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Time series of barometrically adjusted sea level at Pusan, Izuhara and Hakada are
analyzed to study the fluctuations of the Tsushima Current through the Korea Strait.
Variability of sea levels and their differences is divided into two parts with respect to the
frequency of 0.01 or 0.02 cycles per day(cpd). At lower frequency, both of sea levels and
sea level difference(SLD) are coherent and in phase to each other. Pusan has smaller
seasonal variations in sea level than other two stations because the effects of geostrophic
current and prevailing wind have a negative influence on the seasonal thermosteric
contribution to sea level change. Low frequency variability of SLD thus of the Tsushima
Current is much greater in the western channel.

For higher frequency parts, SLD in the eastern channel has larger variability and is not
coherent with that of the western channel. Sea levels at Pusan and Izuhara are 180° out
of phase with SLD in the western and eastern channel respectively, whereas the Hakada
level is in phase. This result indicates that eastern channel has a normal response to the
along-channel winds and cross-channel geostrophy because Izuhara faces the eastern
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channel.

Introduction

Sea level data across a strait is useful to monitor
the variations in the strength of currents and vol-
ume transport through the strait. Yi(1970) and
Hahn(1991) calculated the volume transport th-
rough the Korea Strait from the hydrographic data
by means of the Margule’s equation. Lee and Jung
(1977) correlated the sea level difference between
Pusan and Izuhara with the average geostrophic
velocity as well as observed velocity by Lee(1970,
1974) in the western channel of the Korea Strait.
In the eastern channel, relation between sea level
difference across the strait and current measured
using moored current meters was examined by
Mizuno et @l (1987, 1989). Kaneko et al.(1991) also

investigated the geostrophic velocity in both chan-
nels using towed Acoustic Doppler Current Profiler
(ADCP) and CTD observation. Sea level differen-
ces between islands are also useful to study the
velocity variability of the Kuroshio(Otsuka, 1985;
Kawabe, 1988).

Monitoring the current by the sea level data is
based on the assumption that the geostrophic con-
dition is satisfied. There have been continuous con-
troversies on the geostrophy in the straits. Shim ef
al.(1984), using the moored-array of current me-
ters and STD data, suggested that the geostrophic
estimates of current and volume transport should
be made carefully in the western channel of the
Korea Strait. KORDI(1990) showed that the ave-
rage current structure obtained by the towed

Contribution No. 274 of the Institute of Marine Sciences, National Fisheries University of Pusan.

437



Jae-Chul LEE * Kyu-Dae CHO - Soon-Young KIM * Ho-Kyun KIM and Tae-Bo SHIM

ADCP was in good agreement with the geostrophic
velocity in the same channel. By means of the
moored current meters in the Striat of Belle Isle
about 20 km wide and 100 m deep between Labra-
dor and New Foundland, Garrett and Petrie(1981)
demonstrated that the cross-channel geostrophy
enables the flow to be monitored by the sea level
observations at both sides.

In the Korea Strait, there have been several stu-
dies to establish a statistical relationship between
sea level and velocity of the Tsushima Current.
Their seasonal or annual variations have also been
documented by the previous studies cited above.

However, properties of shorter term fluctuations
with periods of 5~60 days of sea level and related
current should be addressed. In this paper, sea le-
vel variability is studied in relation to the varia-
tions of current.

Data and Methods

Daily mean sea level data from 1966 to 1987
were excerpted from the results of tidal observa-
tion published by the Hydrographic Office of Korea
for Pusan and the Japan Maritime Safety Agency
for Izuhara and Hakada(Fig. 1). Sea level data at

129°

Fig. 1.
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Location map of the tidal stations in the Korea Strait.
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Hakada for the years of 1967, 1968, 1973, 1975,
1985~87 were not available. The available sea le-
vel data at Izuhara and Hakada contained many
missing data for more than 10 consecutive days. Of
these data sets, only those with missing data for
less than 6 consecutive days were accepted. Mis-
sing data were interpolated linearly. Daily mean
sea levels at three locations in the Korea Strait
were barometrically adjusted by the daily mean at-
mospheric pressure at Pusan that is the only data
available presently. Barometric adjustment of sea
levels at Izuhara and Hakada by the atmospheric
pressure at Pusan may cause the error of about
2~3 ¢m at most in general, since they are less
than 200 km apart from Pusan. Demeaned sea level
series were obtained by subtracting the annual
mean adjusted sea level for each year. At each lo-
cation, 10 realizations of annual sea level series
were selected for the calculation of the ensemble-
averaged autospectra.

Since the main purpose of this study is to inves-
tigate the variability of sea levels and their differe-
nces in two channels by means of cross spectrum
analysis, complete data at all stations are necessary.
There were only three years of 1966, 1978 and
1979 in which this required condition was met. The
empirical orthogonal function(EOF) analysis, cross
correlation and cross coherence analysis were

made for these data.

Results and Discussion

Sea Level Variability

From 1966 through 1987, standard deviations of
adjusted sea level from the annual means are
0.06~0.09 m at Pusan, 0.09~0.11 m at Izuhara and
0.10~0.13 m at Hakada. Thus the sea level varia-
bility is greater in the eastern side of the strait.
Fig. 2 shows the time series of three-day moving
averaged sea levels at Pusan, Izuhara and Hakada
in the year of 1966, 1978 and 1979. In order to inc-
lude all the time series in a graph, 0.3 m and 0.6
m were added to the demeaned values of 1978 and
1966 respectively. Since the sea levels at three pla-
ces cannot be compared by geodetic leveling, de-
meaned time series in Fig. 2 represent only the

relative magnitudes of variation. At Pusan, sea level
is relatively higher during winter to spring and lo-
wer during summer to fall with respect to the local
annual mean compared with other stations. The
smallest standard deviation at Pusan is due to this
small amplitude of seasonal fluctuations. However,
closer examination reveals that the fluctuations
with periods of about 10~15 days are generally
greater at Pusan than at Izuhara or Hakada. A com-
parison of the individual peaks and troughs of sea
level at three stations reveals that Pusan and Izu-
hara have the same tendency of variations.

The results of the empirical orthogonal function
(EOF) analysis of sea levels are summarized in
Table 1. The first and the second mode can explain
about 90% and 6~9% of the total variance respec-
tively. The same sign of the eigenvectors of the
first mode indicates that the sea level fluctuations
are in unison. Hakada has the largest value of ei-
genvector and Izuhara has similar magnitude while
those of Pusan are smaller by the factor of two in
1978 and 1979. The smallest eigenvector of the
first mode at Pusan is related to the smallest sea-
sonal variation. The second and the third mode
with eigenvectors of different signs represent the

Table 1. Results of the empirical orthogonal function
analysis for adjusted sea level at Pusan, lzu-
hara and Hakada.

1966 Eigenvectors

Eigenvalue Percentage  ¢ps (473 Pra

model 1 0.0313 89.18 041 063 066
model 2 0.0031 333 -086 003 051
model 3 0.0007 198 030 -0.78 055
1978 Eigenvectors

Eigenvalue Percentage  ¢ps ¢z Pra

model 1 0.0238 91.62 033 065 068
model 2 0.0018 694  -077 -023 059
model 3 0.0004 144 054 -072 043
1979 Eigenvectors

Eigenvalue Percentage  ¢ps iz Pria

model 1 0.0301 92.04 036 064 067
model 2 0.0020 609 -074 -023 063
model 3 0.0006 1.87 056 -073 039
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components of fluctuation that are out of phase.
The absolute values of the second-mode eigenvec-
tor are greatest at Pusan and smallest at Izuhara.
Fig. 3 is an example of the decomposed time series

of sea level in 1978. First two modes are presented
because the contribution of the third mode is very
small. Evidently the seasonal variations are contai-
ned in the first mode.

Pusan
1zuhara

Adjusted Sea Level (m)

03 v v . v +
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Fig. 2. Time series of 3-day moving averaged sea level at Pusan, lzuhara and Hakada.
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Fig. 3. Decomposed time series of sea level by EOF in 1978.
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Fig. 4 shows the autospectra of sea level. In this
case, ensemble-average method was applied to the
same frequencies after computing raw spectral de-
nsity for annual time series of 10 years. The first
peak at low frequency corresponds to the annual
cycle. At Pusan, low-frequency variability with lon-
ger period than 100 days is smallest whereas the
higher frequency components are greatest. Signifi-
cant peaks near the 0.07 cycles per day(cpd) may
be due to the semimonthly tidal oscillation.

Correlation coefficient of sea levels between Pu-
san and Izuhara is 0.79 in 1966 and 0.87 in 1979.
For the eastern channel, Izuhara-Hakada coefficient
is always higher than 0.92. This significant correla-
tion is investigated in the frequency domain by
means of the coherence analysis(Fig. 5). Because
the graphs for individual years have virtually the
same feature, only the averaged values for three
years are shown. Left parts of the Fig. 5 are graphs
of coherence squared(upper) and phase in degree
(lower) between Pusan and Izuhara. Sea levels at
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Fig. 5. Coherence and phase of sea levels at Pusan, Izuhara and Hakada.

441



Jae-Chul LEE - Kyu-Dae CHO - Soon-Young KM * Ho-Kyun KIM and Tae-Bo SHIM

two stations are significantly coherent at almost all
the frequency except for the narrow band near 0.15
cpd. Confidence limit for the phase estimate depe-
nds on the coherence squared as well as the deg-
rees of freedom. Positive(negative) phase less than
90° means that the first(second) time series leads
the second(first) one. Phase graph indicates that
the sea level fluctuations are fundamentally in
phase as can be seen in Fig. 2. Therefore, sea le-
vels fluctuate simultaneously at both locations be-
cause of the seasonal thermosteric effect. The sma-
llest spectral density of Pusan may be due to the
seasonal changes in the strength of the Tsushima
Current and prevailing monsoon wind that have
negative effects on the thermosteric variations. For
example, intensification of the current and southe-
rly winds in summer will reduce the thermosteric
rising of sea level at Pusan. Since Izuhara is loca-
ted on the eastern side of Tsushima, the same re-
sult may be expected. However, the island system
with a length scale of about 70 km does not seem
to be sensitive to those negative effects having
seasonal period. Lee(1983) showed that the daily
mean sea level variability along the southeast coast
of Korea is susceptible to longshore wind in sum-
mer. Using the monthly mean sea level data, Kang
and Lee(1985) showed that the west coast has lar-
ger amplitude of sea level variations than the east
coast because of both seasonal monsoon wind and
thermosteric effect. These two factors have a nega-
tive effect on the thermosteric rise of sea level at
Pusan thus reduce the seasonal variation. Cohere-
nce between Izuhara and Hakada(right part of Fig.
5) in the eastern channel is close to unity at lower
frequency than 0.08 cpd and small positive phase
less than 10° indicates that Hakada leads slightly
Izuhara. For example, phase lag for the annual va-
riation is about a week. Low coherence near 0.1
cpd is a common feature.

At higher frequency than 0.2 cpd they are margi-
nally coherent, and positive phase lag also means
that Hakada leads Izuhara as pointed out in Fig. 2
although it contains the increased error due to the
low coherence. Coherence analysis for both chan-
nels commonly demonstrates that the sea levels are
incoherent in the period of 5~10 days. More de-
tailed study is necessary to explain this phenome-

non. It should also be noted that the coherence at
the semimonthly tidal frequency is not very high.

Variability of Sea Level Difference

Sea level difference(SLD) across the strait can
be used as an indicator of average current velocity.
Time series of SLD in western(Izuhara-Pusan) and
eastern channel(Hakada-Izuhara) are shown in Fig.
6. The numbers at the vertical axis are meaning-
less because 0.2 and 04 m were added to the se-
ries of 1978 and 1966 for effective presentation. In
order to suppress the extraordinary spikes three-
day moving average was taken again. Although sea
levels vary in the same manner(Fig. 2), SLD does
not. In the western channel, SLD has larger ampli-
tude of annual variation compared to the eastern
channel. However, short term variability is greater
in the eastern channel. In the western channel,
there is a distinct increase in SLD from spring to
summer as also demonstrated by Kawabe(1982). In
the eastern channel, on the other hand, such a ten-
dency is much weaker. It is noticed that mirror
images between the two series are not uncommon.
This means that SLD’s in both channels vary fre-
quently in opposite ways. Relative importance of
this component can be assessed by EOF analysis
of SLD.

EQF analysis of SLD(Table 2) reveals that the

Table 2. Results of the empirical orthogonal function
analysis for sea level difference in the wes-
tern and eastern channel of the Korea Strait.

1966 Eigenvectors

Eigenvalue  Percentage ow oy
model 1 0.0048 71.90 0.98 0.19
model 2 0.0019 28.10 -0.19 0.98
1978 Eigenvectors

Eigenvalue  Percentage ow P&
model 1 0.0038 71.90 0.98 0.22
model 2 0.0016 28.10 -0.22 0.98
1979 Eigenvectors

Eigenvalue  Percentage ow Ok
model 1 0.0039 63,56 0.99 0.16
model 2 0.0022 36.44 -0.16 0.99

AAN



Variability of Sea Levels Associated with the Tsushima Current in the Korea Strait

concurrent first mode explains only 64~72% of
the total variance whereas the out-of-phase second
mode possesses up to 36%. Absolute magnitude of
eigenvectors implies that the first mode variability
is dominated by the western channel and the se-
cond mode by the eastern channel. Since SLD can
be a measure of current velocity, these results of
EOF analysis are interpreted as follows. When the
Tsushima Current gets stronger in both channels
simultaneously, current is predominantly intensified
in the western channel. Close investigation of Fig.
6 reveals that this phenomenon occurs chiefly in
summer to fall. There is also considerable portion
responsible for the opposite-way variations in which
the current gets stronger dominantly in the eastern
channel when it becomes weaker in the western
channel. Fig. 6 also shows that this occurs mostly

in winter. More detailed observations are needed
to clarify if the Tsushima Current is stronger in
the eastern channel during winter.

Band-averaged autospectra of SLD are shown in
Fig. 7. The results for three years commonly illust-
rate that SLD in the western channel has much
greater energy at lower frequency than 0.02 cpd
but smaller at higher frequency compared to the
eastern channel. In the frequency band of 0.01~
0.02 cpd there is a rapid decrease of the spectral
density in the western channel. From the time se-
ries, EOF analysis and the autospectra the follo-
wing interpretation is possible. The seasonal varia-
tion with period longer than 100 days of the Tsu-
shima Current is predominant in the western chan-
nel whereas the temporal variability with higher
frequency is greater in the eastern channel. It has
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Fig. 6. Time series of 3-day moving averaged sea leve! difference in the western(lz-Ps) and eastern(Ha-lz)
channel of the Korea Strait. 0.2 and 0.4 m were added to the series of 1978 and 1966 respectively.
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been known that the Tsushima Current is stronger
in the western channel than in the eastern channel.
But it is not easy to explain why the short-term
variability appears greater in the eastern channel.
As discussed before, response of Tsushima to long-
term wind variations may not be large. For the
wind forcing of high frequency, both sides of Tsu-
shima with small horizontal length scale may res-
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Fig. 7. Autospectra of sea level difference.
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pond in opposite way. Because the only tidal sta-
tion faces the eastern channel, short-term SLD can
be larger across the eastern channel.
Cross-spectrum of SLD(Fig. 8) shows that there
is a significant coherence only at low frequency of
seasonal period. Phase relation suggests that SLD
in the eastern channel leads that in the western
channel at annual period by about a month. This
means that the intensification or weakening of cur-
rent begins earlier in the easternh channel. At hi-
gher frequency temporal variability of SLD for both
channels is incoherent with each other. This lack
of coherency and the greater short-term variability
of SLD in the eastern channel are discussed again

in the next section.

Coherence of Sea Level and SLD
Coherence analyses of SLD and sea level at both
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sides of each channel were made in order to study
the phase relationship. As the Tsushima Current
gets stronger SLD is also expected to increase cor-
respondingly. Stommel(1967) proposed that the sea
level drops along the Florida coast when the Flo-
rida Current becomes strong from Key West to
Miami. There may be three ways for SLD to inc-
rease. First is the concurrent but differential inc-
rease of sea level at both sides. Second is the sea
level change in opposite direction. Third is the ma-
jor fluctuations in sea level occurring at one side
only. Time series of sea level at three stations(Fig.
2) precludes the third possibility. EOF analysis of
sea level(Table 1) reveals that the first way(first
mode) is predominant and would be responsible
for the low-frequency variation. A question remains
though. If the two ways are possible, which one is
relevant to the different time scales of current(or
SLD) fluctuations ?

Fig. 9 shows the results of the coherence analy-
sis between sea level at Pusan or Izuhara and SLD
in the western channel in 1966(left part), 1978(ce-
ntral part) and 1979(right part). Phase lags are re-
presented by the scatter plots at coherent frequen-

cies only in order to avoid the confusion. Positive
(negative) phase less than 90° means that the first
(second) time series leads the second(first) one
by ¢!, where | @1 is the absolute value of the
phase. Phase larger than 90° indicates that there
is an inverse coherence, ie., the increase of a se-
ries leads or lags behind the decrease of the other
by 180°— | ¢ | . Low-frequency oscillations of both
sea level and SLD are significantly coherent with
each other except at Pusan in 1966. There are ir-
regular distributions of coherent bands at higher
frequency than 0.01 cpd. Phase graphs reveal a st-
riking feature. Phase lags are very small at low
frequency while they have a tendency to distribute
near +£180° at high frequency that is more distinct
at Pusan than at Izuhara, Although Izuhara has so-
mewhat greater coherence and smaller phase lag
than Pusan in the low frequency band, phases at
both places are close to zero. Therefore, long-pe-
riod sea level fluctuates in unison at both sides but
to a less extent at Pusan as explained already and
this difference is a cause of SLD. Seasonal varia-
tion of thermosteric effect causes the sea levels to
rise in summer and drop in winter simultaneously
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at both sides. SLD is produced by the geostrophic
effect of the Tsushima current which is strongest
in summer and monsoon effect as elucidated by
Kang and Lee(1985). As a result, low-frequency
SLD also fluctuates in phase with sea levels.

At higher frequency, sea level drops at Pusan to
a greater extent than at Izuhara as SLD increases
(180° out of phase which is less obvious) with the
strength of the Tsushima Current. Because the
overall thermosteric effect due to the heating and
cooling of the water column is negligible for short
period of fluctuation, dynamic effect may be predo-
minant for sea level change. However, there are
some difficulties to interpret this result because the
tidal station is on the eastern side of the Tsushima
islands. Since the Tsushima lies a little obliquely
in the strait, there might be sea level slope along
the coast of the islands to some extent. Further-
more, sea levels may have different response at
both sides to the longshore wind and geostrophic
current. If there is an additional tide gauge on the
western side, we would get more correct results.

The same technique is applied to the eastern

channel in Fig. 10. Coherence and phase relations
of the sea level at Izuhara versus SLD have virtua-
lly the same result as Fig. 9 for the western chan-
nel. Phase relation of 180° is evident in the high
frequency band. However, Hakada no longer has
phase of 180° with SLD in the eastern channel.
Coherence is generally significant except for a few
frequency bands between 0.01 and 0.1 cpd. SLD
appears to lead the sea level variation at Hakada
by about 60° at low frequency and by lesser deg-
ree at higher frequency. At high frequency, SLD
seems to lead the sea level at Hakada. In summary,
higher frequency oscillation of sea level is 180° out
of phase with SLD at Izuhara while in phase at
Hakada. This seems to be a normal response for
a channel flow since the along-channel wind and
cross-channel geostrophy will cause the sea level to
rise and fall in opposite direction on both sides of
a channel. Mizuno et al.(1989) found out that the
current in the eastern channel is coherent in 0.3~
04 cpd range with the northeast component of
wind which is the along-channel direction. Conse-
quently, greater spectral density in the eastern
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channel is also associated with the fact that Izuhara
faces the eastern channel. For SLD of the western
channel, both of Pusan and Izuhara have 180°
phase relation. It is noted that, at high frequency,
Izuhara sea-level is more coherently related with
SLD in the eastern channel(Fig. 10) than the wes-
tern channel(Fig. 9).

Summary

Variability of sea level and SLD in the Korea St-
rait is investigated in time and frequency domain
to study the fluctuations of the Tsushima current
and related sea level oscillation. With respect to the
0.01 or 0.02 cpd, spectral properties of sea level
and SLD fluctuations can be separated into lower-
frequency and higher-frequency parts.

For the lower frequency part, sea levels and SLD
in both channels vary in phase with each other but
Pusan has the smallest magnitude of sea level va-
riation. Without strong current and wind, seasonal
variation of the thermosteric effect may yield simi-
lar amiplitudes of sea level change. Not only the
geostrophic effect of the Tsushima Current but
monsoon has the negative influence on the seaso-
nal fluctuations of sea level at Pusan and additive
result on the eastern side of a channel thus gene-
rates SLD. Spectral density of SLD is much higher
in the western channel manifests that the seasonal
variation of the Tsushima Current overwhelms that
of the eastern channel. Sea level differences in
both channels are coherent only at low frequency.
Since Izuhara faces the eastern channel where the
Tsushima Current is much weaker, the geostrophic
effect may be different from that of Pusan.

At higher frequency, variability of SLD appears
to be greater in the eastern channel. This does not
mean that the current variability is stronger in the
eastern channel. Sea levels at Pusan and Izuhara
are essentially 180° out of phase with SLD in the
western channel but the coherence is considerably
lower at Izuhara. Therefore, sea level is expected
to drop dominantly at Pusan as the current gets st-
ronger. In the eastern channel, the Izuhara level is
about 180° out of phase whereas the Hakada level
is approximately in phase with SLD. This result is

regarded as normal for channel flow and implies
that sea level drops at Izuhara and rises at Hakada
as the current becomes strong thus increases SLD
in the eastern channel. This phenomenon can be
explained by the temporal variation of synoptic
scale wind and the fact that Izuhara faces the eas-
tern channel in addition to the geostrophic effect.
For the wind parallel to the direction of the chan-
nel, sea level will rise on one side while it will fall
on the opposite side in the absence of the thermo-
steric influence for the temporal time scale. The
geostrophy also enhances the same effect in sum-
mer. Across the eastern channel this process is ob-
vious. If there is an additional tidal station on the
west coast of the Tsushima islands, western chan-
nel would yield the similar result.
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