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The temporal and spatial characteristics of wind fields over the neighbouring seas of the Korean pen-
insula are investigated using 10-years daily wind data during 1978~1987 which have been spatially
smoothed and low-pass filtered. Long term annual and monthly means are examined for synoptic patterns
and spectral analyses are made for temporal variability and spatial coherence. Spatial patterns of the an-
nual mean wind stress and curl have a strong resemblance with those of monthly means during the winter
season. Two outstanding periodicities are observed at 1 and 2 cycles per year. The synoptic winds over
the study area are highly coherent at both the annual and semi-annual periodicities. However, each basin
has its own characteristic spatial pattern. For instance, the prevailing wind during the winter season is
northerly over the northern East Sea (ES), Yellow Sea (YS), and northern East China Sea (ECS), while it
is northwesterly over the southern ES and northesterly over the northern ES and southern ECS. At the
same time, the wind stress curl is positive over the northern ES and southern ECS, while it is negative
over the southern ES, YS and northern ECS. On the other hand, the wind field during the summer season,
with its strength being much reduced, is completely different from that during the winter season, and fre-

" quent passage of tropical storms provokes large temporal variability over ECS. One remarkable point is
that the annual cycle, dominated by the Siberian High, tends to propagate from northeast to southwest, i.e.,
from northern ES toward southern ES, YS and ECS, while the semi-annual cycle propagates in the op-
posite direction, from southwest to northeast. The semi-annual periodicity may reflect development of ex-
tratropical cyclones in spring and fall which frequently cross the Korean peninsula. In higher frequencies,
there are no dominant periodicities, but local winds over YS and ES are highly correlated for frequencies
larger than 0.1 cycles per day and phase difference increases linearly with frequency. This linear increase
of phase corresponds to phase speed of 550 and 730 km/d at 0.1 and 0.3 cpd, respectively. The phase spe-
ed is apparently coincident with moving speed of extratropical cyclones across the Korean peninsula in
the west-east direction.
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INTRODUCTION

Surface winds over the ocean play a very im-
portant role not only to generate wind-driven cur-
rent, but also in heat exchanges between ocean and
atmosphere. However, the surface wind used for the
ocean circulation and the heat exchange are usually
estimated by indirect methods because of lack of ob-
served wind data and scarce spatial coverage. Dy-
namical calculations from the synoptic surface pres-
sure fields (Willebrand, 1978), numerical prediction
(Chave et al, 1991), and statistical computation
from pilot-chart (Hidaka, 1958 ; Hellerman, 1967)
or ships-of-opportunity data (Wyrtki and Meyers,
1975, 1976 : Bunker, 1976 ; Kutsuwada, 1982) are
enumerated as the representative indirect methods.

Wind data observed at coastal weather stations a-
long the Korean coast and at two fixed buoy sta-
tions of the Japan Meteorological Agency have
been frequently used to study characteristics of the
wind field or for intercomparison between observed
and estimated winds. In general, the wind data at
the coastal stations are seriously contaminated due
to the topographic effect of land and contain sig-
nificant diurnal signals of land-sea breeze, so the
data are not very useful for estimating the wind
field on the sea surface in the Korean neighbouring
seas. The surface wind field over the Korean neigh-
bouring seas have been studied mostly on the basis
of indirectly estimated data. Kim and Choi (1986)
computed monthly geostrophic winds over the East
Sea from 55 years monthly mean atmospheric pres-
sure data during 1881~1935 and they described gen-
eral features of long-term monthly wind stresses
and curls. Na et al. (1992, briefly NSH hereafter)
complied comprehensive database by applying Car-

done model {1969) to 12 hourly weather charts and
ten-day mean sea surface temperature (SST) during
1978~1987 and presented spatial patterns of long-
term monthly wind stress as well as wind stress curl
in the East Sea (ES), Yellow Sea (YS), and the
northern East China Sea (ECS). Kang et al. (1994)
computed surface winds around the Korean pen-
insula for a three year period of 1985~1987 using
daily pressure data of the European Center for Medi-
um Range Forecast and monthly SST data of the Na-
tional Meteorological Center in USA.

The previous studies on the surface wind in the
Korean neighbouring seas commonly pointed out
the outstanding seasonality of the prevailing wind
field : northerly wind in winter and southerly wind
in summer. However, spatial structures and mag-
nitude of the local wind fields of the previous stu-
dies are not identical, especially for the curl fields.
For instance, the wind stress curl in Wonsan Bay in
winter is positive (cyclonic wind) in NSH (1992),
but negative (anticyclonic) in the other studies (Kim
and Choi, 1981; Kang et al., 1994). On the other
hand, the curl in-YS in winter is negative over the
whole basin in Kang et al. while according to NSH
the positive curl appears locally in the eastern YS a-
long the Korean coast. Fig. 5. Monthly variation of
zonally averaged wind stress and curl. (a) the East
Sea and (rean coast. The significant differences
between the studies may result mainly from the spa-
tial resolution of input data.

The previous studies have paid much attention to
the general pattern of long-term annual and monthly
means of wind stresses and curls. Therefore, we at-
tempt to investigate basic temporal and spatial
characteristics of the wind fields and to compare
wind fields of the three different basins, ES, YS,
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Fig. 1. Study area and grid system for computation of
sea surface wind. Grids E1-E6 and W1-W6 are
selected as representative ones for spectral and
cross-spectral analysis.

and ECS for spatial correlation. The database used
for this study is an extended one of NSH, com-
plemented to completely cover the Korean neigh-
bouring seas and part of the northwestern Pacific.
The original database of NSH does not cover the
whole ECS.

DATABASE AND PROCESSING

We extended the wind database compiled by
NSH to cover the whole neighbouring seas of
Korea and part of the northwest Pacific. The spatial
coverage is 20° to 50° N and 120°to 150°E (Fig. 1).
The computation of surface wind was performed by
Cardone model, described in detail in NSH. The
new database composes of gridded time series for a
period of 10 years between 1978 and 1987. The
grid spacing is 127 km and the sampling interval is
12 hours, so the data intervals are narrow and short
enough to resolute local wind structures and tem-
poral variations with high statistical reliability.

The 12 hourly wind data are first spatially smooth-
ed to reduce erroneous values, possibly due to small
scale fluctuations comparable to the grid size.
Smoothed time series at a given point are calculated
using observed values at the grid point under con-
sideration and eight neighbouring grids according to

the following formula,

F(0,0) = %{1&(0,0) +4f[(1,0) + f(~1,0) + £(0,1)

+£(0,~1)] + [f(1,1) + f(=1,1) + (1,-1)
+1(-1,-1)]

where F (0,0) is the smoothed value of wind com-
ponents at the given grid point (0,0) and f (i) is
value at grid (i,j). The smoothed time series are then
low-passed to remove high frequency signals above
0.5 cpd, possibly caused by the land-sea breeze.
The land-sea breeze with a periodicity of 1 cpd and
amplitude of several m/s is known to be spatially
variable around the Korean peninsula and its
strength exceeds sometimes that of the synoptic
wind (Kim and Jhun, 1992; Park and Park, 1992).
The effect of breeze is effectively filtered out by the
low-passed filter.

The low-passed daily time series are subject to
the basic statistical and spectral analysis. Spectrum
and cross-spectrum analysis are made at pre-select-
ed grid points shown in Fig. 1. The piece-average
method of Gonella (1972) is used for the spectra.
For the piece-average analysis, the ten years long
time series are divided into 8 overlapped piece, each
piece being a three years long time series. Spectrum
and cross-spectrum of each piece are first estimated
and then averaged to get the mean spectrum. The 90
% confidence interval for spectrum and the 90 %
confidence limit for coherence are estimated and
marked in the corresponding spectra.

ANNUAL AND MONTHLY MEAN
WIND FIELDS

Long-term Annual Means

Fig. 2 shows the ten year long-term mean of sur-
face wind stress with its standard deviation. The
mean wind stress is relatively strong with mag-
nitude of the order of 0.4 dyne/cm’ (hereafter the
unit of dyne/cm” is omitted) over the Korean neigh-
bouring seas, but it is very weak in the southeastern
study area, south of 30°N and east of 130"E. The
spatial patterns of mean wind fields over the three
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Fig. 2. Long-term mean and standard deviation of sur-
face wind stress over the Korean neighbouring
seas. (a) Mean wind stress and (b) standard de-
viation. The unit is dyne/cm’.

basins ES, YS, and ECS are different from one
basin to another in terms of prevailing direction and
strength. The standard deviation exceeds the mean
value, reflecting important variability in time. Pre-
vailing winds over ES is northerly with strong stress
of about 0.5 in the northern basin north of 40°N and
northwesterly in the southemn basin with weaker
stress less than 0.4. Northerly winds are predom-
inant over the whole YS and the northern ECS
north of 30°N, while over the southern ECS, the
northeasterly wind is prevailing with stress com-
parable to that over the northern ES. Over the
southwestern study area, the easterly wind is pre-
vailing, but its strength is very weak. Over the YS
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Fig. 3. Long-term mean and standard deviation of sur-
face wind stress curl over the Korean neigh-
bouring seas. (a) Mean wind stress curl and (bz
standard deviation. The unit is 10° dyne/em
and shaded area indicated negative curl.

and the northern ECS, the west-east gradient of
wind stresses is remarkably large, even through the
northerly wind dominates the whole area. The wind
seems to be divergent around 130°E in ECS, with
northeasterly to the west of 130°E and weaker
northwesterly to the east.

The standard deviation is a good indicator show-
ing magnitude of temporal variation. It decreases
with increasing latitudes, with an exception in the
northeastern ES. Standard deviation of long-term
monthly means (Fig. 4 of Lie et al., 1994) increases
with increasing latitude during the winter season,
but it decreases with latitude during the summer sea-
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Fig. 4. Monthly variation of eastward (&) and north-
ward (€p) wind stress, and wind stress curl (*),
spatially averaged over each basin. (a) the East
Sea, (b) the Yellow Sea, and (c) the East China
Sea.

son, mainly due to frequent passage of typhoons. It
is also noteworthy to see that the long-term annual
mean has a pattern very similar to the long-term
monthly mean during the winter season (Fig. 2 in
NSH and Fig. 3 in Lie et al., 1994). This may be ex-
plained through our understanding of weather pat-

terns over the study area in different seasons. In
winter, the eastern Asia is dominated by the Si-
berian High which does not move away, instead ex-
cursing southeastward as it develops. On the other
hand, the weather patterns in spring and fall moves
relatively faster and the Siberian High weakens shar-
ply. In summer, the tropical maritime High de-
velops and advances to the north, but its strength is
much weaker than that of the Siberian High. As a
result, the annual mean wind field bas a weather pat-
tern similar to that in winter, northerlies around the
Korean peninsula. Standard deviations of the un-
filtered time series are several times larger than
those of the smoothed, filtered data in Fig. 2, espe-
cially in the coastal region, so low-pass filtering is
an inevitable step of removing temporal variability.
Fig. 3 is the long-term annual mean of wind
stress curl and its standard deviation. The general
pattern of mean curl field resembles that of NSH
(Fig. 4), but the magnitude is smaller than that of
NSH, mainly due to effects of spatial smoothing
and low-pass filtering. The mean curl is less than
8x10° dyne/cm’ (hereafter 10° dyne/cm’ is om-
itted) everywhere in the study area, with an ex-
ception in an area east Hokkaido where it exceeds
10. The curl over ES is positive over the northern
and central region, but negative in the Honshu coa-
stal area. Two positive curl maxima are observed in
Wonsan Bay and the northeastern ES, with mag-
nitude smaller by 30% than that of NSH. This
agrees fairly well with the meteorological ob-
servations that cyclonic vortex or wind shear are fre-
quently observed near Wonsan Bay area (personal
communication from T.-Y. Lee) and that cy-
clogeneses are also frequently observed over the o-
cean east of Hokkaido. The negative curl dominates
the whole YS with a minimum value in the Chinese
coast between the Shantung peninsula and Changj-
ing River mouth. The positive curl in the eastern YS,
reported in NSH, is a result that they did not apply
spatial smoothing to the seria]l data. The wind over
ECS is dominated by negative curl, but the positive
curl is observed in deep ocean region east of
Taiwan and south of Japanese Islands. The standard
deviation of the curl tends to increase toward the
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Fig. 5. Monthly variation of zonally averaged wind stress
and curl. (a) the East Sea and (b) the Yellow and
East China Seas. Solid and dashed lines for the
wind stress correspond to the northward and east-
ward wind components, respectively.

south as that of the long-term mean stress.

To see characteristic wind fields for ES, YS, and
ECS, long-term monthly means of wind stress and
curl over each basin are spatially averaged (Fig. 4).
During the cold season, the prevailing wind is
northwesterly with positive curl over ES, northerly
with negative curl over YS, and northeasterly with
negative curl over ECS, respectively. During the

warm season, the wind is very weak over both ES
and YS. while southwesterly wind with positive
curl is prevailing over ECS, through its magnitude
is not so strong as the northeasterly during the cold
season. Thus, the characteristic wind fields in the
neighbouring seas are different from one basin to
another one.

Long-term Monthly Means

Monthly variations of the synoptic wind are ex-
amined using long-term monthly means of zonal
wind stress and curl (Fig. 5). In Fig. 5 the upper two
figures present the zonal wind stress and curl over
ES and the lower two over YS and ECS. Solid and
dashed lines corresponding respectively to the east-
ward and northward winds. Over ES, the northwest-
erly wind is prevailing from October to April of the
following year, with positive curl in the northern
area and negative in the southern area. The demar-
cation zone where the curl sign changes advances to-
ward the south from September through January dur-
ing the developing phase of the northerly wind, but
retreats to the north from January to April during
the weakening phase. The wind in January is strong-
est with maximum positive curl, while during the
summer the wind stress and curl are much weak-
ened. Over YS and ECS, the prevailing winds in
winter are northerly over the northern basin north of
30°N and northeasterly in the southern ECS, and
the curl sign is negative. In the deep ocean region
south of the Kuroshio and east of Taiwan, the curl
changes to the positive sign, even through the north-
erly wind is still dominant. As seen for ES, the
demarcation zone is displaced northward or south-
ward between 22° and 28° N, moving to the south
(north) when the northerly wind is strengthened
(weakened). During the summer season, the pre-
vailing winds are souther]); or southeasterly, with
mean speed being much reduced. The monthly
means of curl are small with magnitude less than 3
over YS and ES, while over ECS they are positively
large with important variation in time and space.
The positive curl and large temporal variability are
related to the subtropical wind system, especially 1o
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Fig. 6. Spectra of wind stresses at grids E1-E6 in the East Sea. Solid and dashed lines correspond to the eastward and
northward wind components, respectively. The grids are marked in Fig. 1.

frequent passage of typhoons over ECS during the
summer season.

TEMPORAL AND SPATIAL
CHARACTERISTICS

In the previous section, the wind fields over the
Korean neighbouring seas seen to be spatially dif-
ferent from one basin to another one, with an out-
standing annual cycle. Therefore, the temporal and
spatial characteristics are quantitatively ex-

amined by the piece-average spectral and cross-
spectral analysis of demeaned, low-passed ser-
ies of wind speed at the pre-selected grids mark-
ed in Fig. 1.

Wind Spectra

Fig. 6 is spectra of the two wind stress com-
ponents at six representative grids of ES. The grids
are located on lines crossing ES in the north-south
(north wind hereafter) and west-east directions (east
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wind hereafter). Spectral density is larger than 10
(cm/s)’/cpd in the frequency range lower than 0.1
cpd. Significant spectral peaks are observed at two
low frequency bands of 1 and 2 cycles per year (cpy)
in which a large portion of the total spectral energy
is concentrated. The energy concentrated in the high-
er frequency range 0.01~0.1 cpd is lower, but its lev-
el is nearly constant. The energy level for the north
wind an 1 cpy is one order higher than that at 2 cpy
and decreases southward and eastward, so the den-
sity at 1 cpy is maximum at grid E1 near the Si-
berian coast and minimum at grids E4 and E6 off
the northern coast Honshu. For the east wind, the
density at 1 cpy increases from north to south, in
the opposite direction of the north wind and it is al-
ways lower than that of north wind through the lev-
els for both winds are comparable at a southeastern
grid E6. The density of east wind at 2 cpy exceeds
that of the north wind at the same frequency only
for E5 and E6 located in the southwestern basin.
This may indicate that the semi-annual periodicity
of the east wind is characteristic of the wind field in
the southwestern ES.

Wind spectra for YS and ECS are presented in
Fig. 7. The spectra for the north wind have a pattern
similar to those for ES, showing the energy peak at 1
cpy. The spectral peak is one-order higher than that
for the east wind at all grids, except that at W4 in

ECS. The energy level at 1 cpy on the Korean side
is higher than that on the Chinese side. The east
wind has two peaks at 1 and 2 cpy and the energy
level at 2 cpy for the east wind is higher than that at
1 cpy for grids W2, W3, and W5, located in the cen-
tral and western YS. The spectra show that the
synoptic wind is spatiaily variable even over YS a-
bout 500 km wide. At W4 in ECS, the annual vari-
ation is outstanding, with the same magnitude for
both winds.

The spectra for north wind show that the annual
cycle is the most important signal at all grids con-
sidered. However, the east wind has two peaks at 1
and 2 cpy at all grids through the density level is de-
pendent upon location of grids. The annual vari-
ation is found to be more important at grids where
the mean wind is stronger. The semi-annual period-
icity is significantly high, especially in the
southwestern ES and YS, but its spectral energy is
not so large as that of the annual cycle. The annual
cycle is closely related with the synoptic wind sys-
tem controlled by the Siberian High, while the semi-
annual cycle may represent transit phases during
spring and autumn when the study area is in-
fluenced by more mobile pressure systems. Ex-
tratropical cyclones are known to develop in spring
and fall, crossing frequently the Korean peninsula
(Jung and Jhun, 1977). However, the semi-annual
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Fig. 7. Spectra of wind stresses at grids W1-W6 in the Yellow and East China Seas. Solid and dashed lines correspond
1o the eastward and northward wind components, respectively. The grids are marked in Fig. 1.

cycle, characterized by a clockwise rotation motion
(Lie et al., 1995), should be clearly elucidated in
connection with the development of cyclones dur-
ing the transit periods.

Cross-spectra

The spatial characteristics of wind field are in-
vestigated by computing the coherence and phase
difference between pairs of grids shown in Fig. 1.
As the case for the spectral analysis, the piece-av-
erage method was used to estimate the cross-spec-

trum.

Fig. 8 displays coherences and phase differences
for the wind speeds between grids located in ES.
The solid and dashed lines correspond respectively
to east and north winds and the thick solid line
marks 90 % confidence limit. Between winds at the
central and northern ES (grids E3 and E1), the coh-
erence for the north wind is significantly high with
small phase difference over the full range of fre-
quency, with an exception of frequency bands of
0.02~0.06 cpd, but the coherence for east wind is
significant only at of 1 and 2 cpy, with relatively
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large phase differences. The positive phase of about
160 degrees at 1 cpy for the east wind means that
the east wind at E1 advances that at E3 at 1 cpy, but
the negative phase of about 140 degrees at 2 cpy
means that the east wind at E3 leads that at El.
Therefore, the near out-of phase of the east wind
between E1 and E3 reflects that the east wind direc-
tion is almost opposite. The opposite direction may
be related to the variation of the east wind across
the convergence over the East Sea (called open as
the Japan Sea convergence zone) in the winter time.
Northerlies and westerlies are found in the northern
and southern parts of ES, respectively. Between the
central and southern ES (E3 and E4), the coh-
erences for both winds are much higher than the
confidence limit over the full frequency range, with
slight phase differences. This indicates that the cen-
tral and southern ES is under influence of the same
wind system. For the western and eastern ES (ES
and E6), the north winds are significantly correlated
in frequencies lower than 0.01 cpd and higher than
0.1 cpd, but the east winds are highly correlated
over the long distance in the east-west direction in
the full range. The east winds between E1 and E4
are poorly correlated, except at the two peak fre-
quencies of 1 and 2 cpy (Lie et al., 1994).

The coherences and phase differences for YS are
presented in Fig. 9. The north wind is well cor-

related along the north-south line (grids W1, W2,
and W3), but the east wind between the western and
eastern YS (WS and W6) is significant only in the
low frequencies less than 2 cpy. The east wind is
correlated along the north-south line, but the coh-
erence is fower than that for the north wind. It is no-
teworthy to see that the east winds at W5 and W6
are closely correlated with higher coherence than
that for the north wind as seen in the case for ES.
The three cross-spectra of the north wind show very
high coherence and negligibly small phase at 1 cpy,
which implies that the annual variation over the
whole YS is controlled mainly by the same wind
system.

YS and ES are geographically separated by the
north-south stretch of the Korean peninsula. Spatial
correlation between YS and ES can be roughly es-
timated in terms of coherence and phase difference
at two pairs of grids, W1-E1 near the northern coa-
stal area and W2-E3 in the central area (Fig. 10).
For both pairs, the north wind at 1 cpy is spatially
very coherent with no phase difference, but the east
wind is significantly correlated only at the two peak
frequency with certain phase difference. The east
wind at E1 advances that at W1 for 1 cpy, but lags
behind W1 for 2 cpy. For the pair of W2-E3, the si-
tuation is reversed; the east wind and E3 lags
behind that at W2 for 1 cpy and advances W2 at 2
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cpy. For winds over YS and ECS which are not dis-
turbed by the Korean peninsula, the nosth wind at 1
cpy is highly coherent with a very slight phase diff-
erence, even over a large distance between two
grids W2 - W4. The east wind at 1 and 2 cpy is also
spatially correlated with phase difference of about 90
degrees. The east wind at W4 advances that at W2
at both frequencies, which is different from the case
for YS and ES. One remarkable feature is that for
pairs of W1 - E1 and W2 - E3, phase increases
linearty with frequency in the high frequency range
larger than 0.02 cpd. Furthermore, the phases of
both wind components are nearly the same over the
frequency range. The systematic linear increase in
phase is observed only for the two pairs of grids
separated by the Korean peninsula.

CONCLUSIONS

The temporal and spatial characteristics of the sea
surface wind fields over ES, YS, and ECS were in-
vestigated from gridded time series of daily wind
data for a ten years period of 1978~1987. Spatial
patterns of the long-term annual mean wind stress
and curl have a strong resemblance with the long-
term monthly mean structures during the winter sea-
son. The most pronounced periodicity is the annual
cycle which explains for most of temporal vari-
ability. The synoptic wind field, dominated by the
annual cycle is spatially very coherent over the
neighbouring seas, but its basin-scale pattern differs
to some extent from one basin to another one. Dur-
ing the winter season, the prevailing winds are north-
erly over the northern ES, northwesterly over the
southern ES, northerly over the YS and the northern
ECS, and northesterly over the southern ECS. At
the same time, the wind stress curl is positive over
the northern ES and southern ECS east of Taiwan,
while it is negative over the southern ES, YS, and
the northern ECS. During the summer season, the
synoptic pattern changes completely, with the wind
stress and curl being much reduced in magnitude.
High variability in summer over the ECS results
mainly due from frequent northward passage of trop-
ical storms.

The semi-annual periodicity is characteristic of
the synoptic winds over the study area. Its con-
tribution to the total variance in time is much small-
er than the primary periodicity at 1 cpy, but east
winds are found to be locally affected by the secon-
dary periodicity at 2 cpy, especially in YS and the
southern ES where its spectral density is com-
parable to that of the annual periodicity. The semi-
annual periodicity may reflect transit phases in
spring and autumn of the phases at 2 cpy over each
basin of ES, YS, and ECS propagates northward
and the phase over YS advances that over ES, so
the east wind is excepted to propagate from
southwest toward northeast, in the opposit direction
of the north wind at 1 ¢py. Therefore, the semi-an-
nual periodicity and its propagation direction are ap-
parently coincident with those of the extratropical
cyclones crossing the Korean peninsula which de-
velop during the transit period. However, the
predominant clockwise rotational motion at 2 cpy
(Lie et al., 1995) should be clarified.

There are no significant spectral peaks in the high
frequencies. However, the cross-spectral analysis
for pairs of grids in YS and ES with distance of a-
bout 900 km show that phases over YS lag behind
those over ES in the frequencies higher than 0.1 cpd,
its magnitude increasing linearly with frequency.
The phase speed is estimated about 550 and 730 km/
d at 0.1 and 0.3 cpd, with a westward propagation.
Also the winds in higher frequencies are charac-
terized by counterclockwise rotation motion (Lie et
al., 1995). The observed time scale, phase speed,
and rotational motion have a good match with the
characteristics of moving extratropical cyclones
which frequently cross the Korean peninsula in the
west-east direction. In the winter time, the cyclones
were reported to develop more significantly in ES
than in YS and ECS (Jung and Jhun, 1977), but
more sophisticated analysis should be made to elu-
cidate whether the phase and moving directions are
coincident.
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