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Long-Term Fluctuations of Water Temperatures in the

Upper 200m off the Southeast Coast of Korea*

Yong-Q. KANG and Hye-Eun KANG
Department of Oceanography, National Fisheries University of Pusan,
Pusan 608-737, Korea

The thermal structures and their spatio-temporal fluctuations in the upper 200m layer
off the southeast coast of Korea are studied using the bimonthly temperature data for 17
years(1967~1983) at 37 stations. We analyzed the fluctuations of the temperatures in the
surface(0~100m) and in the subsurface(100~200m) layers. The fluctuations of
temperatures in the surface water are dominated by the annual variation, whereas the
subsurface layer temperatures contain considerable non-seasonal fluctuations. The
distributions of water temperature anomalies in the subsurface layer are closely related
with those in the surface layer. The predominant periods of temperature fluctuations in
the subsurface layer, other than the annual variation, are 14 and 70 months. The period
of 14 months coincides with that of the pole tide or Chandler wobble. The cluster analysis
shows that our study area can be divided into the cold, the frontal and the warm regions.
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per 200m layer off the southeast coast of Korea.
The fluctuations of water temperatures in the

Introduction

The spatio-temporal variabilities of the sea water
temperasture in the southwestern part of the East

Sea of Korea(Japan Sea) are closely related with wr A A S A
the ocean current system in that region. The cur-
rents in our study area(Fig. 1) consist of the East L T -
Korea Warm Current flowing northward and the
North Korea Cold Current flowing southward along
the east coast of Korea. The extensions of the East 37 L IR S S
Korea Warm Current and of the North-Korea Cold KOREA
Current, after they leave the coast, form the Polar
Thermal Front in the East Sea of Korea. The Polar 3% B 23 3
Thermal Front has a meandering feature near the
Ullung Island. .
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In our previous paper(Kang and Kang, 1990) we 3s L e * ' ) :
limited our study to the descriptions of spatio-tem- 1129 1;0 1.31°E
poral characteristics of the “Ullung Warm Lens’. In Fig. 1. Oceanographic stations of the National Fishe-

this paper we extend our study to the spatio-tem-
poral variabilities of water temperatures in the up-

ries Research and Development Agency in our

study area.
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upper 100m layer are dominated by seasonal varia-
tion, whereas those in the subsurface layer are co-
ntrolled mainly by advections of heat associated
with ocean currents. In this paper we considered
the water temperatures in the surface layer(0~ 100
m) and those in the subsurface layer(100~200m)
separately.

The spatio-temporal distributions of the water
temperatures in both layers are analyzed by the
statistical, the empirical orthogonal function, the
spectral and the cluster analyses. We have paid a
special attention to the temporal and spatial corre-
lations between the anomalies in the surface and
subsurface layers.

The Data

The data used in this study are the bimonthly
serial obsrvations of water temperatures by the
National Fisheries Research and Development
Agency(NFRDA) of Korea for 17 years(1967~1983)
at 37 stations shown in Fig. 1. The standard depths
of observation within the upper 200m are 0, 10, 20,
30, 50, 75, 100, 125, 150 and 200m. The bimonthly
normals of water temperature at each station and
depth are computed from the observed data during
the 17 years. The data coverage is 91%, and the
remaining 9% of the missing data are interpolated
by linear interpolations of the temperature anomax
lies.

The vertically averaged water temperature Ti(x,
3, 1) in the surface layer(0~100m) and that T»(x
3 t) in the subsurface layer(100~200m) are de-
fined by

_ 1 c100m
Tx 3 D= 100 Jow T 3, 2 D) dz

1

To(x, 9 )= 200

ﬁxT(x, ¥ 2 ) dz

where T(x, 3, 2 t) is the water temperature at lo-
cation(x, ¥), depth z and time ¢. The vertically av-
eraged temperatures, Ty and T, are computed from
the water temperatures at the standard depths by
using the trapezoidal rule. The bimonthly time se-
ries of vertically averaged temperatures in the sur-
face and those in the subsurface layers for 17 years

at 37 stations are used as the basic data set for our
study.

Fluctuations of Water Temperatures

The overall features of the thermal variability in
our study area are represented by the distributions
of the mean and the root-mean-square(RMS) amp-
litudes of the temperature fluctuations in the sur-
face and in the subsurface layers. The temporal
changes of water temperatures are represented by
the time series of average temperatures, that is,
the average over 37 stations in each layer.

The Surface Layer

Fig. 2 shows the distributions of the means and
the RMS amplitudes of temperature fluctuations,
and also the time series of the average tempera-
tures in the surface layer(0~100m). The mean
temperatures in the surface layer are between 8
and 14C. The isotherms of the mean temperatures
in the coastal region within 100km from the coast
area almost parallel to the coastline(Fig. 2(a)). The
mean temperatures near the coast are lower than
those in offshore at the same latitudes. The RMS
amplitudes of temperature fluctuations in the sur-
face layer are between 2.8 and 3.8 C(Fig. 2(b)).

The time series of average water temperatures
(Fig. 2(c)) shows that the temperature fluctuations
in the surface layer down to 100m are dominated
by annual variation. However, the annual march of
the temperature differs significantly from year to
year. For example, the surface water temperatures
in 1974 and 1981 were much lower than those in
other years.

Subsurface Layer

Fig. 3 shows the distributions of the means and
the RMS amplitudes and also the time series of the
average temperatures in the subsurface layer of
100~200m. The isotherms of the mean tempera-
ture in the subsurface layer within 100km from the
coast are almost parallel to the coast(Fig. 3(a)).
The RMS amplitudes of the subsurface tempera-
ture fluctuations near the coast are smaller than
those in offshore region(Fig. 3(b)). In particular,

451



Yong-Q KANG and Hye-Eun KANG

the fluctuations of subsurface water temperature in
the region just south of Ullung Island, where the
phenomena of so called ‘Ullung Warm Lens’ oc-
curs(Kang and Kang, 1990), are relatively smaller
than those in the bordering region. The time series
of the average temperatures(Fig. 3(c)) shows that
the non-annual fluctuations play a significant role
in the variations of subsurface water temperatures.

Vertical Correlation of the Anomalies
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Fig. 2. Water temperatures in the surface layer(0~
100m). (a)The means, (b)the standard devia-
tions, and (c)the time series of the average
temperatures.
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Although the distributions of the sea surface
temperatures(SST) can be monitored by the satel-
lite remote sensing, there remains a question whe-
ther the temperatures in the subsurface layer can
be inferred from the distribution of the SST or not.
With that question in mind, we computed the simi-
larity between the anomalies of water temperatures
in the surface layer and in the subsurface layer by
two approaches. First, we computed the correla-
tions between the time series of the horizontally
averged temperatures in the surface layer -and in
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Fig. 3. Water temperatures in the subsurface layer
(100~200m). (a)The means, (b)the standard
deviations, and (c)the time series of the ave-
rage temperatures.
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the subsurface layer. Secondly, by employing the
spatial correlation, we estimated the similarity be-
tween distribution patterns of temperature anoma-
lies in the surface and subsurface layers at the
same time.

Temporal Correlation

Fig. 4(a) shows the time series of the horizonta-
lly averaged water temperature anomalies in the
surface(0~100m) and in the subsurface layer
(100~200m). The correlation coefficients between
the two time series is 0.785. This figure shows that
the temperature anomalies in two layers are highly
correlated. It implies that the average temperature
anomaly in the subsurface layer can be inferred by
using the average temperature anomaly in the sur-
face layer.

Spatial Correlation

Although the time series of the average tem-
perature anomalies are highly correlated, there
remains a question whether the regional distribu-
tions of the temperature anomalies in two layers
are similar or not. To answer that question, we es-
timated the similarity in the distributions of ano-
malies in two layers at time ¢ by the ‘map correla-
tion” C(t) defined by

é;]}(it) 7&0;0

cl=— -
TGO 2 TG 01"

where T1(j, #) and T3(j, #) are temperature anoma-
lies at time ¢ at 7 station in the surface and subsu-

rface layers, respectively, and m is the number of

stations(m=37). The spatial correlation C(¢) defi-
ned by above equation is similar to the definition
of the correlation coefficient, except that the overall
mean is not removed in computing the spatial cor-
relation. If distribution patterns of anomalies in two
layers at time ¢ are completely similar, then c®
becomes to 1. If two distribution patterns are ‘mir-
ror images’ of each other, then C(f) becomes to
-1

Fig. 4(b) shows the map correlations between
the anomaly patterns in the surface and in the sub-

surface layers. The map correlations in our study

area during the past 17 years(1967~1983) varied
between 0.25 and 0.91, and their average value was

0.656. Although the values of map correlation differ
from month to month, there were no cases with
negative map correlations.

The rather large values of temporal correlation
coefficient between the time series of the average
temperature anomalies and the map correlations
between the distribution patterns of anomalies in
two layers indicate that the temperature anomalies
in the subsurface layer(100~200m) are closely re-
lated with those in the surface layer(0~100m).

EOF Analysis of the Subsurface
Temperatures

Method of EOF Analysis

The spatio-temporal distribution of time series at
many stations can be represented by the empirical
orthogonal functon(EOF) or eigenfunction alaysis.

Spatially Averaged Anomaly
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Fig. 4. (a)The anomalies of the average temperature
in the surface layer(0~100m) and in the sub-
surface layer(100~200m) in 1967~1983.
(b)The map correlations between the distribu-
tion patterns of temperature anomalies in the
surface and the subsurface layers.
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In the EOF analysis, a set of time series, T(x, £),
length n at m locations
sented by a superposition of m modes by

TG, D=3, ) o),

of each is repre-

where ¢;(x) is the eigenvector or eigenfunction that
describes the spatial distribution of temperature
associated with the i-th mode, and ¢;(¢) is the time-
dependent coefficient that describes the temporal
characteristics associated with the i-th mode. The
eigenvectors and the time-dependent coefficients
associated with different modes are required to be
orthogonal. That is,

g} a(x) ¢x) =85

> al) a)=ns;

The normalized eigenvector ¢ is found by solving

an eigenvalue problem

Re=)e,

where R is the m by m covariance matrix of the

time series at m locations, and A is the eigenvalue.
The time-dependent coefficients ci(¢) are propor-
tional to the fluctuations of temperature. However,
due to the orthonormality condition, the magni-
tudes of the time-dependent coefficient are not the
same as the physical magnitude. More details of
the EOF method can be found in Kutzbach(1967).

Results of EOF Analysis

The spatio-temporal characteristics of bimonthly
water temperatures in the subsurface layer for 17
years at 37 stations are represented by the EOF
analysis. The results of the EOF analysis of the
subsurface water temperatures are as follows. More
than half of the total variance are explained by su-
perposition of 3 EOF modes. The percentages of
variance explained by the first 3 modes are 36, 10
and 9%, repsectively. Figs. 5, 6 and 7 show the ei-
genvectors, the time series of the time-dependent
coefficient and the power spectra of the time series
associated with the first 3 EOF modes, respectively.
The power spectrum is computed by the Fourier
transform of the autocovariance function(Jenkins
and Watts, 1968).

The results of the first EOF mode, which covers

36% of variance, are shown in Fig. 5. The identical
sign of the eigenvectors at all stations(Fig. 5(a))
implies that the subsurface temperatures associated
with the first mode fluctuate simultaneously. The
time series of the time-dependent coefficient of this
mode(Fig. 5(b)) is remarkably similar to that of
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Fig. 5. The first EOF mode of the fluctuations of the
subsurface water temperatures in 1967~
1983. (a)The eigenvector, (b)the time series
of the time-dependent coefficients, and (c)the
power spectrum of the time series. The first
mode, which explains 36% of the variances, is
dominated by the annual variations.
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the average subsurface temperature fluctuations
(Fig. 3(c)). The power spectrum of the time-
dependent coefficient shows that temporal change
of this first mode is characterized by the annual
variation and long-term variation.

The results of the second EOF mode, which co-
vers 10% of the variance, are shown in Fig. 6. The
distribution of the eigenvectors is characterized by
the positive values in the southeastern part and the
negative values in the northwestern part(Fig.
6(a)). That is, the signs of eigenvectors of the se-
cond mode in the East Korea Warm Current region
are opposite to those in the north Korea Cold Cur-
rent region. The time series of the time-dependent
coefficients associated with the second mode is
shown in Fig. 6(b). Power spectrum of the time
series shows that the most predominant period as-
sociated with this mode is 14 months(Fig. 6(c)).
Note that this period of 14 months coincides with
the period of pole tide or Chandler Wobble.

The results of the third EOF mode, which covers
9% of the variance, are shown in Fig. 7. According
to the distribution of positive eigenvectors in the
southern part and negative eigenvectors in the
northern part, this mode is characterized by off-
phase fluctuations between northern and southern
parts(Fig. 7(a)). The spectrum(Fig. 7(c)) of the
time series(Fig. 7(b)) shows that the most predo-
minant period associated with this mode is 70
months.

Cluster Analysis

As mentioned earlier, waters in our study area
are carried by the North Korea Cold Current from
the north and the East Korea Warm Current fromr
the south. In order to identify the subareas with
similar thermal characteristics, we made cluster
analysis on the ‘average’ differences of subsurface
water temperature among 37 stations in our study
area. The average difference is defined as the
arithmetic mean of the differences over 17X6 bi-
monthly data during the 17 years. Details on the
cluster analysis can be found, for example, in Mur-
tagh and Heck(1987).

Fig. 8(a) shows the dendrogram of the clusters
based on the similarity of average differences of
subsurface temperatures among 37 stations in 17
years(1967~1983). The dendrogram in Fig. 8(a)
suggests that our study area can be grouped into
3 subareas. Fig. 8(b) shows the subdivisions of our
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Fig. 6. The second EOF mode of the fluctuations of
the subsurface water temperatures. This mode,
which explains 10% of the variance, is domi-
nated by the fluctuations with a period of 14

months.
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study area. As shown in Fig. 8(b), our study area
can be subdivided into (A) the cold water region,
(B) the frontal or transitional region, and (C) the
warm water region.

Discussion and Conclusions
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The third EOF mode of the fluctuations of the
subsurface water temperatures. This mode,
which explains 9% of the variance, is domina-
ted by the fluctuations with a period of 70
months.

The distributions and fluctuations of seawater
temperatures in the surface(0~100m) and subsur-
face(100~200m) layers off the southeast coast of
Korea are presented in this paper. The isotherms
within 100km from the coast in both layers are al-
most parallel to the coastline. This implies that the
ocean currents near the coast flow almost parallel
to the coast.

The fluctuations of water temperatures in the
surface layer are dominated by annual variation.
The annual variations of temperature generally de-
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Results of the cluster analysis of the subsur-
face water temperatures in 1967~1983. (a)
The dendrogram based on the temperature dif-
ferences among 37 stations, and (b) the sub-
areas of our study area based on the similari-
ties of the temperature differences.

Fig. 8.
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crease with depths. In the subsurface layer of
100~200m, non-annual fluctuations become impor-
tant. The predominant periods of temperature fluc-
tuations in the subsurface layer associated with the
time series of the first 3 EOF modes are 12, 14
and 70 months, respectively. The time series of the
fourth EOF mode is dominated by 33 months fluc-
tuations (the results of fourth mode is not presen-
ted).

The 14 months fluctuations, which is the most
dominant period in the time series of the second
EOF mode of subsruface temperature, coincide
with the period of the pole tide or Chandler wob-
ble. The pole tide with periods of 14 months are

reported to occur in the monthly sea levels(Saru-

khanyan, 1969; Lisitzin, 1974; Thomson, 1980) and
also in the fluctuations of ocean currents(Maximov,
et al, 1972). The 14 months fluctuations are also
reported to occur in the geophysical time series in-
side or near Korean Peninsula. The SST anomalies
off the southeast coast of Korea(Gong and Kang,
1986) and those at coastal stations along the Tsu-
shima Current region(Kang and Choi, 1985) show
14 months fluctuations. Also the air temperature
anomalies at all of 14 standard meteorological sta-

tions in Korea also show fluctuations with the pole -

tide period(Kang and Rho, 1985).

The predominant period associated with the 3rd
EOF mode is 70 months. It is interesting to note
that the air temperature anomalies in Korea also
show predominant fluctuations with a similar pe-
riod. Kang and Rho(1985) reported that the air
temperat‘ure anomalies at 12 stations among 14 sta-
tions in Korea showed spectral peaks at 72 months.

In this paper we showed that the water tempera-
ture anomalies in the subsurface layer(100~200m)
are highly correlated with those in the surface lay-
er(0~100m). The temporal correlation between
the average time series of anomalies in two layers
is 0.785. The map correlations between the distri-
bution patterns of anomalies in two layers are al-
ways positive, and their average value is 0.656.
This feature suggests that the distributions of the
temperature in the subsurface layer up to 200m
can be inferred to a certain degree from the distri-
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butions of the SST, which can be monitored by the
satellite remote sensing technique.
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g FESt Y3 EF 200m o9 FUIHT

TPFAITAY AU 1737(1967~1983) 3771 AH 9 SYFA AEE o] &3H

3l BF 200m s EF Fxe 29 AFNH HWEE FIEAT
EZ(0~200m) 3} oFEF(100~200m) e & HWES F43e 228 F9 A4 &
7 2t} B2 MY 2 HEL 22 139 F719 AFFH wEo] EEAT olEF9
F& HAEAME HAEFE HEol A8 A, AFA AdHFXE AAT
2 ol 4B A BRI olEF | F& o HEE Ao g WA JBRAS
A& B ol T BET FAMo] At olEZ ] £ WEL 1d F7] o]
14043 70N Ey S§4F718 7HAth olBFoA vehde Ud F719 2 WEe
ZZ(pole tide, Chandler wobble)2] F7]¢} A3}, olEF Y £ WE g &
Ao s, o] AL FFA, Molg 2 YFJoz FEHY,
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