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Abstract

A new data set of observations by six cruises of ship-mounted acoustic doppler current profiler (SADCP) and three
40 d long bottom-mounted ADCPs (BADCPs) is employed to reveal the spatiotemporal variability of tidal and
subtidal currents in the western Taiwan Strait (TWS) during winter season. The results confirm the existence of
intense cotidal lines for M, tidal current, which is located north of 25°N. In this case, no existence of an
amphidromic point can be identified. It is also revealed that the counter-wind current (CWC) can extend through
the whole western TWS and even occupy the entire water column during winter monsoon relaxation. However,
this CWC is observed to be thoroughly overwhelmed by the downwind China coastal current (CCC) during the
two big monsoon bloom events in the winter of 2007, and the CCC consequently extends southward throughout
the western TWS instead. Most importantly, the variation of the spatial extent for the CWC and the CCC in the
western TWS is found to be well explained by the first two modes of the vector empirical orthogonal function
(VEOF) analysis, that is, it is mainly controlled by a wind-driven quasi barotropic current as the first mode and
slightly modulated by a relatively weak background current with a first-order baroclinic structure as the second

mode.
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1 Introduction

The Taiwan Strait (TWS), located between the East China Sea
and the South China Sea, is a crucial passage for water and nutri-
ent exchange between these two sea areas. The strait is generally
shallower than 60 m except for the deep Penghu Channel, and is
characterized by a complex bottom topography. The circulation
in the TWS, primarily forced by monsoons, the bottom topo-
graphy and remote forces (e.g., the South China Sea Warm Cur-
rent and the Kuroshio branch current in the eastern TWS), shows
a significant seasonal variation (Guan and Fang, 2006; Hu et al.,
2010).

Unlike summertime when the entire strait is occupied by uni-
form northward/northeastward flows, the wintertime circulation
is much more complicated with several unique flows. The
Taiwan Strait Warm Current proposed in the pioneering work of
Guan (1986) and Guan and Fang (2006) is actually a counter-
wind current (hereinafter CWC), which originates from the sea
off Guangdong Province, China as an extension of the South
China Sea Warm Current and connects with the Taiwan Warm
Current north of the strait. The follow-up studies using in situ ob-
servations (Chuang, 1986; Hu et al., 1990) and numerical models
(Su and Wang, 1987; Wang et al., 2010) confirmed the existence

of the CWC. Although the spatial extent of the CWC on the sur-
face and intermediate layers changes greatly in response to the
intraseasonal variation of local wind during winter (Guan and
Fang., 2006; Hu et al., 1990), the current in the bottom layer is
stable throughout the whole western TWS (Zhang et al., 1991;
Sun et al., 1996). The northeastward pressure gradient along the
western boundary is proposed as the main forcing mechanism
for the CWC (Chuang, 1985; Yang, 2007).

Another important current in the western TWS during winter-
time is the China coastal current (CCC), which is a downwind
coastal current located closely adjacent to the landward side of
the CWC (Jan et al., 2002; Zhang et al., 2005; Hu et al., 2010). It
carries colder and less saline coastal water southward and ex-
tends as far as to Nan’ao Island in Guangdong Province (Xiao
and Cai, 1988). During the cold-air outbreak, the CCC was repor-
ted to intrude southeastward into the Penghu Island area from
the western strait (Liao et al., 2013). Hydrographic observations
suggested that the interannual variation of this downwind cur-
rent was significant; the strength and spatial extent of this cur-
rent are largely enhanced (reduced) under strengthened
(weakened) northeast monsoon during La Nifia (El Nifio) events
(Wu et al.,, 2007; Zhu et al., 2013). The monsoon forcing (Chen,
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2003; Zhang et al., 2005; Jan et al., 2006) and the coastally trapped
waves that propagate southward (Ko et al., 2003; Pan et al., 2013)
are considered as two major driving mechanisms of the CCC.

During the past decade, many studies contributed to the un-
derstanding of wintertime current characteristics in the TWS
based on various valuable observations, including bottom-
mounted and ship-mounted acoustic doppler current profilers
(hereinafter BADCP and SADCP, respectively) (Liang et al., 2003;
Wang et al., 2003; Lin et al., 2005), surface drifters (Tseng and
Shen, 2003; Qiu et al., 2011) and high-frequency ground wave
radars (Zhu et al., 2013). However, most of the in situ current
data during winter were obtained under calm sea conditions; the
data under rough sea conditions are rarely available. It is still dif-
ficult to explicitly depict the spatial pattern of current response to
the evolving northeasterly wind.

In this study, we mainly focus on the flow field response to an
evolving winter monsoon in the western TWS using a set of new
in situ data obtained under both calm and strong wind condi-
tions. The remainder of this paper is organized as follows: in Sec-
tion 2, we describe the data and the analytical methods used in
this study; in Section 3, we present the features of tidal currents;
in Section 4, we analyze the variation of subtidal currents as a re-
sponse to varying local wind; and a summary is provided in Sec-
tion 5.

2 Data and methods

2.1 Data

The SADCP current data used in this study were collected in
the winter seasons from 2005 to 2012. During the study period,
there were six cruises in total, out of which three lasted for more
than 10 d (Fig. 1 and Table 1). The ship velocity was calculated
from the bottom tracking, and was deducted from the raw SAD-
CP data by using the data processing software VmDas. The aver-
age time interval of the data was 5-10 min, and two types of fre-
quencies were set up for the current-profiler observations, with a
bin length of 2 m for 300-k ADCP and of 4 m for 150-k ADCP.
Three criteria were used to characterize the acceptable data,
namely, the percentage of good data should be greater than 50%,
the error of the velocity and the vertical velocity should be less
than 0.15 m/s, and the ship speed should be slower than 6 m/s.
Linear interpolation was then used to fill the gaps in the accept-
able profiles. Subtidal currents were extracted from depth-aver-
aged SADCP data following the method of Candela et al. (1992),
which are used to analyze the spatial pattern of winter currents.

Three BADCPs (i.e., B3, B4 and B6 in Fig. 1), which were loc-
ated at water depths of 41, 41 and 43 m respectively, were de-
ployed in the western TWS during 3 December 2007 to 12 Janu-
ary 2008. Current velocity profiles and near-bottom temperature
were measured at each mooring. Given the ADCP installation
height (beams surface from the seabed being about 0.5 m) and
the resulting blind zone (upper 2.5 m), the deepest current obser-

Table 1. The information of SADCP current data set
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Fig. 1. Bathymetric chart (contours in m) of areas around
Taiwan. The cruise tracks of the SADCP observations from 2005
to 2012 are denoted by the dotted lines. Three BADCP stations
and the mooring buoy are marked by the red triangles and a red
star, respectively. The black circles denote the nodes, and the sol-
id lines are isobaths. The major geographic locations involved in
this paper are labeled, including the Changyuen Ridge (CYR), the
Penghu Channel (PHC), the Taiwan Bank (TWB), Pingtan (PT)
and Dongshan (DS) Island, etc.

vations were about 5 m above the seabed. The valid measured
depth nearest to the sea surface was 4 m, because the near-sur-
face bins were contaminated by side-lobe reflection from the sea
surface. Then, the current velocity data at 4-36, 4-36 and 4-38 m
were collected with a 2-m nominal bin, while the temperature
was measured at 40.5, 40.5 and 42.5 m for B3, B4 and B6, respect-
ively. All moorings were recovered successfully with record
lengths of about 40 d and ensemble averaged at a time interval of
1 h. To exclude high-frequency fluctuations of semidiurnal and
diurnal tidal currents from the velocity observed, a digital sym-
metric low-pass filter (i.e., PL33) (Limeburner, 1985) was applied
to removing the fluctuations with periods less than 33 h. Simil-
arly, the temperature data were smoothed by 11-point running
average to reduce the noise. The filtered current velocity (which
is the subtidal current) together with the filtered temperature
data are used to explore the vertical structure of currents in the
western TWS.

For surface wind, we used hourly in situ data from 3 Decem-
ber 2007 to 12 January 2008 collected by the mooring buoy D1,
positioned closely to B3 (Fig. 1). Before analysis, high-frequency
fluctuations in the wind speed data were filtered out by applying
the same low-pass filter employed in processing the current velo-
city of the BADCPs. Furthermore, the 6-hourly ERA-40 reanalysis
wind velocity field (with a speed bias of 1.36 m/s and a direction

Time (data range) . Instrument setup
Year Version
Month (Day) Binsize/m Firstbin depth/m  Ensemble interval/min

2005 Mar. (7-17) WHM-300k 2 7 10
2006/2007  Dec. (24-31), Jan. (1-10, 14-16, 19-31), Feb. (3-6)  WHM-300k 2 7 5
2007/2008 Dec. (1-4), Jan. (5-8) WHM-300k 2 7 5

2007 Dec. (10-22) WHM-150k 4 15 5

2012 Feb. (20-24, 27-29), Mar. (1) WHM-300k 2 7 5

2012 Nov. (19-20, 25) WHM-300k 2 7 10
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root-mean-square error of 33° in the TWS, as noted by Kuang et
al., 2015) on 0.125° grid was also obtained by averaging in the do-
main from 22° to 26°N and from 117° to 121°E . The sample inter-
val is improved to 1 h using linear interpolation, and thus the ob-
tained data matched those of the SADCP data at every integral
point. The reanalysis wind field is used to explore the wind char-
acteristics during the period of the SADCP observations, while
the in situ wind data are analyzed to understand the response
characteristics of subtidal currents to the short-term fluctuations
of winter monsoon.

2.2 Least squares method

As intense tidal currents are ubiquitous in coastal and shelf
waters, a snapshot of the SADCP data is unavailable when invest-
igating the subtidal current field unless the observed current is
detided with a reliable process. Therefore, methods have been
developed to remove tides from the SADCP measurements, such
as the traditional harmonic analysis method (Geyer and Signell,
1990; Takikawa et al., 2003), the method based on a tidal forecast-
ing model (Isobe et al., 2007) and the spatio-temporal fitting by
the least squares method (STF-LSM) (Candela et al., 1992;
Miinchow, 2000; Vazquez et al., 2011). Among these methods,
the STF-LSM is most widely used to separate the mean flow from
tidal currents, because it can extract those spatially evolving tide
currents by fitting arbitrary basis functions (Candela et al., 1992),
which does not require repeated transects and hence has a logist-
ic advantage. A brief summary of the methodology involved is
presented here, while a more detailed explanation can be found
in Wang et al. (2004). The fitting scheme is implemented to the
vertically integrated velocity field from the SADCP measure-
ments. The irregularly sampled (both in space and time) velocity
components are represented as follows:

K M
u(r,t) = Z oy + Z [ﬂjk cos(w;t) + ik sin(wjt)] X
j=1

k=1
o(lr =ri) + 9 (r1), o

where u(r, f) is the zonal component of vertically integrated velo-
city at time ¢ and given location r; ¢(|r-r,|) is the base function;
w(r, t) is the residual term including the measurement noise and
unresolved tidal constituents; o, is the mean flow coefficient; ,Bjk
and y;, are tidal component coefficients; K is the number of
nodes; M is the number of tidal constituents used in the analysis;
;s the frequency of the jth tidal constituent; r is the location of
the observations; and r, is the kth nodal location. A similar equa-
tion is used for the meridional component v(r, t).

The coefficients ay, §; and y;, are determined by a least-
squares fitting of the SADCP data using Eq. (1). In the TWS, the
semidiurnal tidal current, especially the M, constituent, is dom-
inant (Fang et al., 1985; Jan et al., 2004). Since it is difficult to sep-
arate M, from other semidiurnal tides like S,, N, and K, because
the duration of each individual cruise was relatively short, only
M, is considered in Eq. (1) (i.e., M=1) in this study. A simple

Gaussian interpolation function proposed by Wang et al. (2004)
is selected as the spatial basis function as shown as follows:

o(lr = rel) = exp(=r — re*/2L), 2

where L is the space impact factor intimately associated with a
node-affected area. Since the spatial weighting of the Gaussian
function decreases with increasing distance, the interpolation is
dominated by local influence from nearby data points. Here, the
number of node is assumed to be 8 and the space impact factor is
set to 110 km. The distribution of the nodes is shown in Fig. 1.
Though the tidal currents and the mean flow in the study area
vary spatially and the observation errors are random in the SAD-
CP data, the results from this calculation are not sensitive to the
distribution of nodes.

2.3 Barotropic tidal model

To evaluate the tidal currents extracted from the SADCP
measurements, a two-dimensional barotropic coastal tidal mod-
el, named ADCIRC (Westerink et al., 1993), is used. The model
foring term is obtained from the tidal potential that is derived
from eastern China’s seas using the Oregon State University tidal
model (TPXO) with eight tidal constituents (i.e., K, K,, M,, N,
0,, P,, Q;, and S,). In the computation, the unstructured grids are
employed, and the global bathymetry is subsampled from 1’ grid-
ded earth topography (ETOPO1) data.

This model reproduces the M, tidal ellipse parameters ob-
tained from the BADCP measurements at B3, B4 and B6 very well
(Table 2), though the observation results (e.g., the major axis of
M, ellipse) are biased upward as they do not resolve all the semi-
diurnal tidal components due to the short time span of just 40.2
d. Overall, the excellent agreement between the ADCIRC model
results and the BADCP measurements demonstrated that the
true M, currents could be well represented by the modeled M,
tidal constituent in the TWS.

3 Tidal currents

Figure 2a shows the M, tidal current ellipses obtained from
the SADCP observations and calculated from the ADCIRC model
output. Within most of the region of our concern, both tidal el-
lipses were quite similar in terms of current speed, direction,
phase, ellipticity, and rotation. The averaged value (0.44 m/s) of
the maximum tidal current amplitude by the SADCP observa-
tions is rather close to that (0.43 m/s) given by the ADCIRC mod-
el, and the correlation coefficient between them is 0.73 with a
standard deviation of 0.13 m/s. Obviously, with sufficient data,
the SADCP-derived M, tidal current should be rather reliable,
whose accuracy is at least comparable to that from the ADCIRC
model. Consistent with previous studies (Fang et al., 1985; Wang
etal., 2003; Jan et al., 2004), both SADCP and model results (Fig.
2a) show that the inclination of M, ellipses is generally in the
NE-SW direction, which is thought to be primarily constrained
by isobaths, but it turns into the NW-SE direction in the shallow
Taiwan Bank and the northwest Penghu Channel. Though the
model results agree well with the observations in general, we

Table 2. The elements of tidal ellipses of M, constituent obtained in the observation and the numerical tide model (abbreviated as

Obs and Mod, respectively) at three current stations

. Major axis/cm-s! Small axis/cm-s! Inclination/(°) Phase/(°)
Station Obs Mod Obs Mod Obs Mod Obs Mod
B6 33.8 35.0 23.8 14.9 48 73 86 60
B4 32.2 26.0 14.1 13.4 27 17 195 199
B3 45.7 36.9 2.9 7.3 44 42 232 215
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Fig. 2. The barotropic tidal current ellipses (M,) derived from the SADCP data (red) and the barotropic tidal model (blue) (a); and co-
amplitude (cm/s) (b), co-phase (°) lines (subject to time of 120°E) (c) and ellipticity (d) for M, constituent derived from the SADCP
data. The bold line in Fig. 2d represents the boundary of different rotation motions of M, currents.

should mention that in some places, e.g., the TWS center close to
the mainland coast and the northwest Taiwan Bank, the model
results of ellipse inclination deviate away from the measured
ones. This deviation is probably because the model can adjust
well with the changing isobaths on the premise of not missing
local fluctuations; meanwhile, the STF-LSM that emphasizes the
smoothness of interpolation (Miinchow, 2000) probably neglects
the fluctuations of local signals (Chiao and Wang, 2004).

Figures 2b-d reveal several major characteristics of the M,
tidal current. One can see that the strong tidal currents appeared
near the two ends of the TWS and diminished gradually towards
the central strait (Fig. 2b). The maximum M, current amplitude is
about 0.8 m/s on the Taiwan Bank (22.8°N, 118.4°E), whereas its
minimum amplitude is less than 0.3 m/s in the central strait.
From the co-phase lines for M, currents (Fig. 2c), it is found that
the maximum velocity first appeared in the northeastern part and
then propagated southward. This result is consistent with the
harmonic analysis of sea level records (Jan et al., 2004), suggest-
ing that the M, tide is a progressive wave in the western TWS. Ob-
viously, there exist intense cotidal lines north of 25°N, where the
M, current amplitude is almost minimum (Fig. 2b). Within this
region, the time difference between the north and the south is
about 3 h (about 90°). This was also reported in previous studies
(e.g., Fang et al., 1985; Li and Wang, 1990). However, no am-
phidromic point proposed by Ye et al. (1985) is found in our
study. From the distribution of the M, ellipticity shown in Fig. 2d,

at approximately 23.5°N there exists a latitudinal 0 isoline. South
of the 0 isoline there are negative values, which suggest the clock-
wise rotational motion of the M, currents, whereas the case for
the north of the isoline is exactly the opposite.

4 Subtidal currents during winter monsoon

4.1 Spatial distribution of subtidal currents during winter mon-

soon relaxation

Figure 3a shows the depth-averaged mean subtidal currents
over the entire SADCP observation periods and the standard de-
viation of residual currents. The stability of the mean subtidal
currents can be examined by comparing their magnitude with
their standard deviation. Generally, the standard deviation of the
residual currents is significantly smaller than the mean subtidal
currents, except for the situation of the mainland coast, where
the two are comparable. The flow field in the western portion of
the TWS is dominated by northeastward currents against the
northeasterly wind (i.e., the CWC). The strong CWC is near the
Changyuen Ridge (the maximum current is 0.38 m/s) and ex-
tends northward to Pingtan Island, while the weak CWC gener-
ally occurs off the mainland coast. Additionally, a very weak
southwestward current was found north of Pingtan Island, which
was characterized by the narrow mainstream close to the coast,
and it has been reported as the CCC (Jan et al., 2002; Pan et al.,
2013).
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Fig. 3. The distribution of the mean subtidal currents (black arrows) over the entire SADCP observation period, the standard
deviation of residual currents (black ellipses), and the mean depth-averaged subtidal currents (red arrows) with the corresponding
standard deviations (red ellipses) from BADCPs’ measurements obtained with sea surface wind speed less than 8 m/s (a); the rose
diagram (b) was obtained from the ERA40 reanalysis sea surface wind over the same period of SADCP observations; and the same
mean subtidal currents (arrows) and standard deviations (ellipses) as those in Fig. 3a, displayed with vertical levels (c).

During the SADCP observations, the northeasterly wind pre-
vailed in the TWS, which accounted for up to 83.9% of the total
surface wind samples (Fig. 3b), but the wind was generally weak,
with the wind speed less than 8.0 m/s accounting for 95.2% of the
total samples. In addition, the average wind speed was only
about 4.6 m/s, which was far less than the general mean strength
of wind (about 8.6 m/s; see Table 1 in Li (1986)) during the same
winter months when the SADCP data were collected. The mon-
soon was considered as being in a relaxed state during the SAD-
CP observations. Therefore, the aforementioned mean subtidal
currents shown in Fig. 3a only present the spatial pattern of the
flows under calm sea conditions.

The current measurements during winter monsoon relaxa-
tion stage (i.e., when the sea surface wind speed was less than 8.0
m/s) from the three BADCPs are used to reveal the vertical struc-
ture of flows in the western TWS (Figs 3a and c). Consistent with
the flow pattern from the SADCP observations, the mean depth-
averaged flows at all sites show primarily northeastward currents
(Fig. 3a). However, by examining the major axis of the standard
deviation ellipse (red and black ellipses, Fig. 3a), one can see that
the magnitudes of the flow fluctuations at the three stations were
all far larger than those of the SADCP observations at the corres-
ponding locations, particularly at B4. Note that between the SAD-
CP and BADCPs measurements, only the latter measurements
can reveal the short-term variation of the flows. Therefore, the
aforementioned large discrepancy in the flow variation between
the BADCPs and the SADCP suggests that very strong flow com-
ponents for the short-term variation existed at the three sites,
which cannot be resolved by SADCP since it is a kind of irregular-
sampling measurement.

Figure 3c shows the mean subtidal current profile for these
three stations averaged during the winter monsoon relaxation

stage. The result indicates that the mean subtidal currents for all
layers at B3 and B4 are northeastward, with the maximum of
each site all located in the middle level (up to 0.13 and 0.20 m/s
for B3 and B4, respectively). In contrast, the mean subtidal cur-
rents at B6 are southeastward from the surface to the 8 m layer
with its maximum (about 0.13 m/s) located in the surface layer,
whereas it turned to northeastward in the layers below 8 m. The
major axis of ellipses at B3 indicates that at this station the fluctu-
ation amplitude is almost uniform among all layers, whereas for
B4 and B6, a significant decreasing trend in the fluctuation amp-
litude is observed from the top to the bottom layer. The fact that
the uniform northeastward flows from the middle to the bottom
layers at all three sites suggests that the CWC can extend throu-
ghout the whole western strait during winter monsoon relaxa-
tion stage. However, in the surface layer, due to the dominating
southeastward CCC in the northern part (i.e., the location of B6),
the CWC only extended from the south to the middle part along
the western strait (i.e., from the location of B3 to that of B4).

4.2 Spatio-temporal variation of subtidal currents

The northeast monsoon begins in mid-September and peaks
from October to January in general (Jan et al., 2002). It has strong
short-term variation with a period of 3-10 d induced by success-
ive cold fronts passing over the China’s continental shelf (Hsueh
and Romea, 1983). Consequently, the flows in the strait are
largely affected by the short-term fluctuation of winter wind. As
shown in Fig. 4a, though the fluctuation of the depth-averaged
flows at the three stations during the whole observation periods
was as strong as that observed under calm sea conditions (see
Fig. 3a), the flow patterns at all sites averaged for these two peri-
ods were quite different (Figs 4b and 3c). By comparing Fig. 4b
with Fig. 3c, one can see that the CCC derived from the mean
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Fig. 4. Scatter diagram of depth-averaged subtidal current fluctuations at three stations superimposed on a bathymetric contour map from
3 December 2007 to 12 January 2008 (a), and the vertical distribution of mean subtidal currents at the three stations (b).

subtidal currents for the whole periods was far stronger than the
counter-part obtained for the monsoon-relaxation periods. What
is more, it has a larger spatial extent, which occupied the whole
western strait, covering the full depth in the northern strait (i.e.,
at the location of B6) and the upper layers (above 16 m) in the
central and southern parts (i.e., at the locations of B3 and B4). In
contrast, compared with that during the monsoon relaxation
stage, the strength and spatial extent of the mean CWC during
the full period were dramatically reduced. As shown in Fig. 4b,
the mean CWC over the whole period only appeared in the layers
below 16 m in the central and southern parts of the western TWS
(i.e., the locations of B4 and B3). The large difference in mean
flow pattern over the aforementioned two monsoon stages sug-
gests that the variation of the two major flows (i.e., the CWC and
CCC) is sensitive to the short-term variation of the winter mon-
soon.

Figure 5 is a comprehensive depiction of the characteristics of
the aforementioned two flows (i.e., the CWC and CCC) in re-
sponse to different stages of winter monsoon (i.e., relaxation or
peak stage). The in situ sea surface wind (Fig. 5a) indicates that
the northeasterly wind prevailed in the TWS during the periods of
BADCPs’ measurements, with strong short-term variation.
Among the short-term variation, there were four big monsoon re-
laxation events (shown as red-shaded areas in Fig. 5a) and two
big monsoon bloom events (shown as blue-shaded areas in Fig.
5a). The mean surface wind speed during these relaxation events
ranged from 1.4 to 8.0 m/s, and those during the bloom events
varied from 10.0 to 15.6 m/s.

Consistent with the surface wind (Fig. 5a), the along-shore
and cross-shore current components showed notable short-term
fluctuations (Figs 5b-g), which were almost in phase with the
variation of the surface wind. Under the intense northeasterly
wind, the prevailing current direction of the alongshore compon-
ent at all sites was primarily toward the southwest, while the
northeastward CWC was very weak and only existed in the sub-
surface and bottom layers (Figs 5b-d and 5h-j). Particularly, dur-
ing the two big monsoon bloom events, the whole water column
at all sites was dominated by the strong southwestward CCC, and
the CWC was hardly detectable (Figs 5b-d). In contrast, during

the weak winter monsoon, the above processes were exactly the
opposite (Figs 5b-d and 5h-j), which are consistent with those
shown in Fig. 3. The northeastward CWC was evidently dis-
played in the whole water column of all sites for most of the big
monsoon relaxation events. Although the CCC still existed at B3
and B4 during the third monsoon relaxation event, its strength
was significantly weakened in the subsurface and bottom layers
(Figs 5c and d).

Similar to the aforementioned alongshore current, the cross-
shore current component at all sites showed nearly in-phase
fluctuations with the surface wind (Figs 5e-g). It appeared to be
in the onshore direction during the two monsoon bloom events,
whereas it became offshore during the four monsoon relaxation
events when the surface wind remained northeasterly with pro-
foundly diminished strength in most of the cases. Within the
wind-driven Ekman regime, the cross-shore sea level slope in-
duced by the Ekman advection was formed during the winter-
time monsoon outbreaks, whereas the alongshore sea level slope
caused by the mighty Kuroshio (Yang, 2007) was present during
the monsoon relaxation stage. Such scenarios were probably the
major factors leading to the variation of the cross-shore currents.

The near-seabed temperatures at the three sites provide addi-
tional evidence for the variation of two major flows (i.e., the CWC
and the CCC) in the western strait (Figs 5b-d). Overall, the tem-
peratures rose during the monsoon relaxation stage. At Station
B6, which was located in the northern TWS, the temperature rose
from ~18 to 21°C on 23 December 2007 when the northeasterly
wind weakened. The warm water carried by the extension of the
CWC to the north of Pingtan Island probably contributed to the
rising of the temperature at B6 (Pan et al., 2013). When the mon-
soon was persistently intensified (e.g., the second monsoon
bloom period), the CWC almost disappeared from the western
strait. Consequently, instead of warm water, the southward ex-
tension of the cold coastal water was brought in by the CCC along
the whole western strait, which resulted in a 4.0-5.0°C decrease
in bottom water temperature at B6. The nearly identical vari-
ation of the near-seabed temperature with smaller amplitude
than that of B6 was detected at B4. Nonetheless, the near-seabed
temperature of B3, which was located in the southern strait, re-
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Fig. 5. Sea surface wind vectors (a). The red (blue) solid line corresponds to the period of monsoon wind speed less than 8 m/s (larger
than 10 m/s), and the red (blue) shadow covers the time axis during the monsoon relaxation (prevalent), which are displayed at the
top. The vertical profile of alongshore subtidal speed V (whose positive and negative values correspond to the northeast and
southwest directions, respectively) at B6 (b), B4 (c) and B3 (d); and the synchronous near-seabed temperature T is shown. The vertical
profile of cross-shore subtidal speed U (whose positive and negatives values corresponds to the offshore and onshore directions,
respectively) at B6 (e), B4 (f) and B3 (g). The vertical distribution of mean V(V,,) is displayed by the red lines (blue lines) at B6 (h), B4
(i) and B3 (j), under the condition of sea surface wind speed less than 8 m/s (larger than 10 m/s) at the top. Note that, the so-called
“principal” coordinate system proposed by Kundu and Allen (1976) is used to divide the subtidal current into the alongshore and
cross-shore components, and the relevant principal directions calculated are 33°, 27° and 12° for B3, B4, B6, respectively. After
clockwise rotation of the Cartesian coordinate by the above principal directions, the alongshore current, V, could be obtained whose
positive and negative values correspond to the northeast and southwest directions; it also gives the cross-shore current, U, whose
positive and negatives values correspond to the offshore and onshore directions, respectively.

mained at 17.0-19.5°C no matter whether the monsoon was in its
relaxation or onset state. This indicates that the bottom layer of
the corresponding area, rather than being affected by the cold
CCC, is mainly controlled by the warm water of the CWC during
the observation periods.

4.3 Forcing mechanism of short term variation of subtidal cur-
rents
Since previous studies (Jan et al., 2002; Lin et al., 2005; Zhu et

al., 2013) generally consider that circulations in the western TWS
are mainly controlled by the monsoons, here we use a vector em-
pirical orthogonal function (VEOF) method (Hardy and Walton,
1978) to explore the connection between subtidal currents and
wind. The subsequent discussion pertains to the first two modes
of the VEOF analysis. This is primarily because the first two
modes account for 88%, 93% and 91% of the total variance in the
VEOF analysis for B3, B4, and B6, respectively.

Figure 6 displays the spatial structures and time-dependent
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of the wind is shown in Fig. 6a as a red curve. The green, black and blue curves correspond to Stations B3, B4 and B6, respectively.

coefficients for the first and second modes of the VEOF decom-
position. The first VEOF mode (VEOF1) contains 60%, 77% and
79% of the total variance at B3, B4 and B6, respectively (Figs 6a
and b). The spatial map for the VEOF1 (Fig. 6b) shows a gener-
ally uniform shear flow at all the sites, with a decline in velocity
from the surface layer to the bottom layer (i.e., a quasi-barotrop-
ic structure of flow profile). The time coefficient for the VEOF1
(Fig. 6a) displays that it fluctuates with the northeasterly wind,
with the correlation between it and the alongshore wind being
0.63, 0.62, and 0.76 at B3, B4, and B6, respectively. The spectral
analysis shows an identical broad peak at a subtidal period
around 2.0-5.0 d for the time coefficient of the VEOF1 and the
alongshore wind (not shown). A significant coherence is found
between them at this subtidal period with the flows lagging wind
by about 0-5.7 h at the three sites (Figs 7a and b). This short, al-
most instantaneous, response of the flow to the alongshore wind
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Fig. 7. The phase (a) and the coherence squared (b) between the
first temporal VEOF mode and the alongshore component of the
wind. The red dotted line in Fig. 7b represents the 95% signific-
ance level (0.61). The green, black and blue curves correspond to

B3, B4 and B6 stations associated with the wind, respectively.

1 cpd=Hz/86 400.

is a typical case of a local, directly forced, wind-driven response
(Chuang, 1985). Therefore, the temporal behavior for the VEOF1
(Figs 6a and b) mainly contributed to wind-driven quasibaro-
tropic subtidal currents, showing a very strong short-term vari-
ation with a relatively strong northeastward flow (i.e., the CWC)
over the whole water column in the western strait during the
winter monsoon relaxation, which reverted to a succession of
southwestward flow (i.e., the CCC) events as the northeasterly
wind intensified, similar to the behavior shown in Fig. 5a. Obvi-
ously, the 2.0-5.0 d fluctuation of the northeasterly wind for driv-
ing the subtidal currents in the western strait is thought to be re-
lated to the periodic monsoon frontal passages (Chuang, 1986).

The second VEOF mode (VEOF2) contains 28%, 16% and 12%
of the total variance at B3, B4 and B6, respectively (Figs 6¢ and d).
Unlike the VEOF1, the spatial structure of the VEOF2 shows a
typical baroclinic structure (Fig. 6d). At B3 and B4, the velocity
vectors were southwestward (northeastward) above (below) the
16 m layer. Similar to B3 and B4, the velocity vectors at B6 were
mainly southeastward from the surface layer to the 20 m layer,
but were northeastward below the 20 m layer. As the VEOF2 time
series show almost positive values in spite of very strong fluctu-
ation at all sites during the observation periods, consequently,
the second mode mainly contributed to persistent background
currents with a two-layer structure in the western strait. That is to
say, in the upper layer, there was a uniform southward back-
ground current driven by the winter monsoon; in the bottom lay-
er, there exists a steady northeastward current throughout the
western strait, which is thought to be primarily caused by an
alongshore sea level slope (Fang and Zhao, 1988; Yang, 2007).

Therefore, the variation of spatial extension for the CWC and
the CCC in the western strait shown in Fig. 5, was mainly con-
trolled by the first mode and slightly modulated by the second
mode. As the northeasterly wind intensified, the wind-driven
strong downwind currents (Figs 6a and b) overlapped with the
relatively weak background current (Figs 6¢ and d), leading to a
stronger along-strait downwind current (i.e., the CCC, Figs 5b-d),
with a larger extension in space in the western TWS. In contrast,
when the monsoon became weak, similar processes operated but
in an opposite direction.
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5 Conclusions

In the past few decades, the current characteristics of the TWS
in winter had received much attention and there are many
achievements (e.g., Lin et al., 2005; Guan and Fang, 2006; Yang,
2007; Liao et al., 2013; Oey et al., 2014). However, due to the
paucity of synchronous or quasi-synchronous measurements
corresponding to different states of the winter monsoon, the spa-
tio-temporal variation of current patterns in the strait is still
poorly understood. In the present study, the subtidal currents are
explored by a new set of the SADCP and BADCP observations,
which were collected in the winter seasons of recent years. To ex-
tract the subtidal currents, the least squares method is employed
to separate tides from the SADCP measurements. It is worth
mentioning that the spatial distribution characteristics of M, tid-
al current obtained from the SADCP observations agree well with
the results of the ADCIRC model, which are also consistent with
previous works. In this study, we confirm the existence of the in-
tense cotidal lines for M, tidal current, which is located north of
25°N; meanwhile, it should also be noted that in our case no ex-
istence of the amphidromic point is observed.

Our results indicate that the flow pattern in the western por-
tion of the TWS is rather different between the relaxation and
break stages of the winter monsoon. The CWC could extend
through the whole western strait and even occupied the entire
water column during the winter monsoon relaxation stage.
However, when the winter monsoon outbreak started, the in-
tense northeasterly wind forced the along-strait current to flow
downwind in the western strait, while the northeastward CWC
was very weak and only existed in the subsurface and bottom lay-
ers. Particularly, the CWC was almost overwhelmed during the
two big monsoon bloom events in the winter of 2007, and as a
result, the whole water column was dominated by the strong CCC
throughout the western strait. The VEOF result indicated that the
variation of spatial extent of the CWC and the CCC in the western
strait was mainly controlled by a wind-driven quasi-barotropic
current as the first mode and slightly modulated by a relatively
weak background current with a first-order baroclinic structure
as the second mode.

Although the local wind played a dominant role in the fluctu-
ation of the subtidal currents in the western TWS, it could not be
the only important factor. It shall be noted that since the CWC is
against the winter monsoon, the CWC is most likely driven by the
pressure gradient, as noted in some previous studies (Chuang,
1985; Yang, 2007). However, up to date it remains unclear wheth-
er the corresponding cross-strait component or the along-strait
one plays the dominating role. To answer this question, in addi-
tion to the simulation method, synchronous in-site sea level re-
cords observed in a CWC-bloom event during the winter mon-
soon, if there are any, are expected to contribute a lot to explain-
ing the driving mechanism of the CWC and will be reported in
our future work.
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