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Annual and Interannual Fluctuations of Coastal Water
Temperatures in the Tsushima Current and the
Kuroshio Regions
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We studied the annual and interannual fluctuations of sea surface temperature (SST) for 30 years
(1941~1970) at 9 coastal stations in the Tsushima Current and the Kuroshio regions by means of
harmonic analysis, correlation analysis, and spectral analysis. The fluctuations of annual mean and
amplitude are 0.3 to 0.7°C, and those of annual! phase are 3 to 4 days. The SST anomalies are about
1°C, and they are relatively large in summer and winter than in spring and fall. The SST anomalies in
the Tsushima Current and the Kuroshio regions are related with each other. The predominant periods

of SST anomalies differ slightly from station to station. The quasi-biennial (26 months) and pole tide

(14 months) oscillations are found in the spectra of SST anomalies.

Introduction

The fluctuations of sea surface temperature
(SST) are closely related with the fisheries and
the climatic variability (Kang, 1984). The annual
variations of SST in the Pacific Ocean were re-
ported by many authors including Koizumi (1962),
Wyrtki (1965), Robinson (1976),

(1976). The annual variations of SST in the neigh-

and Gorshkov

bouring seas of Korea were studied by Kang and
Jin (1984) based on the monthly normals of SST
reported by the Fisheries Research and Develop-
ment Agency (1979). Kang (1985a) studied the
annual variations of SST in the Japan Sea by using
the data reported by Maizuru Marine Observatory
1972).

The interannual fluctuations of SST in the East
China Sea were studied by Koizumi (1964), Mori-
yasu (1967, 1968), and Sawara (1974), and those
in Korea Strait were studied by Nan-niti and
Fujiki (1967) and Kang and Lee (1684), The in-
terannual fluctuations of SST in the downstream of

the Tsushima Current region and their relation
with those in the Kuroshio region are not well
posed yet.

In this paper we present the annual and interann-
val fluctuations of SST in the Tsushima Current
and the Kuroshio regions. Qur analysis is based
on the 10-day SST data of 80 years (1941~1970)
at 9 coastal stations reported by Japan Meteorolo~
gical Agency (1976). The specific questions we
tried to answer are the followings: How much per-
sistent is the annual variation of SST? In other
words, how much stable are the annual mean, am-
plitude, and phase of SST, and how large are the
SST anomalies ? Are there any seasonal dependency
of SST anomalies 9 How large are the space scales
of SST anomalies 9 Are the fluctuations of SST in
the Tsushima Current and the Kuroshio regions
related with each other ¢ What are the predominant
periods of SST fluctuaticns other than the annual
cycle?
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Data and Method of Analysis

Qur analysis is based on the 10-day (decad) SST
data for 30 years (1941~1970) at 9 coastal stations
in the Tsushima Current and the Kuroshio regions
(Japan Meteorological Agency, 1976). The stations

are shown in Fig. 1.
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Fig. 1. Locations of coastal stations.

The seasonal variations of SST is studied by
means of harmonic analysis. The SST’s of each
year at each station are fitted to a function

T(&)=To+T1cos(wt—¢1) +T:cos(20t—2),
where T, is the the annual mean, @ the annual
angular frequency, ¢ the time from the beginning
of the year, T; and T the annual and semi-annual
amplitudes, respectively, and ¢ and ¢, the annual
and semi-annual phases, repectively. The 5 har-
monic constants (To, T1, T2, ¢1 and ¢z) are deter-
mined by the least squares fit. The harmonic con-
stants at each station differ from year to year,
and their variabilities are measured by their stan-
dard deviations.

Monthly (or 10-day) mnormals of SST in this
paper are defined by the mean SST of the same

calendar month (or decad) averaged over 30 years.
The time series of SST anomalies are generated
by removing the normals, The seasonal depen-
dency of SST anomalies is studied by computing
the root-mean-square (RMS) amplitude of 10-day
SST anomalies of each calendar months for 30
years.

In order to study the space scales of SST ano-
malies, we computed the cross-correlations coeffi-
cients between monthly SST anomalies of each pair
among 9 stations, Also, in order to study the
advection of SST anomalies, we computed cross—
correlation functions (with time lag and leads)
between each pair of 10-day SST anomalies.

The predominant periods of SST anomalies are
studied by means of spectral analysis. The smoo-
thed spectra of SST anomalies of 360 months at
each station are computed by the Fourier transform
of auto-covariance function with Bartlet (trian-
gular) lag window with length of 100 months (Jen-
kins and Watts, 1968). The composite spectrum is

computed by averaging the spectra at 9 stations.

Results

Seasonal variation:

The harmonic constants and their standard devi-
ations of seasonal variation of SST at 9 stations
are shown in Table 1 and Fig. 2. Fig.2 shows
that the annual mean of SST decreases with the
downstream distance of the Tsushima Current and
the Kuroshio. The annual amplitude, on the other
hand, increases with the downstream distances.
The annual phase in the Kuroshio region delays
with the downstream, and that along the Tsushima
Current in the Japan Sea fluctuates around 230°.
The szmi-annual amplitudes of SST in the regions
considered are between 0.4 and 1.3°C (Table 1).

The standard deviations of the annual mean and
and 0.7°C. The
standard deviations of annual phase are 3 to 4
march of SST

at each station repeats basically the same pattern

amplitude are between 0.3

days. This means that the annual

every year. This statement holds true even though
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Table 1. Harmonic constants and their standard deviation for seasonal variation of SST
at coastal stations of the Tsushima Current and the Kurosio region for 30

years (1941~1970)

Station To(°C) T:(°C) 1 (°) T2(°0C) ¢2(°)
Urakawa 8.9+0.4 9.0£0.5 23414 1.1+0.4 125420
Esashi 12.9+0.7 8.7+0.7 227+3 1.340.3 111+16
Tobishima 15.6+0.6 8.3£0.6 234+4 1.1+0.3 89+£23
Wajima 16.61+0.5 8.7%0.5 226+3 0.7+0.3 76125
Saigo 17.7£0.5 7.7+0.5 229%3 0.6%0.3 10570
Izuhara 18.9£0.5 6.1+0.6 237+4 0.8%+0.3 112+10
Hachijojima 21.8+0.5 4.910.6 23314 0.6+0.3 149472
Naze 23.3£0.4 4.510.4 225+3 0.510.2 119468
Ishigakigima 24.8%0.3 4.5%0.4 211+4 0.4+0.2 20782
amplitude.
251: - - The year-to-year fluctuation of annual mean,
¢ | Ny annual amplitde and annual phase for 30 years
20 ’» \\ ] (1941~1970) at 9 station are shown inFig. 3,4 and
i 5, respectively. Figs. 3,4 and 5 suggest that the
1st Annual Mean ] interannual fluctuations of harmonic constants bet-
ween nearby stations are very coherent but those
o between remote stations are quite different.
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Fig. 2. Annual mean, amplitude and phase of SST
for 30 years (1941-1970) and their standard
deviations at 9 coastal stations in the
Tsushima Current and the Kuroshio re~
gions.

the standard deviations of semi-annual phse reaches

up to 80° (Table 1), because the semi-annual am-

plitude is typically less than 10% of the anuual

ISH

TR 50

Fig. 3. Interannual fluctuations of annual means
of SST for 30 years (1941~1979) at 9 coa-

stal stations.
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Fig. 4. Interannual fluctuations of annual ampli-
tude of SST for 30 years (1941~1970) at 9
coastal stations.
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Fig. 5. Interannual fluctuations of annual phase

for 30 years (1941~1970) at 9 coastal sta-
tions.

SST anomalies:

The seasonal dependency of SST anomalies is in-
vestigated by computing the RMS amplitude of 10-
day SST anomalies of the same calendar months
for 30 years at each station. The monthly distri-
butions of RMS amplitude at each station are shown
in Table 2, and their average over 9 stations is
shown in Fig. 6. Table 2 and Fig. 6 show that
the SST anomalies in summer and winter are larger
than those in spring and fall. The RMS amplitudes
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Fig. 6. Monthly distribution of RMS amplitude of
SST anomalies for 30 years averaged over
9 stations.

of SST anomalies averaged over 9 stations are 1.1
to 1.2°C in winter and summer and about 0.5°C
in spring and fall.

The space scales of SST anomalies can be inferred
from the cross-correlation coefficients of SST ano-
malies with zero time lag. Table 3 shows the cross
-correlation coefficients of monthly SST anomalies
for 30 years between each each pair among 9 coas-
tal stations. The cross-correlation coefficieont of
SST anomalies between nearby stations (the tri-
diagonal band in Table 3) are beween (.34 and
0.63. The cross-correlation coefficients generally
decrease decrease with the distance between the
sttations. For example, the cross-correlation coe~
fficients between Ishigakijima and Naze is 0.57
and that between Ishigakijima and Esashi is close
to zero (—0.02).
malies between nearby stations are coherent while

In other words, the SST ano-

those at a large distance have no correlation. It is
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Table 2. RMS amplitude (°C) of SST anomalies for 30 years (1941~1970) at coastal stations
of the Tsushima Current and the Kuroshio regions

Station Jan.  Feb. Mar. Apr. May. Jun. Jul.  Aug. Sept. Oct. Nov. Dec.
Urakawa 1.1 0.8 0.8 1.0 1.0 1.3 1.4 1.5 -1.2 1.1 1.3 1.4
Esashi 1.2 1.2 1.0 0.9 1.1 1.2 1.4 1.5 1.0 1.1 1.1 1.3
Tobishima 1.3 1.2 0.9 1.0 1.0 1.0 1.5 1.0 0.9 1.0 1.1 1.2
Wajima 0.9 0.9 0.8 0.9 0.9 1.0 1.3 1.1 1.0 0.8 0.8 0.8
Saigo 1.0 0.9 1.0 0.8 0.8 0.9 1.2 1.0 0.9 0.8 0.8 1.1
Izuhara 1.1 1.1 0.9 0.7 0.7 0.8 1.1 1.1 0.8 0.8 0.8 0.9
Hachijojima 1.3 1.3 1.5 1.2 1.2 1.1 1.2 1.0 1.2 0.8 0.8 1.1
Naze 0.9 1.1 1.1 0.9 0.8 1.0 0.9 0.8 0.8 0.8 0.8 0.8
Ishigakigima 1.2 1.3 1.1 0.9 0.8 0.7 0.6 0.6 1.2 0.8 0.9 0.9
Average 1.1 1.1 1.0 0.9 0.9 1.0 1.2 1.1 1.0 0.9 0.9 1.1

Table 3. Cross-correlation coefficients of SST anomalies for 30 years(1941~1970) between
each pair among 9 coastal stations in the Tsushima Current and the Kureshio

regions

St. URA ESA TOB WAJ SAI 1ZU HAC NAZ ISH
URA 1.0 0.41 0.28 0.32 0.25 0.17 0. 09 —0.01 0.03
ESA 0.41 1.00 0.38 0.53 0.43 0.21 0.15 0. 05 —0.02
TOB 0. 28 0.38 1. 00 0.34 0.41 0. 09 0.17 0.03 0.13
WAZ 0.32 0.53 0.34 1.00 0.63 0.63 0.41 0.35 0.27
SAI 0.25 0.43 0.41 0.63 1. 00 0.62 0.31 0.15 0.24
1ZU0 0.17 0.21 0.09 0.63 0.62 1.00 0.48 0. 39 0.41
HAC 0.09 0.15 0.17 0.41 0.31 0.48 1.00 0.42 0.35
NAZ ~—0.01 0.05 0.03 0.35 0.15 0. 39 0.42 1. 00 0. 57
ISH 0.03 —0.02 0.13 0.27 0.24 0.41 0.35 0.57 1.00

to be noted that the SST anomalies at Hachijojima
are highly correlated with those at Izuhara (0.48),
Saigo (0.31) and Wajima (0.41). This indicates
that the SST anomalies in the Tsushima Current
region are correlated with those in the downstream
of the Kuroshio region.

In order to study whether there is a lead or lag
relation between SST anomalies at two stations,
we computed cross-correlation function using 10~
day SST anomaly series. Fig. 7 shows the cross-
correlation function between the SST anomalies at
Izuhara and those at other stations. The maximum
of the cross-correlation function occurs at time lag

zero or within 10 days.

Predominant periods:

The predominant periods of SST anomalies are
studied by computing the power spectra of SST ano-

maly series for 30 years at each station. Since
the monthly normals of SST are already removed,
the spectra of SST anomalies are free of annual
oscillation and its higher harmonics. The predo-
minant low-frequency periods (longer than 10 mon-
ths) at each station identified by spectral peaks
are shown in Table 4. Fig. 8 shows the power
spectra of SST anomalies at three stations (Esashi,
Saigo and Izuhara). The composite spectrum is
constructed by averaging the spectra at 9 stationms.
The most predominant spectal peak at all stations
except one station is found at periods longer than
10 years. Spectral peaks about quasi-biennial osci-
llation (26 months) and pole-tide (14 monthes) are
found at 7 and 5 stations, respectively, among 9
stations. Other spectral peaks are found at periods

33 to 55, 16 to 18, and 10.6 to 12.2 months,
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Fig. 7. Cross-correlation function between the SST
anomalies at Izuhara and those at other

stations.
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Fig. 8. Spectra of SST anomalies for 30 years at

Esashi, Saigo, and Izuhara.
the spectral peaks are predominant periods.
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Table 4. Predominant perieds (spectral peaks) of SST anomalies for 30 years (1941~1970)

at coastal stations of the Tsushima Current and the Kuroshio regions. ‘Inf’
means an infinite
Station Predominant periods (months)
Urakawa 38 17 10.9
Esashi 250 24 14 11.6
Tobishima 250 36 24 16 11.4
Wajima Inf 25 15
Saigo Inf 26 13.5
Izuhara Inf 26 12.2
Hachijojima Inf 33 17 13
Naze Inf 24 12.2
Ishigakigima 125 54 27 18 14.5 10.6
Composite Inf 26 14.4 12.0

Discussion and Conclusions

In this paper we presented the annual and inter-

annual fluctuations of SST in the Tsushima Cur-

rent and the Kuroshio region by means of time se-

ries analysis of coastal SST for 30 years (1941~
1970) at 9 stations.
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At each station the annual variation of SST
repeats basically the same pattern every year.
The standard deviations of the flucuations in
annual mean and amplitude of SST are less than
1°C, and those of annual phase are less than 4
days. The annual mean of SST decreases with the
downstream distance of the Kuroshio and the
whereas the annual

Tsushima Current phase

increases with the downstream distance. As was
demonstrated by Kang (1985b),

and annual amplitude of the SST in the Tsushima

the annual mean

Current and the Kuroshio regions are determined
not only by the local heat transfers across
the sea surface but also by the heat advections
associated with the ocean currents and the Asian

monsoon.

The cross~correlation coefficients, shown in Table
3, yields the followings. (a) The cross-correlations
coefficient of SST anomalies generally decreases
with the distances betwen stations. (b) The SST
anomalies in the Tsushima Current region are
correlated with those in the upstream of the Kuro-
shio. The cross—correlation coefficient between
Tzuhara and Naze is (.39 and that between Izuhara
and Ishigakijima is 0.41. (¢) The SST anomalies
in the downstream of the Kuroshio are correlated
with those in the upstream of the Kuroshio. This
can be inferred from the fact that the SST ano-
malies at Hachijojima are correlated with those at
Naze (0.42) and Ishigakijima (0.35).(d) The SST
anomalies in the Tsushima Current region are
correlated with those in the downstream of the
Kuroshio. This can be inferred from the fact that
the SST anomalies at Hachijojima are correlated
with those at Izuhara (0,48), Saigo (0.31) and
Wajima (0.41). Although the Tsushima Current
and the downstream of the Kuroshio are not
directly connected by the flow pattern, their SST

anomalies are correlated because both of them are

originated from the same upstream of the Kuroshio,

(e) The SST anomalies in the northern part of the
Japan Sea have almost no correlation with those in
the upstream of the Tsushima Current or the
The correlation coefficient

Kuroshio  regions.

between Tobishima and Naze is only 0.03 and that
between Tobishima and Izuhara is only 0. 09.
Spectral analysis of SST anomalies shows that
secular variability with periods longer than 10
years are most predominant at almost all stations.
Other long period fluctuations of interest are the
quasi-biennial oscillation with a period of 26
months and the pole-tide oscillation with a period
of 14 months. Incidentally, the air temperatures in
Korea also show fluctuations with quasi-biennial
and pole-tide fluctuatures (Kang and Rho, 1985).
The pole-tide or Chandler wobble with a period of
14 months is reported to occur in the fluctuations of
mean sea level (Sarukhanyan, 1969; Lisitzin, 1974;
Thomson, 1980) and also in the fluctuations of
ocean current (Maximov et al, 1972). The quasi-
biennial oscillation is known to be excited in the
zonal wind primarily by vertically propagating
equatorial Kelvin wave and the mixed Rossby-
(Holton, 1975).

It is interesting that the quasi-biennial oscillations,

gravity wave in the atomosphere

which are excited by the atmospheric motion, also
appear in the fluctuations of SST.

Our presentation in this paper is limited to the
time series analysis of SST fluctuations in the
Tsushima Current and the Kuroshio regions. We
are planning to study the relationship between the
SST and atmospheric variabilities such as the air

temperature, the precipitation, etc.
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