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Abstract. The seasonal mean and synoptic fluctuation of
the wintertime Taiwan Warm Current (TWC) were investi-
gated using a well-validated finite volume community ocean
model. The spatial distribution and dynamics of the synoptic
fluctuation were highlighted. The seasonal mean of the win-
tertime TWC has two branches: an inshore branch between
the 30 and 100 m isobaths and an offshore branch between
the 100 and 200 m isobaths. The Coriolis term is much larger
than the inertia term and is almost balanced by the pressure
gradient term in both branches, indicating geostrophic bal-
ance of the mean current. Two areas with significant fluctu-
ations of the TWC were identified during wintertime. One
of the areas is located to the north of Taiwan with velocities
varying in the cross-shore direction. These significant cross-
shore fluctuations are driven by barotropic pressure gradi-
ents associated with the intrusion of the Taiwan Strait Cur-
rent (TSC). When a strong TSC intrudes to the north of Tai-
wan, the isobaric slope tilts downward from south to north,
leading to a cross-shore current from the coastal area to the
offshore area. When the TSC intrusion is weak, the cross-
shore current to the north of Taiwan is directed from off-
shore to inshore. The other area of significant fluctuation is
located in the inshore area between the 30 and 100 m iso-
baths. The fluctuations are generally strong both in the along-
shore and cross-shore directions, in particular at the latitudes
26.5 and 28° N. Wind affects the synoptic fluctuation through
episodic events. When the northeasterly monsoon prevails,
the southwestward Zhe-Min coastal current dominates the
inshore area associated with a deepening of the mixed layer.
When the winter monsoon is weakened or the southwesterly

wind prevails, the northeastward TWC dominates in the in-
shore area.

1 Introduction

On the East China Sea (ECS) shelf, the mean path of the
Taiwan Warm Current (TWC) has two branches: the inshore
branch along the 50 m isobath and the offshore branch along
the 100 m isobath (Su and Pan, 1987). The summer TWC
has been well studied because the current is stationary and
strong, with an average speed of 0.3 ms~! (Guan, 1978; Fang
et al., 1991; Isobe, 2008; Yang et al., 2011, 2012). The spa-
tial structure and temporal variation of the wintertime (De-
cember to March) TWC are less known due to its weak
mean surface velocity, according to a climatological struc-
ture of the surface current in the ECS mapped by Qiu and
Imasato (1990).

The wintertime TWC on the ECS shelf shows synop-
tic fluctuations (Cui et al., 2004; Zhu et al., 2004; Zeng et
al., 2012; Huang et al., 2016). These synoptic fluctuations
show some features common to those over other continen-
tal shelves; i.e., they have periods between 3 and 15 days
and are associated with coastal sea level changes, which can
be explained by local winds or by coastal trapped waves
(Huyer, 1990; Brink, 1991; Huthnance et al., 1986). Huang
et al. (2016) showed that the wind was a main physical fac-
tor, which caused the temporal variation of the wintertime
currents at the synoptic scale in the coastal area of the ECS.
However, the dominant physical factors of the TWC fluctu-
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Figure 1. Density (o7, kg m?) distributions at 50 m depth derived from the GDEM climatological data in February (a), an ocean survey from
1 to 27 February 2007 (b), an ocean survey from 3 to 16 February 2007 (c¢) and the density anomalies between the GDEM data and the two
surveys (d, e). The two blue arrows indicate the two TWC branches in winter. The 30, 50, 70, 100 and 200 m isobaths are indicated with gray

lines in (a).

ations still lack study; the fluctuations on the whole shelf
of the ECS may be complicated due to the complex bot-
tom topography, alternating wind forcing and conjunction
of several current systems such as the Kuroshio Current, the
Taiwan Strait Current (TSC) and the Zhe-Min Coastal Cur-
rent (ZMCC). These synoptic fluctuations are also known to
influence the regional material transport, especially when the
amplitude of the fluctuations is comparable to, or even larger
than, the mean current. On the ECS shelf, some recent ob-
servations have shown that the TWC has an episodic winter-
time feature (Zhu et al., 2004) and the variations of the TWC
in winter have an amplitude as large as 0.2ms~! (Zeng et
al., 2012). Moreover, it has been observed that the variations
of the TWC in winter cause a cross-shore current, which is
closely linked to the alongshore component (Huang et al.,
2016). Therefore, we focus on studying the spatial patterns
of synoptic fluctuations to better understand the role of the
wintertime TWC on the cross-shore water exchange.

A comparison between the wintertime climatological den-
sity (Fig. 1a) and synoptic density distributions observed dur-
ing two surveys (Fig. 1b and c) suggests that two distinct
areas with significant synoptic fluctuations exist. The clima-
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tological density is taken from the Generalized Digital En-
vironment Model (GDEM; Carnes, 2009) data, and the two
surveys were carried out in February 2007 by two research
vessels. Because the isopycnal lines are closely related to
geostrophic currents, we can infer the strength of the TWC
from the horizontal gradient of the isopycnals between 240,
and 250; contours (Fig. 1a). This accounts for the fact that
in winter the water mass of TWC is located in this density
range (according to the hydrography analysis of Su et al.,
1994). The two-branch structure of the TWC can be inferred
from the wintertime climatological density. In this paper, we
defined that the near-coast area is the area between the coast
and 30 m isobath where the ZMCC occurs, the inshore area is
the area between the 30 and 100 m isobaths where the TWC
inshore branch dominates and the offshore area is the region
between the 100 and 200 m isobaths where the TWC offshore
branch prevails. According to the hydrographic data analysis
and numerical interpretation by Su and Pan (1987), the TWC
inshore and offshore branches mainly occur close to those
specific isobaths. However, these two branches were missing
during the two synoptic surveys (Fig. 1b and c), indicating
strong synoptic fluctuations of the TWC on the ECS shelf.

www.ocean-sci.net/13/105/2017/
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Furthermore, the density anomalies between the two surveys
and the GDEM data (Fig. 1d and e) indicate that the most
significant fluctuations are located north of Taiwan and in the
inshore area. Both surveys show negative density anomalies
north of Taiwan, indicating that the TWC was weak and that
more low-density coastal water was transported to the ECS
shelf during the observational periods. The density anoma-
lies in the inshore area show different patterns for the two
synoptic surveys, with a positive anomaly in the first survey
(Fig. 1d) and a negative anomaly in the second (Fig. le), in-
dicating a strong synoptic fluctuation in the inshore area.

Candidate factors for driving these synoptic fluctuations
are local wind, surface cooling, and the upstream currents
of the Kuroshio Current and the TSC. As discussed by
Huyer (1990), wind is often considered as the major driving
mechanism of synoptic fluctuations of the wintertime TWC.
The northeasterly monsoon wind in winter blows against the
northeastward TWC and produces a southwestward ZMCC
(Chuang and Liang, 1994; Oey et al., 2010). Zhu et al. (2004)
suggested that the occurrence and duration of the TWC are
associated with the meandering of the Kuroshio Current
north of Taiwan. The northeastward TSC, as an upstream
flow of the TWC, also influences the synoptic fluctuation of
the wintertime TWC. Hong et al. (2011) and Hu et al. (2010)
summarized that the temporal and spatial variation of TSC
is modulated by strong wind forcing, complex topography
and circulation in the northern South China Sea as well as
coastal water input and the Kuroshio intrusion. Guan and
Fang (2006) showed evidence that the TSC and the TWC
merge in the area between the Taiwan Strait and the Zhe-
Min coastal region. Takahashi and Morimoto (2013) pointed
out that the temporal variation of the TWC is characterized
by the propagation of vorticity anomalies originating from
northeast of the Taiwan Strait, which further demonstrated
that the fluctuations of TWC were associated with its up-
stream currents such as the TSC.

To explore the spatial distribution of synoptic fluctuations
of the wintertime TWC on the ECS shelf, current data with
high resolution in both space and time are required. Previous
studies on the wintertime TWC were based on cruise surveys
(Su and Pan, 1987; Chen et al., 1994; Chen and Wang, 1999),
anchored mooring observations (Zhu et al., 2004; Zeng et al.,
2012; Huang et al., 2016) and numerical simulations (Guo et
al., 2003, 2006; Yang et al., 2011, 2012; Xuan et al., 2012a,
2016). The observation data are limited in terms of tempo-
ral and spatial coverage; hence, they cannot fully reveal the
synoptic fluctuations of the TWC and their regional differ-
ences. Numerical simulations provide a promising approach
for studying the overall structure and driving mechanisms of
synoptic fluctuations of the TWC in more detail.

In this study, the Finite Volume Coastal Ocean Model (FV-
COM; Chen et al., 2003) is used to investigate wintertime
TWC synoptic fluctuations and their mechanisms. The rest
of this paper is organized as follows. In Sect. 2, we provide a
description of methods and validation. The mean distribu-
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tion, synoptic fluctuations and dynamic diagnostics of the
wintertime TWC are given in Sect. 3. The impact of synoptic
fluctuation on water exchange is further discussed in Sect. 4,
followed by conclusions in Sect. 5.

2 Methods and validation
2.1 Model configuration

To investigate the currents (TWC, Kuroshio Current, ZMCC,
etc.) and their synoptic fluctuations on the ECS shelf, a three-
dimensional (3-D) unstructured-grid (Fig. 2, left panel) FV-
COM is developed for the entire Bohai, Yellow and East
China Seas (part of the Japan/East Sea, and part of the Pa-
cific Ocean). A regional refinement of the resolution (approx-
imately 3 km) is specified around the ECS shelf break at the
200 m isobaths, where a strong excursion of the Kuroshio
Current also occurs. The General Bathymetric Chart of the
Oceans (GEBCO) provides high-resolution (approximately
1km) bathymetric data (Smith and Sandwell, 1997). In all,
20 vertical layers with 76 954 triangle cells were specified in
the water column in a sigma-stretched coordinate system.

The driving forces of the numerical simulation include
tides, river discharge, surface heat fluxes, wind and open-
boundary conditions. Harmonic constants of 11 major tidal
constituents (Mo, Sy, Np, Ky, Ky, O, Py, Qi, My, MSy
and MN,4) were used; these are based on the Oregon State
University global inverse tidal model TPXO.7.0 (Egbert et
al., 1994; Egbert and Erofeeva, 2002). The daily mean river
discharge of the Changjiang and Huanghe was taken from
publicly available observation data at the Datong hydromet-
ric station (http://yu-zhu.vicp.net/). Other rivers were not in-
cluded because of their small discharges; e.g., the Qiantang
River, with the largest runoff from the Zhejiang coast, has a
climatological mean discharge in winter of about 230 m? s~ !,
which is nearly negligible compared to the Changjiang win-
ter discharge of about 11500 m3s~!. The daily mean heat
fluxes were from the objectively analyzed air—sea fluxes (Yu
and Weller, 2007), and the 3-hourly wind stress and 10 m
wind speed data were from the ERA-Interim re-analysis (Dee
et al., 2011). The open-boundary conditions, including daily
temperature, salinity and fluxes at the Taiwan Strait, the west-
ern Pacific Ocean and the Japan/East Sea, were obtained
from the Hybrid Coordinate Ocean Model (Bleck, 2002) and
interpolated onto the FVCOM model grid points. The tem-
poral resolution of all the driving force fields is better than or
equal to 1 day, which is essential to resolve synoptic fluctua-
tions.

The hindcast outputs of sea surface height, temperature,
salinity and velocities for the 5 years of simulation from 2009
to 2013 are used, following three spin-up years (2006-2008)
initiated with the temperature and salinity taken from the Hy-
brid Coordinate Ocean Model and velocity set to zero. The
initial conditions are ramped-up over a period of 30 days and

Ocean Sci., 13, 105-122, 2017
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Figure 2. The FVCOM model grid (left panel) and the surface mean flow in the ECS in winter (right panel). The colors in the left panel show
the grid length (km). The letters a—c indicate the three open boundaries at the Taiwan Strait, the northwest Pacific Ocean and the Japan/East
Sea, respectively. The blue dashed lines (right panel) show some important straits around shelf boundary, including the Taiwan Strait (TWS),
the East Taiwan Channel (ET), the Tsushima Strait (TUS), the Tokara Strait (TOS) and shelf break at the 200 m isobath. The red rectangle
shows the study area of the wintertime TWC. The four red numbers off the Zhe-Min coast show the four mooring sites observed from

5 January to 28 February 2009.

at the lateral boundaries a sponge layer was used with the
same method as Chen et al. (2008). The model time step was
15 seconds for the 2-D barotropic mode and 90 seconds for
the 3-D baroclinic mode. All of the output fields were pro-
cessed with a tidal filter (Godin, 1972) to remove tidal os-
cillations (considering that the major timescale of synoptic
fluctuations in this study area is 3—15 days).

Since the currents in 2009 could partly be validated by
means of available observational data (see Sect. 2.2), the cur-
rents from 1 January to 28 February 2009 were selected for
analysis of the wintertime TWC.

2.2 Validation of the mean currents and synoptic
fluctuations

The mean currents, e.g., the Kuroshio Current, the TWC, and
the ZMCC, were calculated by averaging the outputs of Jan-
uary and February 2009. We validated the mean currents in
terms of circulation structure, boundary fluxes, and coastal
currents.

The FVCOM has reproduced almost all of the known cir-
culation structure in the ECS in winter. The surface mean
currents (Fig. 2) show three major currents: the Kuroshio
Current, the TWC and the ZMCC. The Kuroshio Current,
with a speed of about 1 ms~!, enters the ECS just northeast
of Taiwan and flows along the shelf break up to the northern
area and ultimately leaves the ECS through the Tokara Strait.
Both the route and strength of the Kuroshio are comparable
with those reported in the literature (Guan, 1978; Qiu and
Imasato, 1990). The TWC has two northeastward branches,
one inshore (between the 30 and 100 m isobaths) and another
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offshore (between the 100 and 200 m isobaths), which is con-
sistent with Su and Pan (1987). The southwestward-directed
ZMCC in the nearshore area from the Changjiang Estuary to
the Taiwan Strait agrees well with that reported in previous
studies (Guan and Mao, 1982; Zeng et al., 2012).

The simulated volume transports across the Taiwan Strait,
the East Taiwan Channel, the Tsushima Strait, the Tokara
Strait and the shelf break of the 200 m isobath were vali-
dated using results from the literature (Table 1). The simu-
lated transports were accurate enough to reproduce volume
transport (1.22 Sv) through the Taiwan Strait, which is closer
to the observation value (1.20 Sv) from Isobe (2008) than for-
mer model results. The volume transports across the Taiwan
Strait and the Tokara Strait, as well as the cross-shore ex-
change, affected the path and magnitude of the TWC. The
annual-mean transport across the 200 m isobath toward the
shelf is 1.66 Sv, which is balanced by the inflow from the
Taiwan Strait (1.22 Sv) and the outflow through the Tsushima
Strait (2.85 Sv).

Figure 3 shows a comparison between simulation and ob-
servation results for the alongshore currents and the cross-
shore currents on the ECS shelf. The observational data were
obtained from four mooring surveys (Fig. 2, red stations) off
the Zhe-Min coast (Zeng et al., 2012). The observed and sim-
ulated currents were both averaged for the observational pe-
riod, which was from 1 January to 28 February 2009. Us-
ing the same method as in Huang et al. (2016), we defined
the positive alongshore current direction as from the south-
west (218°) to the northeast (38°), which is the mean tangen-
tial direction of the isobaths on the southwestern shelf of the
ECS. The positive cross-shore direction is from the north-

www.ocean-sci.net/13/105/2017/
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Fig. 2): (a) observed alongshore currents, (b) simulated alongshore currents, (¢) observed cross-shore currents and (d) simulated cross-shore
currents. Note, an enlarged color scale is used for the cross-shore component to have a clear view of its weak structure.

west (308°) to the southeast (128°), normal to the isobaths.
The alongshore components (Fig. 3a and b) show that the
ZMCC flows southwestward parallel to the coast in winter,
with a maximum speed of 0.15 ms~! along the 30 m isobath.
The TWC flows northeastward with a speed of 0.05ms™!,
and the core is located in the lower layer at about 50 m at sta-
tion 4. The cross-shore component (Fig. 3¢ and d) is much
weaker than the alongshore components, and it shows a com-
plex spatial pattern. It flows offshore in the upper layer and
onshore in the lower layer at station 1. Moreover, it mainly
flows onshore at station 2, and it flows offshore in the entire
water column at stations 3 and 4. Altogether, the simulated
pattern and magnitude both of the alongshore and cross-shore
components are in good agreement with the observations.
However, there are some differences between the observed
and simulated results; for example, the simulated ZMCC oc-
cupies a broader space than that in the observations. This may
have been caused by the relatively low number of observa-
tional stations.

Synoptic fluctuations of the TWC inshore branch during
January and February 2009 were also validated against the
mooring results (Fig. 4). Since the TWC shows a strong sig-
nature at station 4, the time series of the alongshore currents
and cross-shore currents in the whole water column of sta-
tion 4 were used for the validation. To eliminate the influ-
ence of local effects, the simulated currents were averaged in
a 10 x 10km? area around station 4. Both the observed and
simulated results show that the TWC fluctuates with a period
of 3—15 days. The simulated TWC (Fig. 4a, warm color) ap-
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peared stronger (> 0.1 m s_l) on7,12,18,21,26 and 29 Jan-
vary, and 10, 14, 19, 22 and 25 February, which agrees well
with data from the observations (Fig. 4b). The time series of
the simulated cross-shore component (Fig. 4c) are virtually
in phase with the observations (Fig. 4d). The magnitude of
the cross-shore fluctuations is comparable to the alongshore
fluctuations. This is different to the anisotropic characteristic
of the mean currents (Fig. 3), for which the alongshore com-
ponent is nearly 1 order of magnitude larger than the cross-
shore component.

2.3 EOF analysis of synoptic fluctuations

The empirical orthogonal function (EOF) method (Emery
and Thomson, 2001), as a statistical method, has been used
to understand synoptic fluctuations of the wintertime TWC.
The simulated currents from 1 January to 28 February 2009
were selected and their anomalies were calculated. Then, us-
ing the Matlab EOF function, the current vectors were sepa-
rated into several orthogonal modes to show the spatial and
temporal variations. Because the first two leading modes ex-
plain 91 % of the total variance, only these two modes were
used for the analysis.

The spatial distributions of the two leading EOF modes
were used to analyze the regional difference of the synoptic
fluctuations. To investigate the driving force of the two EOF
modes, the temporal variation was compared to the potential
influence factors, such as wind, upstream currents and net
surface heat flux.

Ocean Sci., 13, 105-122, 2017
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2.4 Momentum analysis

The driving mechanisms of the synoptic fluctuations were
further analyzed using the momentum equation. First, the
momentum balance as implemented in FVCOM (Chen et al.,
2003) is shown in Eq. (1). The three terms on the left-hand
side represent local acceleration, Coriolis acceleration and
advection, and the three terms on the right-hand side repre-
sent pressure gradient, friction and diffusion.

WV ax V+(V~VV)=—iVP+3( 3V)JrF 1)

ot £0 0z a

where V is velocity, 2 is the Earth’s rotation angular veloc-

ity, po is the average density, P is pressure, K, is the vertical

eddy viscosity coefficient and F is horizontal diffusion.
Second, according to the hydrostatic approximation used

in FVCOM (as shown in Eq. 2), the pressure gradient is given
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Table 1. Annual-mean volume transports (Sv= 100 m3 s_l)
through various sections. The sections are shown in Fig. 2 using
blue dashed lines.

Present  Previous estimates

model

Section

1.2 (Isobe, 2008)

1.8 (Wang et al., 2003)
1.09 (Wu and Hsin, 2005)
1.03 (Yang et al., 2011)
1.72 (Guo et al., 2006)
0.5 (Hung et al., 2003)
1.10 (X. Liu et al., 2014b)

Taiwan Strait 1.22

2.65 (Isobe, 2008)

3.03 (Guo et al., 2006)
2.70 (Yang et al., 2011)
2.52 (X. Liu et al., 2014b)

Tsushima Strait 2.85

1.46 (Guo et al., 2006)

0.87 (C. Liu et al., 2014a)

3.0 (Teague et al., 2003)

2.74 (Lee and Matsuno, 2007)

200 m isobath 1.66

21.50 (Johns et al., 2001)
23.00 (Teague et al., 2003)
23.83 (Guo et al., 2006)
28.4 (Hsin et al., 2013)
21.37 (Yang et al., 2011)
20.74 (X. Liu et al., 2014b)

East Taiwan Channel 22.71

23.4 (Feng et al., 2000)
20.00 (Teague et al., 2003)
20.66 (Yang et al., 2011)
24.42 (X. Liu et al., 2014b)

Tokara Strait 23.20

as the product of density times the gravitational acceleration.
This results in Eq. (3), which indicates that pressure gradi-
ent can be decomposed into the effects of the barotropic and
baroclinic components, as shown in Eq. (4).

P

= pg. 2
i =pg ()

n n n
P = /pgdz = / (o +p') gdz = pog(z +n) +/p’gdz, 3)
Z Z Z
n

VP =pogVn+V /p’gdz , 4)

Z

where p is density, o’ is density anomaly, g is the gravita-
tional acceleration and 7 is sea surface height.

Finally, the momentum equation is vertically integrated to
estimate momentum balance for the water column. Since the
horizontal diffusion is a comparatively small term, it is ne-
glected for simplicity.

www.ocean-sci.net/13/105/2017/
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where 7, is wind stress and 7, is bottom stress, p, is the
density of air, U is the wind speed at 10m above sea sur-
face, Cp is a drag coefficient at the sea surface (which
varies with wind speed U), ky, is a bottom friction coefficient
(kb =0.005) and V4, is the simulated velocity at the bottom.

3 Results
3.1 Mean distribution of TWC in winter

Since the observational results (Su and Pan, 1987; Zeng et
al., 2012) show that both branches of the wintertime TWC
are flowing in the subsurface, we use the vertical maximum
velocity (VMV) and its corresponding depth as two indices
to quantify the strength of the subsurface currents (Fig. 5).
As stated above, the distribution of the VMV shows two
branches of the TWC (Fig. 5a). The inshore branch (Fig. 5a,
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blue arrow of IB), which was located between the 30 and
100 m isobaths, followed a straight route from the northwest
of Taiwan to the northern ECS shelf. The offshore branch
(Fig. 5a, blue arrow of OB) existed near the 100 m isobath
and had two meanders. The two meanders turn to the cross-
shore direction along latitudes 26.5 and 28° N. These two
branches are further illustrated in the distributions of current
speed along the six TWC cross sections (S1-S6), which were
located at critical points in the two meanders (Fig. 6). From
the VMV structure, it can be inferred that the intrusions of
the TSC and the Kuroshio Current both affected the origin of
the offshore branch (Fig. 6, S1-S3).

We further examined the subsurface current core using the
depth of the VMV (Fig. 5b). We found that the VMV of
the TWC was located 40-60 m below the surface at the in-
shore branch and 20—40 m below the surface at the offshore
branch. Figure 6 shows the VMV positions in the subsur-
face layer; furthermore, it illustrates that the depth of the
subsurface VMV in the inshore branch was deeper than that
in the offshore branch. The difference can be explained by
the combined effects of baroclinicity and wind friction. As-
suming a relatively spatially homogeneous heat loss, differ-
ent cooling occurs, due to the smaller heat capacity of the
shallow coastal water compared to the deeper offshore wa-
ters, hence generating a northwestward horizontal density
gradient leading to a northeastward thermal current (verti-
cal current shear) according to the thermal wind relation-
ship, resulting in an upward-increasing northeastward flow.
The northeasterly wind in winter weakens the northeastward
TWC, particularly in the upper layer, which leads to the for-
mation of the subsurface VMV. Therefore, the fact that the
depth of the subsurface current core in the inshore branch
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Figure 6. Distributions of current speed along the six sections S1—
S6 in winter. The blue arrow on the left indicates the inshore branch
according to the velocity cores from section S3 to S6. The blue ar-
row on the right indicates the offshore branch according to the ve-
locity cores from section S2 to S6. TSC is the Taiwan Strait Warm
Current.

is greater than that in the offshore branch indicates weaker
baroclinicity or stronger wind friction on the inshore branch
than on the offshore branch.

The magnitude of the wintertime TWC was obtained by
flux analysis. Two dividing lines (Fig. Sa, red lines) were
defined as the boundaries for the ZMCC: the TWC inshore
branch, and the TWC offshore branch, which had the weak-
est flows. The flux of each branch (Fig. 5c) was calculated us-
ing the horizontal integration between the boundaries and the
vertical integration in the water column. The inshore branch
intensifies along its way and becomes significant north of
26.5° N, showing particularly strong flow velocities between
27.5 and 28.0° N. In this area, the subsurface current was
much stronger from S4 to S5 than in the other areas (Fig. 6).
The flux in the entire offshore branch was large, particularly
north of Taiwan.

3.2 Synoptic fluctuations

The observations (Fig. 4) have demonstrated that the syn-
optic fluctuation in the TWC inshore branch (near 121.5°E,
27.0°N) is significant. We further investigated the regional
difference of fluctuations in the two TWC branches in win-
ter 2009 using the following three steps: (i) two regions with
significant fluctuations are identified by the current standard
deviations of the VMV (Fig. 7) and the corresponding tempo-
ral variation of vertical structures at their extremes (Fig. 8);
(ii) each of the two significant fluctuations is decomposed
into EOF components (Fig. 9); and (iii) the influence factors,
such as wind, upstream currents, and net surface heat flux,
are investigated by examining their correlations with the first
two leading EOF components (Figs. 10 and 11).

The current standard deviations (Fig. 7) show that promi-
nent fluctuations occurred in two regions: north of Taiwan
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Figure 7. Current standard deviation in the layer of the VMV. The
black arrows indicate the major axis of the ellipse, which represent
the standard deviation of the current. The color shading shows the
respective magnitude. The two blue arrows indicate the two TWC
branches. The red curve indicates the area where the current stan-
dard deviation is larger than 0.1 m s~1 and the branches’ represen-
tative points (P1 and P2) are selected for later analysis.

and the inshore area. The standard deviations of VMYV at the
two regions were larger than 0.1 ms~! (comparable to the
mean currents). In the area north of Taiwan, the fluctuation
was located in the origin area of the TWC offshore branch.
The fluctuation in this region was in phase with the fluctu-
ation in the Taiwan Strait, indicating that the TSC played
an important role in generating the fluctuation north of Tai-
wan (to a greater extent than did the Kuroshio intrusion). The
TWC fluctuation had a strong cross-shore component, which
means the fluctuation transported the water north of Taiwan
to both the inshore and offshore branches. In the inshore area,
the fluctuations were influencing a wide region between the
30 and 100 m isobaths, with a magnitude that was sometimes
larger than the mean flow (Fig. 5a). These strong fluctuations
led to an episodic occurrence of the TWC inshore branch, as
observed at the site off the Zhe-Min coast (Fig. 4, red color).
When the TWC inshore branch was weakened due to these
fluctuations, the ZMCC might even dominate a wide region
out to the 100 m isobath, especially at the surface (Fig. 4,
blue color).

The vertical structures of the fluctuations north of Taiwan
and in the inshore area at two representative points and their
relation with the upper mixed layer depth are further ana-
lyzed (Fig. 8). The major component (the alongshore cur-
rent) of the TWC in each of the two regions (P1 and P2,
Fig. 7) is used to show the vertical structure of the fluctua-
tion. The depths of the upper mixed layer were determined
by a Richardson number criterion (Mellor and Durbin, 1975;
Gracheyv et al., 2013; Richardson et al., 2013), i.e., where the
critical Richardson number equals 0.25 in this paper (as in
Xuan et al., 2012b). The mean depth of the upper mixed
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Figure 8. Variation of alongshore currents (ms ™!, shown by color scale) for the entire water column north of Taiwan (P1) and in the inshore
area (P2) and their relation with upper mixed layer depth. The positive velocity (warm color) indicates the occurrence of the TWC. The gray

solid lines show the depth of the upper mixed layer.

layer north of Taiwan (20 m) was much shallower than the
mean depth of the inshore area (42 m). However, the TWC
(Fig. 8, warm color) fluctuated with significant variations of
the upper mixed layer depth (Fig. 8, gray lines) in both ar-
eas. When the upper mixed layer deepened, the northeast-
ward TWC (Fig. 8, warm color) was weakened or even re-
placed by the southwestward ZMCC, and vice versa. Wind
and surface cooling, which both drive the mixed layer depth,
can affect the TWC fluctuation.

The TWC fluctuations were further decomposed into EOF
modes. The first two leading EOF modes account for 54 and
37 % of the total variances (Fig. 9), associated with the two
prominent fluctuations north of Taiwan and in the inshore
area (Fig. 7). Both EOF modes had a maximum fluctuation
larger than 0.2 ms~! (comparable to the mean currents). The
spatial pattern of the first EOF mode (EOF1; Fig. 9a) shows
that the fluctuation continued from the Taiwan Strait to the
area north of Taiwan, indicating that the fluctuation north of
Taiwan was related to the TSC and not to the Kuroshio Cur-
rent. The alongshore component also showed a strong fluctu-
ation in the Taiwan Strait, which means that the TSC episodi-
cally intruded the shelf. The cross-shore component revealed
a fluctuation north of Taiwan that was larger than 0.1 ms~".
This cross-shore fluctuation impacted on the trajectory of
the Taiwan Strait (TWS) water, synoptically flowing into the
TWC inshore branch, offshore branch or Kuroshio Current.

The spatial pattern of the second EOF mode (EOF2;
Fig. 9b) shows a synoptic fluctuation in the inshore area.
The area with alongshore fluctuation (Fig. 9d) larger than
0.1ms~! was located between the 30 and 100 m isobaths,
which demonstrates that the TWC could episodically affect
this area. In addition, there were cross-shore fluctuations in
the inshore area (Fig. 9f), mostly along the latitudes 26.5 and
28° N. The latitudes of larger cross-shore fluctuations agreed
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well with the latitudes where the TWC offshore branch of
the mean currents (Fig. 5a) turned to the cross-shore direc-
tion. This indicated that the cross-shore transports were most
significant at the latitudes 26.5 and 28° N, according to both
the mean currents and the synoptic fluctuations.

Figure 10 shows the temporal variation of EOF1 and its re-
lation to the north—south component of wind speed, net sur-
face heat flux, the TSC and the Kuroshio Current. We found
a close correlation between EOF1 and TSC (R =0.86),
demonstrating that the TSC played the most important role in
generating the TWC fluctuation north of Taiwan. The EOF1
and TSC were positively correlated, meaning that a larger
TSC intrusion north of Taiwan leads to a cross-shore current
from the coastal area to the offshore area and that a weak
TSC intrusion causes a cross-shore current from offshore to
inshore north of Taiwan.

Figure 11 shows the temporal variation of EOF2 and its
relation with the north—south component of wind speed, net
surface heat flux, the TSC and the Kuroshio Current. It can
be seen that EOF2 and wind are well correlated (R =0.89),
indicating the important role of wind in generating the TWC
fluctuation in the inshore area. The northeasterly monsoon
would greatly enhance the southwestward ZMCC, which
would then replace the northeastward TWC in the inshore
area.

3.3 Dynamic diagnostics

The wintertime (January and February 2009) mean of the
water column momentum balance (Fig. 12) is used to show
the overall distribution of the fundamental forces over the
ECS shelf. The Coriolis force (Fig. 12a) is mainly balanced
by the total pressure (Fig. 12b) in both branches, indicating
the dominant role of geostrophic balance in the wintertime
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Figure 9. The spatial pattern of the first (EOF1; left panels) and sec-
ond (EOF2; right panels) leading modes of the VMV in the ECS:
(a) EOF1 currents, (b) EOF2 currents, (¢) EOF1 alongshore compo-
nent, (d) EOF2 alongshore component, (e) EOF1 cross-shore com-
ponent and (f) EOF2 cross-shore component (all shown by black
arrows with the color representing the magnitude). The 30, 50, 70,
100 and 200 m isobaths are indicated with gray lines.

TWC. However, the wind-induced surface friction plays an
important role in the TWC, especially in the inshore area
and the Taiwan Strait (Fig. 12c). The bottom friction has an
impact north of Taiwan and in the shallow Taiwan Strait, in
particular when significant Kuroshio intrusion enhances the
bottom flow (Fig. 12d). The effects of advection and acceler-
ation are predominantly local indicated by mostly incoherent
small-scale distributions (Fig. 12e and f); therefore, they can
be ignored when studying the large-scale current of the win-
tertime TWC.

The variation of the driving forces at two representative
points P1 and P2 was used to analyze the dynamics of syn-
optic fluctuations north of Taiwan and in the inshore area.
Regarding the results from the EOF analysis, the three force
terms, namely, Coriolis, total pressure and wind (Fig. 13),
were selected to investigate the effect of the TSC on the fluc-
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tuation north of Taiwan (Fig. 9a) and the effect of wind on
the fluctuation in the inshore area (Fig. 9b).

In the area north of Taiwan, the cross-shore fluctua-
tions were induced by the TSC intrusion. The variation of
alongshore Coriolis force (Fig. 13a, black line) was much
greater than the cross-shore Coriolis force (Fig. 13b, black
line), which means that the fluctuation north of Taiwan
was mainly in the cross-shore direction. The Coriolis force
(Fig. 13a, black line) was mainly balanced by the total pres-
sure (Fig. 13a, blue line), which means the currents fluctu-
ations north of Taiwan are dominated by geostrophic bal-
ance. As mentioned in Sect. 3.2, the TWC fluctuation north
of Taiwan was associated with the TSC rather than with
the Kuroshio Current. Therefore, in the shallow coastal area
the TSC mainly caused variations in the depth-independent
barotropic pressure gradients, which further generated the
cross-shore fluctuation. The mechanism can be interpreted
as follows. When a larger TSC intrusion occurred, the iso-
baric slope tilted downward from south to north, generating
a cross-shore current from the coastal area to the offshore
area. On the contrary, when the TSC intrusion was weak, the
Kuroshio intrusion from offshore to inshore dominated north
of Taiwan.

Wind friction (Fig. 13c and d) was a fundamental factor
in generating the fluctuations in the inshore area. Although
the geostrophic balance dominated in the inshore branch for
most of the time, the episodically strong winter monsoon
had an important role in generating the TWC fluctuations.
The northwestward direction Coriolis force (Fig. 13c, black
line) shows that the southwestward ZMCC occurred on 12,
22 January and 14 February 2009, and was associated with a
northeasterly wind (Fig. 13c, red line). It indicates that strong
northeasterly monsoon in winter can reduce or even stop the
northeastward TWC in the inshore area, causing the intermit-
tency of the TWC inshore branch.

4 Discussion

Simulated results in the winters (December—March) of the
years 2010 to 2013 (Fig. 14) show that general structures of
the TWC in the other winters were similar to that in win-
ter 2009 (Figs. 5 and 9), which indicates that the results from
the winter 2009 can be regarded as representative for the
winter situation. The two TWC branches and the two areas
of strong fluctuations were present in all winters from 2009
to 2013, although their strength showed a certain interannual
variability in accordance with the changing surface forcing
and boundary fluxes.

The wintertime TWC, which is manifested by two sub-
surface branches and significant synoptic fluctuations, has a
very different structure when compared with the stationary
and surface summertime TWC reported in previous studies
(Guan, 1978; Fang et al., 1991; Isobe, 2008). The synoptic
events, with timescales of 3—15 days, play a dominant role
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on the horizontal advective transports. According to Ledwell
et al. (1998) synoptic variations are much more effective on
the horizontal transport than variations on shorter timescales.
The synoptic fluctuations modulate the spatial structure of
the wintertime TWC, especially when their magnitudes are
comparable with that of the mean currents, such as the two
prominent fluctuations north of Taiwan and in the inshore
area (Fig. 7). Therefore, the two prominent fluctuations will
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be discussed next in terms of their contributions to the along-
shore and cross-shore transports.

4.1 Cross-shore transport north of Taiwan induced by
the TSC

In the area north of Taiwan, the TSC intrusion generated
strong fluctuations of the TWC in the cross-shore direction
(Fig. 9a). When a larger TSC intrusion occurred, the iso-
baric slope tilted downward from south to north, generating
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a cross-shore current from the coastal area to the offshore
area. Compared to the reported summer route that transports
Taiwan Strait water to the inshore area between the 30 and
100 m isobaths (Guan, 1978; Fang et al., 1991; Isobe, 2008;
Yang et al., 2011, 2012), our results showed that most Taiwan
Strait water was transported to the TWC offshore branch and
to the Kuroshio area as a result of the cross-shore fluctuations
induced by the synoptic TSC intrusion.

A numerical tracer simulation was used to analyze the
role of the cross-shore fluctuation in the transport of the
TSC water and the Kuroshio water north of Taiwan. In order
to demonstrate the characteristics of the flow patterns more
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clearly, artificial tracers are released in the model domain
and transported by the velocity field provided by the FV-
COM simulation. The tracer running was part of the FVCOM
simulation; therefore, all the abovementioned dynamics were
involved, e.g., tide, wind and boundary forces. The release
location and start date of the particles were configured as
follows. Two sections, one in the Taiwan Strait (Fig. 15a,
black dots) and another in the East Taiwan Channel (Fig. 15b,
black dots), were selected as the source locations for the wa-
ter masses of the TSC and the Kuroshio, respectively. The
particles were released on 1 January 2009 and tracked until
31 March 2009 (a total of 90 days).
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Figure 15a shows the traces originating from the TSC area.
Unlike the traditional route, where the TSC water flows from
the Taiwan Strait to the inshore area between the 30 and
100 m isobaths, most particles (Fig. 15a, gray lines) were
concentrated in the offshore branch under the effect of cross-
shore fluctuation. Two particles were selected to show the in-
shore route (Fig. 15a, red line) and offshore route (Fig. 15a,
blue line), with both passing the area north of Taiwan. When
the two particles arrived at the area north of Taiwan, the be-
havior of the tracers, according to specific velocity conditions
(Fig. 15¢), was very different; a northwestward transport oc-
curred on 25 January for the inshore particles (Fig. 15¢) and a
northeastward transport occurred on 12 February for the off-
shore particles (Fig. 15c). The velocity conditions in the area
north of Taiwan corresponded to the variation of the Taiwan
Strait flux (Fig. 10), which shows that the Taiwan Strait flux
on 12 February was much greater than on 25 January. There-
fore, it can be concluded that the TSC intrusion induced an
offshore transport north of Taiwan.

Figure 15b shows the traces originating from the Kuroshio
area. In the same way as the TSC water, the Kuroshio wa-
ter was also transported to the northern shelf via both the
inshore branch and the offshore branch. The separation of
the two branches north of Taiwan was caused by cross-shore
fluctuations of the currents. When the two particles arrived at
the area north of Taiwan, a northwestward transport occurred
on Feb. 2 for the inshore particles (Fig. 15c) and a northeast-
ward transport occurred on Feb. 12 for the offshore particles
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(Fig. 15¢). This means that the offshore transport induced by
the TSC also had an effect on the distribution of Kuroshio
water north of Taiwan. Liu et al. (2016) showed that the win-
ter TSC originated from a small branch of Kuroshio intrusion
into the Luzon Strait. Our results complement this picture,
since they show that most TSC particles flow into the TWC
offshore branch under the influence of cross-shore fluctua-
tion.

Our results may underestimate the impact of Kuroshio in-
trusion on the fluctuation of the TWC northeast of Taiwan,
especially at the seasonal and interannual timescales. Wei et
al. (2013) demonstrated that the annual and interannual varia-
tions of the Kuroshio volume transport are large. In addition,
Zhou et al. (2015) pointed out that the annual and interan-
nual variations of the Kuroshio intrusion northeast of Tai-
wan are prominent. X. Liu et al. (2014b) presented support-
ive evidence that the Kuroshio intrusion, from east of Tai-
wan to the onshore area north of Taiwan, is closely related
to the Kuroshio volume transport. This relation between the
Kuroshio intrusion and the Kuroshio volume transport had
been interpreted by Su and Pan (1987) as the g effect because
of the sudden change in topography northeast of Taiwan. Our
results show that the intraseasonal variation of the Kuroshio
intrusion and the Kuroshio volume transport was negligible
compared with the TSC variation at the same timescale, indi-
cating that the synoptic fluctuation of TWC north of Taiwan
is mainly induced by the TSC. However, because FVCOM
uses sigma coordinates in the vertical that are prone to errors
in regions of steep topography, our results may underestimate
the fluctuations at the shelf break, in particular to the north-
east of Taiwan where Kuroshio intrusion occurs.

4.2 Water exchange in the inshore area induced by
wind

In the inshore area, the synoptic fluctuations of the TWC
(Fig. 9b) caused by wind were generally strong in the along-
shore direction and regionally important (along the latitudes
26.5 and 28° N) in the cross-shore direction. The alongshore
fluctuations showed that the TWC inshore branch occurred
episodically. This episodic occurrence of the TWC agrees
with the results from a previous study based on four mooring
surveys off the Zhe-Min coast (Zeng et al., 2012). The mech-
anism of the episodic occurrence of the TWC was mainly
associated with the winter monsoon, which agrees with the
analysis of observational data by Huang et al. (2016). How-
ever, the overall magnitude of the TWC fluctuation, and its
role in the cross-shore flux, is still not fully understood due
to the short-term nature of the observational data.

We investigated the magnitude of TWC fluctuation, and
its role in the water exchange, in the inshore area. Previ-
ous studies (Su and Pan, 1987; Zeng et al., 2012) showed
that the TWC flows between the 50 and 100 m isobaths,
whereas the ZMCC water dominates the coastal area west
of the 50 m isobath in the surface layer. As mentioned when
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discussing Fig. 9d, the strongest TWC could reach the coastal
area as close as the 30 m isobath, being stronger than those
reported in the literature. Moreover, the area with large fluc-
tuations spanned the area between the 30 and 100 m isobaths
(Fig. 9b), indicating that water between the 30 and 100 m
isobaths may be either ZMCC or TWC water.

The episodic occurrence of the TWC inshore branch is di-
rectly related to the relative importance of the southwestward
ZMCC (Fig. 16, blue arrows) and the northeastward TWC
(Fig. 16, red arrows). In this paper, only wind-induced synop-
tic fluctuations are considered, not short-term extreme storm
events. When the winter monsoon (the northeasterly wind)
prevails, the ZMCC occupies most of the inshore area and
the TWC inshore branch weakens (Fig. 16a). On the contrary,
the TWC inshore branch can intrude into the near-coast area
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under southwesterly wind conditions (Fig. 16b). The bound-
ary between the coastal current and the TWC may shift from
the 100 m isobaths to the 30 m isobath in the cross-shore di-
rection, covering the entire area of the TWC inshore branch.

Our results further reveal that strong wind-induced cross-
shore fluctuations occur in the inshore area (Fig. 9f). This
cross-shore fluctuation has a significant ecological impact
because of the connected nutrient transport (Zhao and Guo,
2011). Ren et al. (2015) observed a cross-shore flux in the
inshore area, which was triggered by the transition of north-
easterly to southwesterly winds. Their observed features can
be further interpreted with our result that wind-induced fluc-
tuations can affect the cross-shore water transport in the in-
shore area.
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Figure 15. Traces of TSC water (a) and Kuroshio water (b) in winter, with the variation of surface currents north of Taiwan (c). The green
lines L1 and L2 indicate the starting latitude of the tracers (24.5° N) and the latitude which is representative for synoptic fluctuations north
of Taiwan (25.8° N), respectively. The black dots represent the release locations of tracers originated from line L1. The gray lines show the
entire trajectories of the tracers. The red lines and blue lines are selected trajectories, which are close to the inshore branch and offshore
branch, respectively. The dates show the times when selected tracers cross the latitude indicated by line L2. The numbers are the depths of
the tracers, which are labeled at an interval of 6 days. The two black arrows represent the two TWC branches.

27°N

Wind in panel a

01-Jdan 15-Jan 01-Feb 15-Feb 01-Mar 15-Mar 30-Mar

Figure 16. The VMV under the northerly wind (a) and southerly wind (b). (¢) shows the variation of wind in winter. Blue vectors and red
vectors show the southwestward coastal current and the northeastward TWC, respectively. Gray contours indicate the 30, 50, 70, and 100 m
isobaths. The two black arrows represent the two TWC branches. The green ellipse indicates the inshore area with significant fluctuation.

The largest cross-shore fluctuations were located at the lat- most significant along the latitudes 26.5 and 28° N accord-
itudes 26.5 and 28° N (Fig. 9f), which agreed well with the ing to both the mean currents and the synoptic fluctuations.
latitudes where the TWC offshore meanders occurred in the The offshore transport may be associated with the offshore-
mean currents (Fig. 5a). Thus, the offshore transports were penetrating fronts of coastal water in the ECS. Many remote
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sensing images (He et al., 2010; Bai et al., 2013) have ex-
hibited offshore-penetrating fronts that crossed the 70 m iso-
bath and played an important role in cross-shore material
exchange, but the mechanisms of the offshore-penetrating
fronts are still under debate. Yuan et al. (2005) pointed out
that both downwelling- and upwelling-favorable winds are
associated with the occurrence of the offshore-penetrating
front. Ren et al. (2015) suggested that the penetrating front is
generated by the transition of northeasterly to southwesterly
winds. Wu (2015) suggested that the offshore-penetrating
front is the response of buoyant coastal water to an along-
isobath undulation of the ambient pycnocline, which is con-
trolled by a temperature stratification of the water column.
Our study offers a new interpretation; i.e., the penetrating
front is generated through the wind-induced fluctuations and
the TWC offshore meanders.

5 Conclusions

The FVCOM model was able to reproduce the wintertime
TWC in 2009 reasonably well, as shown by a validation in
terms of the overall structure of the surface mean currents,
the ECS boundary fluxes and data from four mooring sta-
tions. The validation showed that the simulated TWC was
comparable to the observed results, not only in terms of the
mean currents but also in terms of the synoptic fluctuations.

The wintertime TWC showed two branches: one inshore
and another offshore. The inshore branch covered an area
between the 30 and 100 m isobaths and flowed northeastward
via a straight route. The offshore branch was located between
the 100 and 200 m isobaths and showed two prominent me-
anders. It was shown that the Coriolis force was nearly bal-
anced by the pressure gradient in both branches, indicating
the dominant role of the geostrophic balance for the mean
current in both branches.

Two regions with significant synoptic fluctuations, north
of Taiwan and the inshore area, were investigated using the
EOF method. The first two leading modes explained 91 % of
the total variance. EOF1 showed that fluctuations occurred in
the cross-shore direction south of 26° N. These fluctuations
were mainly associated with variation of the TSC flux. EOF2
showed significant fluctuation between the 30 and 100 m iso-
baths. These fluctuations caused the episodic existence of the
TWC inshore branch in the alongshore direction and cross-
shore fluctuations mainly at latitudes 26.5 and 28° N, which
were mainly associated with the variation of wind speed.

We also studied the different dynamic reasons for the fluc-
tuations in the two regions. In the area north of Taiwan,
the TSC and Kuroshio converged to initiate the TWC. A
barotropic pressure anomaly was generated by TSC intru-
sion from the Taiwan Strait causing a barotropic pressure
gradient in the alongshore direction; this explains why the
synoptic fluctuations in this area occurred in the cross-shore
direction. Additionally, the wind had a strong effect on the
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synoptic fluctuations in the inshore area. The northeasterly
monsoon enhanced the southwestward ZMCC and replaced
the TWC in the inshore area. This situation is reversed during
the southwesterly wind.

The synoptic fluctuations north of Taiwan and in the in-
shore area are important for both the alongshore and cross-
shore transports. Due to the fluctuation north of Taiwan, the
mixed water of the TSC and the Kuroshio was transported
to both the inshore area and the offshore area, whereas most
Taiwan Strait water was transported to the offshore area in
winter. The inshore fluctuation not only caused an episodic
occurrence of the TWC in the alongshore direction, which
affected the alongshore transport of ZMCC water and TWC
water between the 30 and 100 m isobaths, but also impacted
the cross-shore transports along latitudes 26.5 and 28° N.

6 Data availability

The observed and simulated currents data in the subsurface
layer of the research area are available at http://pan.baidu.
com/s/1i5jwUpv.
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