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ABSTRACT
Using Advanced Very High Resolution Radiometer (AVHRR)
sea surface temperatures (SSTs) at a 1.1-km spatial resolution,
we investigated the long-term SST variability in winter in the
eastern Taiwan Strait (TS) in 1995~2008. We performed an
empirical orthogonal function (EOF) analysis of spatial and
time series variances for 15-day mean images.
The first three modes in the EOF analysis respectively
accounted for 25.9%, 16.61% and 4.59% of variances. In the
first mode, the spatial amplitude showed positive values in the
northeastern TS and negative values south of Chang-Yuen
Rise (CYR). This suggests that warmer water occurred south
of the CYR and a southwesterly intrusion of cold water extended north of study area. In the second mode, the lowest
SSTs appeared over the CYR from the middle of December to
the end of January. Results of the EOF analysis revealed heat
exchange and the formation of an oceanic front boundary at
the CYR in winter. We also found that average SSTs at the
CYR were highly and positively correlated with latitudinal
variations of 20°C isotherm, implying that variations in SSTs
at the CYR could be applied to examine variation in the China
Coastal Current in the eastern TS.

I. INTRODUCTION
The Taiwan Strait (TS) is a channel connecting the East
China Sea with the South China Sea in the western North
Pacific Ocean between Taiwan and Mainland China (Fig. 1).
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Fig. 1. Map of the bottom topography and oceanic current flow patterns
of the Taiwan Strait in winter. The black contours are the isobars
in meters. The study area was within the dashed box. Gray and
black arrows respectively indicate the China Coastal Current and
Kuroshio Branch Current, and dashed arrows indicate the Kuroshio Current (redrawn from Jan et al. 2002).

A distinct topographic feature in the TS is the Chang-Yuen
Rise (CYR), which extends westward from the middle of the
west coast of Taiwan. It separates the TS into two basins, and
forms a barrier for the ocean circulation : China Coastal Water
in the north, and the South China Sea Warm Current and Kuroshio Branch Current in the south [15]. In winter, the flow
patterns shown in Fig. 1 reveal that the main China Coastal
Current in the western TS moves southward along the Chinese
coast [8, 15]. A portion of the China Coastal Current is
blocked by the CYR and turns back northward at the expense
of southward intrusion (gray arrows in Fig. 1). Meanwhile the
Kuroshio Branch Current from the Penghu Channel is blocked
at the CYR (black arrows in Fig. 1) [7, 8].
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Sea surface temperatures (SSTs) are one of the most basic
oceanographic parameters associated with climate and weather
systems. With increasing availability of satellite SST data, it
has become possible to monitor temporal and spatial variations in SSTs. At present, the Advanced Very High Resolution
Radiometer (AVHRR) on board NOAA polar-orbiting satellites is the most popular instrument for regional/global SST
retrieval [14]. It has been functioning since 1978 with three
infrared channels [1]. Lee et al. [14] showed that the AVHRR
derived-SSTs through Multi-Channel and nonlinear SST algorithms were linearly related to in situ SSTs with correlation
coefficients of 0.985 and 0.98, respectively, and proved that
AVHRR-based SSTs were highly accurate in the seas around
Taiwan. In waters around Taiwan, remotely sensed SSTs were
applied to oceanography, such as SST variability [2, 9, 15],
fronts [3, 11], and marine ecology [6, 13].
Previous studies showed that SST patterns in the TS are
more complicated in winter than summer [9, 15], and largescale climatic oscillations such as El Niño-Southern Oscillation (ENSO) events can also cause SST changes on an interannual scale [2, 9]. The purpose of the present study was to
investigate and describe long-term variability of wintertime
SSTs in the eastern TS at 119.0°~122.0°E and 22.0°~27.0°N
(dashed box in Fig. 1) with satellite SSTs at a 1.1-km spatial
resolution. The bathymetric features are more complex in the
eastern TS including the CYR (< 50 m), Taiwan Bank (< 50 m),
and Penghu Channel (< 100 m). The empirical orthogonal
function (EOF) analysis used in this study decomposed the
time-series dataset into its orthogonal component modes and
demonstrated dominant patterns of SST variability [10, 15].

2. EOF Analysis
The EOF analysis provides a compact description of the
spatial variability of time-series data in terms of orthogonal
functions or statistical modes [4].
Satellite SST data in the EOF analysis were arranged in a
two-dimensional array, an M × N matrix, T(x, t), where M is
the number of elements in the spatial dimension (in this case,
the number of pixels in an image), and N is the number of
elements in the temporal dimension (in the case the number of
images). Paden et al. [20] suggested that the removal of the
temporal means of the data matrix be performed before the
EOF analysis.
Removal of the temporal means revealed features that
strongly varied in time and space. In this study, the temporal
mean was removed by finding the mean over the time-series at
each pixel, and subtracting the mean from each pixel (Eq. (1)).
T '( x, t ) = T ( x, t ) −

1
N

N

∑ T ( x, t )

(1)

t =1

Amplitude scores of T'(x, t) SST images were used to decompose the data matrix using the singular-value decomposition method to elucidate spatial patterns and time-series
variations of SSTs in the eastern TS. These analyses were
described in detail by Emery and Thomson [4] and Lee et al.
[15]. Following North et al. [19], we only considered a mode
to be significant if the sampling error [λ(2/N)0.5] of its associated eigenvalue, λ, was smaller than the space between λ
and a neighboring eigenvalue, where N is the number of realizations on each mode of EOF analysis.

II. MATERIALS AND METHODS
III. RESULTS AND DISCUSSION
1. High-Resolution Satellite SSTs
The High Resolution Picture Transmission (HRPT) data of
the NOAA-12~19 including AVHRR scenes were received at
a ground station of National Taiwan Ocean University.
High-resolution (1.1 km) SST images were produced by the
Multi Channel SST algorithm [17]. The bias and root of the
mean square between AVHRR and in situ data were 0.01 and
0.64°C respectively in waters around Taiwan [14]. All received images of HRPT data for winter (November~February)
from 1995 to 2008 were processed for this study. Because the
availability of daily AVHRR SSTs is seriously reduced by
cloud coverage, we produced 15-day mean images during the
study period and removed images for which missing data (due
to cloud cover) exceeded 25%.
In totally, 99 images of 15-day means with good coverage
were selected and used for the EOF analysis. EOF decomposition requires a dataset without gaps. Therefore, missing
data were replaced using the distance weight interpolation
(a raster-based interpolation) [21]. Data were normalized by
dividing each pixel by the standard deviation of the time series
[18].

Only the first three modes were selected in the EOF analysis due to the sampling error of its associated eigenvalue was
smaller than the space between eigenvalue and a neighboring
eigenvalue. The first three modes in the EOF analysis respectively accounted for 25.9%, 16.61% and 4.59% of variances, (Fig. 2). Figs. 2~4 depict the spatial amplitude patterns
and temporal variations of the first three EOF modes. In the
first mode, the spatial amplitude showed positive values in the
northeastern area of our study and negative values south of the
CYR (Fig. 2).
The intra-seasonal variation of the eigenvectors (Fig. 3(a))
showed a decreasing trend from November to February and
the time series variation of the eigenvectors (Fig. 4(a)) also
varied from positive to negative values in each year. It indicated that SSTs in the study area were dominated by a unique
pattern in winter. This indicates that warmer water was located to the south of CYR and a southwestward intrusion of
cold water covered the northeastern portion of the study area
(Fig. 5(a)). Wu et al. [24] reported that the CYR blocks part of
China Coastal Current and forces a U-shaped flow pattern in
the northern TS in winter. The isopleths line of zero in the
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(a) EOF mode 1: 25.9%

(b) EOF mode 2: 16.61%
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(c) EOF mode 3: 4.59%
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Fig. 2. Spatial amplitude patterns of the first three empirical orthogonal function modes ((a): first; (b): second; and (c): third) in the eastern Taiwan
Strait.
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Fig. 3. Intra-seasonal eigenvectors of the first three empirical orthogonal
function modes: (a) first, (b) second, and (c) third. Different symbols on the same row indicated the eigenvector of different years
in the same period (15-day mean).

spatial amplitude (Fig. 2(a)) also illustrated the signal to be
consistent with the heating balance and the formation of an
oceanic front boundary at the CYR. The boundary at the CYR
might be the border between the Kuroshio Branch Water and
the China Coastal Water (Figs. 2(a), 5(a)). Jan et al. [8] indicated that the northward intrusion of the Kuroshio Branch
Current was severely blocked by the This corresponds with
Chang et al. [3] who found a Peng-Chang front north of the
CYR in winter.

Amplitude function
Mode 2

0.2
Eigenvector

Mode 1

0.1

-0.2

Eigenvector

0.2 (a)

R2 = 0.65

(a)

Mode 3

Eigenvector

0.2

-0.2
0.3 (b)
0.2
0.1
0
-0.1
-0.2
-0.3
0.4
(c)
0.2
0
-0.2
-0.4

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Time
Fig. 4. Time series variations in eigenvectors of the first three empirical
orthogonal function modes: (a) first, (b) second, and (c) third.
The x-axis is the wintertime (November~February) for each year
(e.g., the number 1995, indicates the period November 1995 to
February 1996) and the black bar is the eigenvector of each 15day mean image.

This boundary was studied by many researchers [3, 8, 15]
and might shift according to interactions and strengths of the
China Coastal Current and Kuroshio Branch Current. Spatial
amplitude patterns of the second mode showed high positive
values around the CYR and negative values in the northwestern portion of the study area. During winter, a typical feature
of the southward penetration of the China Coastal Current was
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(a) Mean field of winter SST
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Fig. 5. Mean field of AVHRR sea surface temperature images of wintertime (a), the entire study period of 1995~2008 (b), November 1997~February
1998 (c), and November 1999~February 2000.
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Fig. 6. Temporal variations of the Niño 3.4 index (b) and the zonal average of sea surface temperatures (c) at the Chang-Yuen Rise for the period
1995~2008. The area used for zonal averaging of sea surface temperatures is within the black dashed box in (a). The 20°C isotherms is indicated by red lines in (c).

a peak in January [2]. Intra-seasonal trends showed the large
scattering of the eigenvectors (Fig. 3(b)) and the annual trend
of eigenvectors also showed yearly variations from 1995 to
2008 (Fig. 4(b)), e.g., positive and negative values of the eigenvectors respectively appeared in the winter of 1997 (November 1997~February 1998, El Niño) and 1999(November
1999~February 2000, La Niña), although not all El Niño/La
Niña events have positive/negative values.
This phenomenon suggested that the SSTs were warmer in

the El Niño (e.g., 1997/1998, Fig. 5(b)) than La Niña (e.g.,
1999/2000, Fig. 5(c)) winters at the CYR, consistent with
previous studies which found that changes in wind stress resulted in warmer SST in El Niño winters than in La Niña
winters [2, 9, 24].
Reduced speeds of northeasterly winds in El Niño winters
strengthened the northward moving warm current and interrupted the southward invasion of the cold China Coast Current
into the eastern TS [9].
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IV. CONCLUTIONS AND REMARKS
In this study, we investigated the long-term SST variability
in wintertime in the eastern TS in 1995~2008 using the NOAA
AVHRR SSTs at a 1.1-km spatial resolution. An EOF analysis
of spatial and time series variances for 15-day mean images
was performed. The first three modes in the EOF analysis

27
r = 0.742
26

Latitude (°N)

The amplitude patterns showed high positive values around
the CYR and annual variations of eigenvectors in the second
mode; we then calculated temporal variations of zonal average SSTs at the CYR (black dashed box in Fig. 6(a)) for the
period 1995~2008 (Fig. 6(c)). Based on results reported by
Lee et al. [14], we regarded latitudinal variation of the 20°C
isotherm as an indicator of the intrusion of the China Coastal
Current (Fig. 6(c), thin red contour). In El Niño winters (1997
and 2002), the position of the 20°C isotherm was restricted to
the north of CYR, and average SSTs at the CYR were warmer
than those in La Niña winters (1995, 1998, 1999, 2000 and
2007). On the contrary, the 20°C isotherm crossed 24.5°N and
the cold water reached to the south of the CYR in La Niña
winters, especially in late winters of 1999 and 2007, at which
time,average SSTs of the CYR were lower than 17°C and the
position of the 20°C isotherm reached south to 24°N near the
Penghu Channel.
Chang et al. [2] noted that monthly SSTs in late winter 2007
(February 2008) were about 7°C lower than those of the 12year average and suggested that the effect of climate change on
wind speed was responsible for changes in the current.
Continuous strong winds in La Niña winters may cause the
more- southward intrusions of the cold China Coast Current
around the CYR and Penghu Islands [2]. Average SSTs at the
CYR were highly and positively correlated with latitudinal
variations of the 20°C isotherms (r = 0.742) (Fig. 7), and this
hints that variation in SSTs at the CYR could be an indicator of
winter variations of the China Coastal Current in the eastern
TS.
The spatial amplitude of the third mode showed positive
values around the northern part of the TS and negative values
in the northeastern and southern parts of the study area (Fig.
2(c)).
The annual trend of eigenvectors also varied with time
(Fig. 4(c)). This mode may provide a signal when the northeastern portion of the study area showed negative values with
the northward intrusion of the Kuroshio Current moving
seaward and shoreward, respectively. Wu et al. [25] found
that the upper Kuroshio seasonally migrates off northeastern
Taiwan, moving shoreward in fall-winter and seaward in
spring-summer.
In winter, the Kuroshio Current moves close to and onto the
northern shelf of Taiwan and interacts with the southward
intruding China Coastal Water [16, 23]. On the other hand, the
China Coastal Current may advance southward from the
northwestern tip of the TS when the northeasterly monsoon
temporally strengthens with time [8, 15, 24].
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Fig. 7. Relationship between average sea surface temperatures at the
Chang-Yuen Rise and latitudinal variations of the 20°C isotherm
in the eastern Taiwan Strait. The dashed-black line encloses regions of > 95% confidence.

respectively accounted for 25.9%, 16.61% and 4.59% of the
variances.
The first mode suggested that warmer waters were south of
the CYR and the southwesterly intrusion of cold water covered the northeastern portion of the study area. In the second
mode, the lowest SSTs appeared at the CYR from the middle
of December to the end of January. The EOF single-field
observations revealed heating exchange and the formation of
an oceanic front boundary at the CYR in winter. We also
found average SSTs at the CYR to be highly and positively
correlated with latitudinal variations of the 20°C isotherm.
This correlation implies that variation in SSTs at the CYR
might be a parameter for examining the variations in the China
Coastal Current in the eastern TS.
Based on our study, the intrusion of the China Coastal
Current varied with time and might be affected by climatic
variability (e.g., ENSO events) in the North Pacific Ocean.
Climatic oscillations, anomalies, and changes result in interannual changes in SSTs and clearly affect population dynamics and many ecological processes in marine ecosystems [5, 12,
22]. However, large uncertainty remains, particularly not all
El Niño/La Niña events have the same phenomenon with SSTs
in the eastern TS. For example, there appeared negative value
during the El Niño winters of 2003 and 2004 in the second
EOF mode, and the 20°C isotherm also reached south to 24°N
suggesting that other factors influence the spatial distribution
of SST which remains for further study. It was difficult to
identify the relationship between cold-water intrusion and
climatic variability; understanding the effects and mechanisms
of wind speeds might be instrumental in resolving this problem. Thus, performing an EOF analysis on wind stress and its
curl should be further studied. Additionally, analysis of in situ
data combined with modeling simulation should be able to
improve our understanding of such SST variations in the TS.
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