known that the cold water mass
flows southward and this uddercurrent is stron-
gest in summer. A schematic diagram of the
currents (Fig. 11) illustrates the above results.
If we assume that the longshore wind and its
Ekman transport are nearly the same over the
whole southeast coast, then the magnitude of
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Fig. 11. Schematic diagram of the surface current
and undercurrent in summer.

SST decrease during the wind-induced upwelling
primarily depends on whether there exists the
cold water close to the surface or not. In this
respect, regional difference in upwelling effect is
mainly attributed to the difference in the stru-
cture of coastal current whose variability is
closely related to the initial state of the Tsushima
Current in the Korea Strait and the bottom
topography around the southeast coast.

There is a strong possibility that the diverging
bathymetry from Pusan to Gampo can favor the
upwelling of cold water. It is very remarkable
that the axis of cold bottom water is usually
located in this region of spreading isobaths off
the Ulgi-Gampo coast except February.

Finally, four case studies of upwelling and
downwelling events suggest the following facts.
Baroclinic tilting effect and westward trapping
of the cold bottom water are much more pro-
minent in the individual upwelling than in the
mean condition. Surface current and internal

structure of mass are considerably susceptible to
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the variations in wind; strong southerly wind
accelerates the Tsushima Current system but
Wind-induced
upwelling is especially enhanced when the

northerly wind suppresses it.

EKWC has a cyclonic curvature around the
southeast coast.
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