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Abstract Using a nested circulation model based on the

Princeton Ocean Model, we investigate the characteristics

and mechanisms of two main upwellings in the southern

Taiwan Strait: the Southwest upwelling and the Taiwan

Bank upwelling. The Southwest upwelling exists in sum-

mer when the southwesterly monsoon dominates, and the

Taiwan Bank upwelling occurs over a longer period from

May to September. The upslope current over a distinctly

widened shelf transports the cold water on-shoreward at the

lower layer and the southwesterly monsoon wind drives the

cold water to the surface layer, forming the Southwest

upwelling, while tidal residual current weakens the upslope

advection. For the Taiwan Bank upwelling, the upward

transport of the South China Sea water due to the Bank

topography carries the cold water from the subsurface layer

to the depth of approximately 25 m near the Taiwan Bank,

then the strong tidal mixing forces this upwelled water

further upward to the surface layer.

Keywords Upwelling � Numerical model � Tidal

processes � Taiwan Strait

1 Introduction

Coastal upwelling is an important marine system which can

transport nutrient-rich water towards the ocean surface.

The mechanisms of the coastal upwelling are associated

with the wind stress, topography and tidal processes, etc.

Most of the coastal upwellings, e.g., the Canary upwelling,

the Benguela upwelling, the California upwelling and the

Peru upwelling, are caused by the Ekman transport driven

by the equator-ward trade wind stress plus Coriolis effect.

The topography effect was studied by Arthur (1965) who

demonstrated that the vorticity will change along the

streamline when the boundary flows pass a cape, and the

upwelling will be generated at the lee of the cape. As it

comes to the bottom topography, the downstream varia-

tions of the bathymetry will change the vorticity and

therefore induce the vertical velocity under the nonlinear

effect at first order (e.g., Blanton et al. 1981; Janowitz and

Pietrafesa 1982), meanwhile the wind-driven upwelling

can be enhanced by the interaction of the bottom friction

with the topography (e.g., Pringle 2002). The upwelling

may relate with the tidal processes through many ways. For

example, the tide-induced cross-shore residual current

accounts for the cold water at the lower part of the

upwelling region, and the strong tidal vertical mixing can

transport these waters to the surface near south-west Nova

Scotia (Tee et al. 1993); the upwelling can be caused by the

centrifugal forces when strong tidal currents flow along

the convex peninsula coastline (Garret and Loucks 1976).

The second cross-shore circulation associated with the tidal

processes will generate the upwelling at Georges Bank

(e.g., Loder and Wright 1985).

Connecting the South China Sea (SCS) with the East

China Sea (ECS), the Taiwan Strait (TWS) is located in the

Northwest Pacific (Fig. 1). As a part of the continental
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shelf, the complex seafloor topography of the southern

TWS varies from a depth of 30 m in the west to 70 m in the

east, with a maximum depth deeper than 1,000 m to the

southeast. The Taiwan Bank is the shallowest, at approxi-

mately 20 m depth. The Penghu Channel, located between

the Penghu Island and the Taiwan Island, forms the main

way for the southern warm current flowing into the TWS

(Jan et al. 2006). Alternating strong northeasterly mon-

soons in winter (from October to April) and weak south-

westerly monsoons in summer (from June to August)

influence the TWS (Hellerman and Rosenstein 1983; Jan

et al. 2002). In summer, the SCS Warm Current flows

northeastward along the continental shelf break and

extends to the TWS (Guan and Chen 1964; Hu et al.

2010).There are two upwelling regions in the southern

TWS in summer: the upwelling near Dongshan in the

southwestern TWS (hereafter, the Southwest upwelling),

and the upwelling around the Taiwan Bank (Taiwan Bank

upwelling) (Hong et al. 1991; Hu et al. 2003; Tang et al.

2002).

Most of the previous works have pointed out that the

favorable southwesterly monsoon is the mechanism of

Southwest upwelling (e.g., Guan and Chen 1964; Cai and

Lennon 1988; Lin et al. 1999), while others proposed that

the ascending bottom current may be the mechanism (Li

and Li 1989; Hu and Liu 1992). Recently, Gan et al. (2009)

showed that the widened shelf can induce the cross-shore

transport of the cold water under the favorable wind, and

Jing et al. (2011) found that offshore Ekman drift in the

summer of 1998 was the strongest over the past 18 years,

and it was the major dynamic factor to induce the abnor-

mally strong upwelling during 1998. As for the Taiwan

Bank upwelling, Cai and Lennon (1988) described how the

combination of Kuroshio intrusion and the topography is

the mechanism. Wu and Lin (1990) indicated that

ascending bottom current and monsoon are important fac-

tors. Qiao et al. (2008) found that the upwelling will dis-

appear at the surface without the tidal process, and

mentioned further work was needed to discover the

mechanism of the Taiwan Bank upwelling.

Therefore, the cross-shore current, favorable wind and

tide may be the mechanism of the Southwest upwelling and

the Taiwan Bank upwelling. How they function on these

two upwellings and which role they play are the purposes

of this study. Using a high-resolution nested circulation

model based on the Princeton Ocean Model (POM) (Mellor

2004), we investigate these two upwellings. Sections 2 and

3 describe the model configuration and performance, and

Sect. 4 discusses the characteristics and mechanisms of the

two upwellings, including the role of tidal processes in

affecting upwelling. Finally, Sect. 5 presents a summary.

2 Model configuration

This study uses a POM-based model to simulate the key

physical processes in the TWS. The entire model domain

(all-domain) covers the Northwest Pacific with a coarse

Fig. 1 Bathymetry and model

domain (left sub-domain, upper-
right all-domain). ? is the

station where the surface

velocity is observed by the high

frequency radar and dashed line
is the cruise Section A. The

coordinate system is oriented so

that x is along-shore and y is

cross-shore. SCS, ECS, TWS,

TB, PHC and PHI denote the

South China Sea, the East China

Sea, the Taiwan Strait, the

Taiwan Bank, the Penghu

Channel and the Penghu Island,

respectively
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resolution of 0.2�, and the sub-domain covers the TWS

area with a high spatial resolution of 0.04� (Fig. 1). Ver-

tically, both all-domain and sub-domain have 21 sigma

levels, and two values, KL1 and KL2, in sigma coordinates

are 6 and 19, respectively, suggesting a higher resolution

near the surface. The model bathymetry is a spatially fil-

tered version combining the survey data and ETOPO2v2

from the National Geophysical Data Center. The filter has

made the local slope factor, dh/h (h is water depth), smaller

than 0.3 so as to reduce the unexpected diapycnal mixing

caused by sigma coordinates (Mellor et al. 1998; Mellor

2004).

The nested method used in this study was similar to the

one developed by Oey and Chen (1992) except one-way

nesting was used here for long-term running. At first, a

relaxation zone of 0.5� width was defined at the sub-

domain boundary, and a one-way nesting was maintained

by sending information, i.e. surface elevation, temperature

and salinity, from the outer all-domain to the relaxation

zone of the sub-domain. The topography in the relaxation

zone of the sub-domain is interpolated from the all-domain,

and the topography of the all-domain in the overlapping

area is the averaged value of the related grids in the sub-

domain. The different strategies proposed by Oey and Chen

(1992) were also adopted for the inflow and outflow con-

ditions in the relaxation zone to avoid altering signals

translating from all-domain to sub-domain. In this study,

the external time steps were 30 and 5 s for the all-domain

and sub-domain, respectively, and both domains used the

same internal time step, 300 s.

For the all-domain, the temperature, salinity, surface

elevation and velocity, derived from a Pacific Regional

Ocean Model System (Pacific ROMS) (Wang and Chao

2004; Liu and Chai 2009), were set as the lateral boundary

and initial conditions. In addition, at the open boundary of

the sub-domain, this model includes tidal forcing com-

prising 16 tidal components (M2, S2, K1, O1, N2, P1, K2,

Q1, M1, J1, OO1, 2N2, Mu2, Nu2, L2 and T2) available from

the tidal dataset Nao.99b (version 2000.09.09) (Matsumoto

et al. 2000). Additionally, the monthly river discharges

along the China coast were included in the model as

freshwater sources from the major rivers, e.g., the Yangtze,

the Pearl, the Minjiang, and the Jiulongjiang Rivers. The

tide-generating forcing is not included in the model. For

the air–sea interface, the net heat and net freshwater fluxes

at the air–sea interface were provided by the data from the

Mercator Ocean (http://www.mercator-ocean.fr), and the

wind stress was derived from daily averaged data of

QuikSCAT at 0.25� resolution. With the use of data from 2

buoys in the TWS, Chen (2011) estimated the root-mean-

square-errors (RMSEs) of the magnitude and direction of

the wind from QuikSCAT to be 1.1 m s-1 and 22.83�,

respectively.

3 Model evaluation

To evaluate the model performance on reproducing the

characteristics and processes of the upwellings in the

southern TWS, the model ran from July 1999 to November

2009, when the QuikSCAT data was available. The fol-

lowing comparisons indicate acceptable agreements

between the model results and the observed data.

3.1 Tidal harmonic constant

After the model ran for 4 years, the following 1-month

time series of hourly water elevation in the sub-domain was

analyzed to obtain the tidal harmonic constants, i.e. M2, S2,

K1 and O1. Figure 2 shows a comparison of the modeled

M2 tidal patterns with the observed data at gauge stations.

It is indicated that the RMSEs for total 45 stations are

0.093 m in amplitude and 6.5� in phase. The maximum

values are 0.23 m and 23�, respectively, near the tidal

nodal band southwest of the Taiwan Island. The modeled

M2 patterns are consistent with the results of Fang et al.

(1999). From Fig. 2, it is clear that the tidal waves prop-

agate southwestward from the ECS and rebound at the

continental slope in the southern TWS, resulting in a large

tidal range in the western TWS, which agrees with the

previous study by Jan et al. (2004).

3.2 Surface current

There was a high frequency (HF) radar system in the

southwestern TWS (Jiang 2007). The 1-month surface

current data (totally 3,322 observations) at station ?

(Fig. 1) in August 2008 were used in this study. The

relationship between model and HF radar surface currents

is plotted in Fig. 3. The correlation coefficient and RMSE

of along-shore velocity are 0.88 and 0.17 m s-1, respec-

tively, and those of cross-shore velocity are 0.83 and

0.14 m s-1, respectively. With the use of an inertial cycle

(about 31 h) boxcar filter, we excluded the tidal and inertial

components of the velocity. Figure 4 presents the com-

parison of low-pass filtered velocity in August 2008, and

the correlation coefficient and RMSE of the along-shore

filtered velocity are 0.81 and 0.08 m s-1, respectively, and

those of cross-shore filtered velocity are 0.65 and

0.08 m s-1, respectively. Both the model and HF radar

data show the along-shore velocity is northeastward at a

mean value of about 0.2 m s-1, and the cross-shore

velocity is mostly off-shoreward at a maximum value of

about 0.2 m s-1 (corresponding to Ekman drift at surface

layer under the southwesterly monsoon), except for two

periods around August 5 and 21 when two typhoons

(named as Kammuri and Nuti) passed, inducing a maxi-

mum on-shore current of 0.2 m s-1.

Numerical study of upwelling in southern Taiwan Strait 701

123

http://www.mercator-ocean.fr


3.3 Sea surface temperature (SST)

Daily MODIS (Moderate Resolution Imaging Spectroradi-

ometer) Aqua Level-2 SST data were obtained from the US

NASA Goddard Space Flight Center (GSFC) and then

mapped to a cylindrical equidistant projection at 1 km/pixel

resolution (Zhang et al. 2006). Figure 5a and b shows

monthly averaged SST in July 2005, derived from the MO-

DIS data and the model, respectively. It is evident that the

SST pattern in the TWS was simulated well by depicting a

high level of agreement in the two main upwelling regions,

the Southwest upwelling and the Taiwan Bank upwelling

(demonstrated by dashed ellipses E1 and E2 in Fig. 5b). Both

the model result and the MODIS data indicate that the SST in

the upwelling regions is lower than 26�C, and the lowest SST

reaches 25�C in the center of the upwelling region.

3.4 Vertical hydrographic structure

The CTD data collected from the southern TWS cruise in

July 2005 were used to further evaluate the model perfor-

mance in terms of representing the vertical hydrographic

structure in the upwelling regions. Figure 6a, b show that

the observed and modeled temperature distributions at

Section A (Fig. 1) across the Southwest upwelling and the

Taiwan Bank upwelling. The modeled temperature distri-

bution matches reasonably well with the observed one,

with RMSE of 0.83�C between the observations and the

model results. The model reproduces the upwelling cores

well, indicating that the cold water of 24�C can extend

25 km offshore in the Southwest upwelling, and the water

colder than 26�C appears at the surface in the Taiwan Bank

upwelling.

Fig. 2 Distribution of amplitude (left) and phase (right) of the M2 tide (contours are the modeled result, and ? shows the tidal gauge station with

the observed value in italics)

Fig. 3 Relationships between

the model–HF radar surface

velocity based on 3,322 samples

in August 2008 at station ? (see

Fig. 1). The correlation

coefficient and RMSE of along-

shore velocity (left) are 0.88 and

0.17 m s-1, respectively, and

those of cross-shore velocity

(right) are 0.83 and 0.14 m s-1,

respectively
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4 Upwelling analysis

In order to investigate the dynamics and controlling factors

of the Southwest upwelling and the Taiwan Bank

upwelling, the climatological results in Fig. 7 are obtained

though averaging parameters of hindcast calculation from

July 2000 to November 2009.

Figure 7a1, a2 show the time–depth variations of the

area-averaged vertical velocity in two regions (ellipses E1

and E2 shown in Fig. 5b), where the upwelling frequently

appears according to previous studies (Hu et al. 2003). The

modeled vertical velocity shows a strong seasonal cycle of

vertical motion near Dongshan (Fig. 7a1), but a steady and

approximately year-round upwelling around the Taiwan

Bank (Fig. 7a2). Figure 7b1, b2 present the temperature

difference between the inside and along the ellipses in the

two regions.

4.1 Characteristics and mechanism of the Southwest

upwelling

As shown in Fig. 7a1, the modeled vertical velocity has a

positive value in summer and reaches the maximum of

about 4 9 10-5 m s-1 in mid-July, and the contour of

2 9 10-5 m s-1 arches upward to the upper layer. Fig-

ure 7b1 shows that the area-averaged temperature in the

region (E1) is lower than that along the ellipse by 0.5�C in

summer, and the maximum temperature difference reaches

1�C in July. The upwelling periods calculated from the

present model are consistent with the observational data

summarized in Hu et al. (2003).

Fig. 4 The comparisons of low-pass filtered velocity from model and

HF radar in August 2008 at station ? (see Fig. 1). The correlation

coefficient and RMSE of along-shore filtered velocity (top) are 0.81

and 0.08 m s-1, respectively, and those of cross-shore filtered

velocity (bottom) are 0.65 and 0.08 m s-1, respectively

22

23

24

25

26

27

28

29

30

31

22

23

24

25

26

Xiamen

Dongshan

Nanao

22

23

24

25

26

Xiamen

Dongshan

Nanao

22

23

24

25

26

Xiamen

Dongshan

Nanao

1m/s

1m/s

116 117 118 119 120 121 122

22

23

24

25

26

Xiamen

Dongshan

Nanao

1m/s

a b

dc

E1

E2

116 117 118 119 120 121 122

116 117 118 119 120 121 122 116 117 118 119 120 121 122

Fig. 5 SST distribution in July

2005. a SST from the MODIS

data; and the modeled

temperature and currents at the

surface layer in the normal case

(b), no wind case (c) and no tide

case (d). Two areas with

distinctly low temperature, i.e.

the Southwest upwelling and the

Taiwan Bank upwelling, are

identified by blue dashed
ellipses (E1 and E2). The red
dashed line is the location of

Section A
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The model sensitive tests were carried out to test the

wind-driven mechanism of the Southwest upwelling. Driven

by the normal winds (southwesterly in July 2005), the

upwelling pattern (Fig. 5b) can be reproduced, which is

similar to the MODIS data (Fig. 5a). In contrast, the wind

was set to zero in the model sub-domain while the all-domain

was still driven by the normal winds to maintain a circulation

pattern similar to normal simulation. As the initial condition

includes the effects of formerly local winds, the influence

will last about 15 days. The following sensitivity results

were achieved when the model had been run from initial

condition for 15 days. Without local winds, the cold water

still exists near Nanao and Dongshan, but reducing the area

considerably (Fig. 5c). This result indicates that the favor-

able local wind is the main mechanism for the Southwest

upwelling. Gan et al. (2009) examined the Southwest

upwelling under a favorable wind and demonstrated that

the shoreward transport is enhanced by a quasi-barotropic

along-isobath pressure gradient and the converging isobaths

at the head of the widened shelf (near 22�N, 116�E). This

shoreward transport is advected downstream with the coastal

current and outcrops on the lee side of the coastal cape near

Nanao under the favorable wind. In the test without the local

wind and tide, the cold water can still appear in the lower

layer outside Dongshan without outcropping at the surface

(Fig. 6d), which shows the shoreward transport of the cold

water mentioned above is not associated with the wind and

tide. It is also noted that the lower layer cold water from the

head of the widened shelf (nearshore of Shanwei, southwest

of Dongshan) can be transported to the lower layer near

Dongshan, but it cannot be upwelled to the surface without

the favorable wind-driven Ekman transport.

-6 -5.5 -5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1

19 20 21 22 23 24 25 26 27 28 29 30

-6 -5.5 -5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1

19 20 21111 2222 2333 24 2225 26 27 28 2999 303030

19 20 21 22 22222223 24444 25 2226 27 222888 29 3019 20 21 22 23 24 25 26 27 28 29 30

a
b

c d

e
f

Fig. 6 Temperature distribution along Section A (see Fig. 1) from the observations (a), the model of the normal case (b), no tidal case (c) and no

wind and no tide case (d); the vertical diffusion rate from the model of normal case (e) and no tide case (f) on July 10–11, 2005
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4.2 Characteristics and mechanism of the Taiwan Bank

upwelling

Figure 7a2 shows a different vertical velocity structure

near the southeast of the Taiwan Bank (E2 in Fig. 5b), with

the positive values (upwelling) below 25 m (approximately

10 9 10-5 m s-1 at 35 m) throughout the year. The

seasonal wind-driven Ekman transport cannot cause this

year-round positive vertical velocity because the upwell-

ing-favorable southwesterly monsoon only occurs from

June to August. As mentioned previously, the SCS Warm

Current flows northeastward along the shelf break on the

southeast side of the Taiwan Bank almost year-round, as

depicted in Fig. 5b in summer. The transport of SCS water

due to the Taiwan Bank topography leads to a positive

vertical velocity year-round on the slope southeast of the

Taiwan Bank.

The Taiwan Bank is mostly shallower than 25 m, but the

positive vertical velocity in the Taiwan Bank upwelling

region (E2 in Fig. 5b) extends from 25 m down to the deep

sea (Fig. 7a2), evidencing that the water ascends from the

lower layer. However, the vertical velocity near the surface

is negative and varies seasonally (Fig. 7a2), while the

temperature difference between the inside and along the

ellipse (E2 in Fig. 5b) exceeds 1�C in summer (Fig. 7b2).

This raises an interesting question: how does the cold water

upwell from 25 m to the surface without a positive vertical

velocity?

4.3 The role of the tides in upwelling

Tide can modify the seasonal circulation and correspond-

ing upwelling processes in the area with a large tidal range

(Xue et al. 2000; Qiao et al. 2008). In the region charac-

terized by tide-amplifying topography, such as the Georges

Bank and the Taiwan Bank, the tide–topography interac-

tion may generate cross-isobaths residual circulation and

tidal mixing (Zimmerman 1978; Chen et al. 1995). For the

stratified waters, internal tide may be induced over favor-

able bathymetry including the shelf break area, which can

create internal turbulence and vertical mixing and also

change water properties (Holloway and Barnes 1998;

Garret 2003).

The southern TWS has been characterized as an area not

only with strong tidal energy (Jan et al. 2004) but also

having internal tides (Hsu et al. 2000), so the tidal pro-

cesses may play a role in modifying the upwelling

dynamics. In order to evaluate the effect of the strong tidal

processes on the two upwelling regions in the southern

TWS, sensitive tests were conducted with and without

tides. The initial condition was set to the results modeled

on July 2, 2005, and the cases with normal forcing (with

a1 a2

b1 b2

Fig. 7 Time–depth variations of the area-averaged vertical velocity

(in 10-5 m s-1) in the upwelling regions (referring to ellipses E1 and

E2 in Fig. 5b), i.e. the Southwest upwelling (a1) and the Taiwan Bank

upwelling (a2). Time–depth variations of the averaged temperature

difference (in degree) between inside and along the ellipses, i.e. the

Southwest upwelling (b1) and the Taiwan Bank upwelling (b2)
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tide; normal case) and without tidal forcing (no tide case)

were run to generate the results presented in the following

analysis.

To analyze the mechanism of the heat dynamics, the

time variation of each term was calculated in the temper-

ature conservation equation.
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where D = H ? g (H = bottom topography and g = sur-

face elevation), x is the vertical velocity in the r

coordinates, KH the vertical diffusive coefficient, FT the

horizontal diffusion term, and oR
oz the net heat flux at surface

which is provided by the data from Mercator Ocean in our

model of the TWS. The terms in Eq. 1 are temperature

changing rate, Trate (term 1); horizontal advection, Hadv

(term 2); vertical advection Vadv (term 3); vertical diffu-

sion, Vdiff (term 4), and the FT and oR
oz which have smaller

scales compared to the other terms. The inertial cycle

boxcar filter is used to eliminate the tidal variations of each

term in Fig. 8. The sum of Hadv and Vadv is referred to as

total advection, Adv, for convenience in the analysis

because Hadv and Vadv balance each other (see Fig. 8c, e).

Comparing Fig. 6c (no tide case) with Fig. 6b (normal

case), one can see that the Southwest upwelling is less

Fig. 8 Time series of filtered temperature (a) and filtered temperature changing rate (b), filtered terms in Eq. 1 from the model of normal case

(c, d) and no tide case (e, f) at the surface layer in the Southwest upwelling region
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pronounced when the tidal forcing is included in the model,

i.e. less cold water on the coastal side of Section A.

Figure 8a shows that the surface temperature in the

Southwest upwelling is colder in the no tide case than that

in the normal case from July 10, and the difference reaches

a maximum of approximately 1�C on July 20. Corre-

sponding to the temperature change, the Trate in Fig. 8b

remains negative until July 20 in the no tide case while it

has a higher value and switches to be positive on July 15 in

the normal case. Figure 8f shows that Adv reaches a min-

imum from July 10 to 20 in the no tide case, but it keeps a

higher value with tidal forcing (Fig. 8d), indicating that the

tidal processes weaken the cross-isobath advection of the

colder water from the coastal current upstream. When the

sub-domain is driven by tidal elevation at lateral boundary

only, the vertical mean tidal residual current (Fig. 9) can be

derived from the tidal current harmonic analysis. It shows

that the tidal processes maintain an off-shoreward residual

current near the 40 and 60 m depth contours off Nanao

with a magnitude of approximately 0.05 m s-1 in the

opposite direction to the coastal current, that has a vertical

mean magnitude of approximately 0.20 m s-1, weakening

the transport and advection of cold water from SCS to the

Southwest upwelling region.

Comparing Fig. 5b with d, one can see that the cold

water at the surface near the Taiwan Bank disappears when

the tidal forcing is excluded from the model. And Fig. 6c

also shows the warmer water occupies the water volume

over the Taiwan Bank in the no tide case. As shown in

Fig. 6f, the vertical diffusion coefficient southeast of the

Taiwan Bank (i.e. at the distance of 130 km in Fig. 6) is

10-3 m2 s-1 near the bottom and surface layers and

\10-5 m2s-1 between 5 and 20 m in the no tide case. On

the other hand, the inclusion of tidal forcing indicates that

the vertical diffusion coefficient reaches 10-2 m2 s-1

(Fig. 6e), implying that the tidal processes can increase the

vertical mixing rate at the subsurface and thus diffuse the

cold water to the surface by turbulence instead of by ver-

tical velocity.

5 Summary

Using a nested circulation model based on the POM, we

investigated the characteristics and mechanisms of two

main upwellings (Southwest upwelling and Taiwan Bank

upwelling) in the southern TWS. The cross-isobath current

along the widened shelf, summer southwesterly monsoon

and tidal processes are three main factors in generating the

upwellings, but each factor plays a different role in the two

upwelling regions.

Occurring in summer, the Southwest upwelling is

induced by the local southwesterly monsoon wind and the

upslope advection from southern deep water. For the

Taiwan Bank upwelling, the ascending current exhibits a

vertical velocity of approximately 1 9 10-4 m s-1 caused

by the upward water transport from the lower layer, which

is associated with the year-round northeastward-flowing

SCS Warm Current near the southeast of the Taiwan Bank.

This current carries the cold water from the SCS subsurface

layer up to a depth of approximately 25 m near the edge of

the Taiwan Bank.

The model sensitivity tests evaluate the contributions of

wind and tide to these two upwellings. For the Southwest

upwelling, the wind-driven Ekman transport can drive the

cold water in the lower part of the water column to the

surface, while the tidal processes generate an adverse tidal

residual current of 0.05 m s-1 that weakens the coastal

current and makes the cold water ascending from the head

of widen shelf less pronounced. Regarding the Taiwan Bank

upwelling, the strong tidal processes form the water volume

with a high vertical mixing rate of about 10-2 m2 s-1,

thoroughly mixing the water above the Taiwan Bank. The

colder water at the southeast edge of the Taiwan Bank,

being carried to the 25 m depth by the upward water

transport from the lower layer, can hereafter be diffused up

to the surface layer through strong tidal mixing, finally

forming the Taiwan Bank upwelling.
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