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A B S T R A C T   

In recent years, advances have been made toward understanding the oceanic circulation dynamics in the Taiwan 
and Tsushima straits, as well as over the central shelf of East China Sea (ECS) and southern Yellow Sea. ECS shelf 
circulation between the 50 m and 100 m isobaths is attributed to the confluences of the northeastward Taiwan 
Strait Current (TSC) and Kuroshio intrusion over the shelf to the northeast of Taiwan. Although the relative 
importance and interaction of these two currents have not been well documented, the driving mechanisms 
underlying the northeastward TSC have been extensively studied in recent decades. The first set of long-term 
(2009–2011) observations showed that a stronger/weaker TSC (~2.37 Sv/~0.64 Sv) appears in summer/ 
winter. However, the dynamics underlying the northeastward TSC against the northeasterly winds in winter are 
still debatable. The destination of the ECS shelf current in the formation of the Tsushima Warm Current is better 
understood. The volume transport of this current is ~2.67 Sv. The northeastward-flowing Taiwan Warm Current 
has two branches over the 50 m and 100 m isobaths. The northwestward Yellow Sea Warm Current (YSWC) 
characterizes the shelf circulations in the Yellow Sea Trough in winter, and the propagation of coastally trapped 
waves greatly regulates the flow pattern of the YSWC. The Yellow Sea Cold Water Mass alters the shelf circu-
lations in the southern Yellow Sea in summer.   

1. Introduction 

The East China Sea (ECS) locates in the mid-latitudes of the North-
west Pacific Ocean (NPO). It is a broad shelf sea with a water depth 
shallower than 200 m that gradually deepens eastward toward the west 
of the Okinawa Trough, where the maximum water depth is greater than 
2000 m (Fig. 1a). The ECS connects to the deep Philippine Sea through 
multiple channels divided by the Ryukyu Islands to the east of the 
Okinawa Trough (Guo et al., 2003b;Guo et al., 2006). The Taiwan Strait 
(Fig. 1b), to the southwest of the ECS shelf, bridges the circulations in 
the southern ECS with those in the northwestern South China Sea (SCS). 
The Tsushima/Korea Strait (Fig. 1c), to the north of the ECS shelf, 
connects the circulations in the northern ECS with those in the Japan/ 
East Sea. 

The isobaths (e.g., 50 m) in the southern ECS mainly extend north-
east–southwest, parallel to the coastlines of Fujian and Zhejiang prov-
inces. The Subei Shoal (Yangtze Bank) off the coast of Jiangsu Province 

and to the north of the Changjiang Estuary extends southeastward from 
the southern Yellow Sea (YS) toward the central ECS shelf. The waters 
over the Subei Shoal are generally shallower than 50 m and feature a 
triangular submerged valley. This submerged valley, in which the waters 
are deeper than 50 m, wedges northwestward into the shelf to the 
southeast of the Changjiang Estuary (Fig. 1a). The ECS connects to the 
southern YS over the shelf to the northeast of the Subei Shoal. The 
Yellow Sea Trough between the Subei Shoal and the west coast of Korea 
incises northwestward over the shelf to the south of the Tsushima Strait. 
The maximum water depth in the Yellow Sea Trough is greater than 60 
m. 

The Kuroshio Current flows northeastward in the Okinawa Trough, 
and along its path, this strong western boundary current interacts with 
the ECS shelf circulation through the waters between the 100 m and 200 
m isobaths to the west of the Okinawa Trough. Circulations in the ECS 
and southern YS are then jointly driven by internally imposed forces, 
including spatiotemporally varying winds, tides, and riverine 

* Corresponding author. 

Contents lists available at ScienceDirect 

Progress in Oceanography 

journal homepage: www.elsevier.com/locate/pocean 

https://doi.org/10.1016/j.pocean.2021.102553 
Received 12 October 2020; Received in revised form 4 January 2021; Accepted 9 March 2021   

www.sciencedirect.com/science/journal/00796611
https://www.elsevier.com/locate/pocean
https://doi.org/10.1016/j.pocean.2021.102553
https://doi.org/10.1016/j.pocean.2021.102553
https://doi.org/10.1016/j.pocean.2021.102553
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pocean.2021.102553&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Progress in Oceanography 193 (2021) 102553

2

discharges, and external forces from currents in the Taiwan and 
Tsushima straits as well as Kuroshio intrusion towards the ECS shelf 
(Isobe, 2008;Gan et al., 2016). 

Kuroshio intrusion over the ECS slope to the west of the Okinawa 
Trough is an important source of external forces for ECS shelf circula-
tion. The climatologically averaged annual mean volume transport of 
Kuroshio intrusion into the ECS is 1.3–1.4 Sv, according to recently 
conducted long-term observations (Chen et al., 2016) and numerical 
simulations (Gan et al., 2016). The pathways of Kuroshio intrusion are 
mainly located over the shelf to the northeast of Taiwan, to the south-
west of Kyushu, and over the central ECS slope (Zhang et al., 2017). 
Kuroshio intrusion over the shelf to the northeast of Taiwan is regulated 
by the fluctuations in the Kuroshio mainstream and volume transport. It 
is generally considered that when the Kuroshio migrate toward the 200 
m isobath, the shoreward intrusion will be stronger (Ichikawa et al., 
2008;Liu and Gan, 2012). The arriving eddies from the Philippine Sea to 
the east of Taiwan (Shi et al., 2020) and fluctuations in the Pacific 
Subtropical Countercurrent (STCC) (Chang and Oey, 2011;Ren et al., 
2020) play important roles in altering the mainstream and volume 
transport of Kuroshio in the ECS. The spatial irregularity in heat flux 
over the ECS shelf and in the mainstream of Kuroshio regulates this 
intrusion through the joint effect of baroclinicity and relief (JEBAR) 
(Oey et al., 2010). The intrusion is also affected by the topographic 
β-spiral associated with topographically induced upwelling (Yang et al., 
2018a;Yang et al., 2018b). The intensity of Kuroshio intrusion in these 
respective pathways is not yet well documented, because of the absence 
of comprehensive measurements of the variability of circulations and 
hydrographic properties in the waters between the 100 m and 200 m 
isobaths. The exchange flow between the Kuroshio and ECS shelf cur-
rents, as well as the general flow pattern in the ECS, is also greatly 

determined by the variability of currents over the shelf to the west of the 
100 m isobath. For example, the schematics of the ECS circulation by 
Yuan et al. (2008) and Li et al. (2016a), based on the observed distri-
bution of fine-grained sediments, showed that there is a notable stream 
of shelf water extruding southwestward across the ECS shelf to converge 
with the flow in the waters between the 100 m and 200 m isobaths. 

In this review, we have focused mainly on the characteristics, vari-
ability, and governing mechanisms of the ECS shelf circulation between 
the 50 m and 100 m isobaths. Recent discoveries on the dynamics of 
shelf circulation are summarized in terms of its origination from the 
Taiwan Strait, destination in the Tsushima Strait, and its mainstream in 
the central ECS. The abbreviations from Ichikawa and Beardsley (2002), 
as summarized in Table 1, are used to facilitate the following discussion 
in this review. 

Fig. 1. Water depth (m) in (a) the vicinity of ECS, (b) in Taiwan Strait and (c) in Tsushima Strait. The waters deeper and shallower than 200 m in these figures are 
illustrated by different colormaps. The 30 m, 50 m, 100 m and 200 m isobaths over the shelf, and 1000 m, 2000 m, 3000 m, 4000 m isobaths in the deeper oceans are 
also shown. The bathymetry is composed from the digitalized navigation map in the coastal areas and the ETOPO1 global relief model (Amante et al., 2009). The 
colormaps used in (b) and (c) are identical to those adapted in (a). 

Table 1 
Abbreviations used in this manuscript.  

Ocean, Seas and Currents Abbreviation 

Northwest Pacific Ocean NPO 
East China Sea ECS 
South China Sea SCS 
Yellow Sea YS 
Bohai Sea BHS 
Taiwan Strait Current TSC 
Taiwan Warm Current TWWC 
Tsushima Warm Current TSWC 
Yellow Sea Warm Current YSWC 
Yellow Sea Coastal Current YSCC 
Zhe-min Coastal Current ZMCC 
Changjiang River Plume CRP 
Yellow Sea Cold Water Mass YSCM  
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2. Characteristics of internal forces 

We at first brief the regional internal forces that govern the vari-
ability and dynamics of ECS shelf circulation in this section. These forces 
mainly include atmospheric forces, tides, and discharges from the 
Changjiang River. 

Winds: The local atmospheric forces over the ECS shelf are primarily 
regulated by the East Asia Monsoon System. Although air–sea exchanges 
through heat and buoyancy fluxes show notable spatial and temporal 
variations (Chu et al., 2005), oceanic circulation in the ECS is primarily 
regulated by the momentum flux from atmospheric forcing (wind 
stress). Fig. 2 shows the horizontal distribution of climatological wind 
stress and wind stress curl in winter (December, January, and February) 
and summer (June, July, and August). Wind stress is calculated from the 
long-term (1979–2019) averaged wind velocity at 10 m over the sea 
surface using the formula of Large and Pond (1981). These wind data 
were extracted from the ERA5 dataset released by the European Centre 
for Medium-Range Weather Forecasts. 

In winter, extensive northwesterly/northeasterly winds prevail over 
the shelf in the ECS and southern YS (Fig. 2a), and the magnitude of 
wind stress generally increases eastward from the inshore area (<0.02 
Pa) to the east of the shelf over the 100 m isobath (0.04–0.05 Pa). Only 
negative wind stress curl is observed over the shelf to the west of the 100 
m isobath, except over the coastal seas to the east of the Yellow Sea 
Trough and to the west of Taiwan Island, where positive wind stress curl 

is imposed (Fig. 2b). The northeasterly wind over the Taiwan Strait is 
greatly intensified to exceed 0.1 Pa because of a tunnel effect (caused by 
mountains in Taiwan and Fujian), and strong negative and positive wind 
stress curl is observed in the west and east of the strait, respectively. The 
summer monsoon is much weaker than that in winter, and winds over 
the shelf mainly blow northward and northwestward (Fig. 2c). The 
strongest southerly winds appear over the shelf to the northeast of the 
Taiwan Strait (0.015–0.02 Pa), and these winds gradually weaken 
northward toward the southern YS (<0.01 Pa). Positive wind stress curl, 
maximized over the coastal seas off Zhejiang and Fujian, appears over 
the shelf to the west of the 30 m isobath, whereas negative wind stress 
curl exists only over the shelf to the east of the 30 m isobath (Fig. 2d). 

The wind forcing greatly alters the seasonal variability in the ECS 
shelf circulations, determines the coastal circulation, and affects the 
Changjiang river plume propagation over the ECS shelf (Xuan et al., 
2012;Bai et al., 2015b; Wu et al., 2018b). In winter, when northerly 
winds prevail, the buoyant plume from Changjiang is transported 
southwestward towards the Taiwan Strait in the coastal seas to the west 
of the 30 m isobath. This current, carrying cold and fresh waters, is Zhe- 
min Coastal Current (ZMCC). The waters over the shallow Subei Shoal, 
however, could offshore extrude across the central ECS shelf towards the 
mainstream of Kuroshio (Yuan and Hsueh, 2010). This extrusion is 
established by the northward pressure gradient force arising from the 
higher surface elevation in the ECS than that in the southern YS due to 
the extensive northerly wind. In summer, the southwesterly monsoon 

Fig. 2. Horizontal maps of climatologically averaged (a, c) wind stress (Pa) and (b, d) wind stress curl (×10− 6 Pa/m) over the ECS and seas in the vicinity of ECS shelf 
in (a, b) summer and (c, d) winter. The 30 m, 50 m, 100 m and 200 m isobaths, as labeled in (b, d) are superimposed. 
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established the northeastward flowing circulations in the coastal seas 
(Liu and Gan, 2014) and it also facilitates the northward and north-
westward intrusion of the Taiwan Warm Current (TWWC) (Wang et al., 
2019). The buoyant plume from Changjiang is transported northward 
towards the Tsushima Strait over the cold-water masses in the Yellow 
Sea. It is also recently proposed that the general nature of a year-round 
northeastward ECS shelf circulation is established by the wind stress to 
the east of Japan, instead of the regional wind stress over the ECS shelf 
(Yang et al., 2020). This study rationalizes the formation of a northward 
decreasing sea surface elevation to stimulate the northeastward ECS 
shelf circulation. 

Tides: Tides have also long been recognized as an important internal 
force that alters the ECS shelf current by, for example, increasing vertical 
mixing in the water column. Fig. 3 shows tidal charts for the most pre-
dominant tidal constituents in semidiurnal (M2) and diurnal (K1) periods 
(Guo and Yanagi, 1998). Harmonic constants (tidal amplitude and 
phase-lag referring to January 1, 1994) shown in these tidal charts were 
inverted from satellite remotely sensed sea level anomalies using the 
Oregon Tide Inverse Software (Egbert and Erofeeva, 2002), as per-
formed by Zu et al. (2008). Barotropic tidal waves in the NPO are 
transmitted westward into the ECS across the Okinawa Trough, and 
propagate cyclonically over the shelf. The associated tidal elevation is 
amplified in the Taiwan Strait and in the coastal seas to the shoreward of 
the 50 m isobath, where variations of tidal elevation are predominantly 
characterized by the M2 tide, the amplitude of which exceeds 1 m. The 
maximum amplitude of the K1 tide appears in the coastal seas to the west 
of the Korean Peninsula in the northwestern YS. Its magnitude (0.3–0.4 
m) is much smaller than that of the M2 tide, and it is not amplified in the 
Taiwan Strait, in response to the distribution of the shelf topography as 
well as the wavelength. These tidal charts also demonstrate several 
amphidromic points, which tidal waves propagate around, and where 
minimal tidal amplitudes are observed. For the M2 tide over the shelf 
deeper than 30 m, amphidromic points in the ECS and southern YS 
respectively appear over the shelf to the northeast of Taiwan, over the 
30 m isobath in the northwest of the Subei Shoal, and to the east of the 
Shandong Peninsula, respectively. For the K1 tide, an amphidromic 
point is formed over the 50 m isobath to the northeast of the Subei Shoal. 

Tides, as will be further detailed in the following contents, greatly 
determine the cross-shelf exchanges of waters and momentum over the 
shelf through, for example, establishing a baroclinic pressure gradient 
force by their notable spatial irregularity (Fig. 3) or extensive tidally- 

induced mixing (Wu et al., 2011; Lin et al., 2019; Lin et al., 2020). 
The denser shelf waters can then be advected into the coastal seas to 
stimulate a year-round upwelling circulation over the shelf neighboring 
the Zhoushan Islands (Lü et al., 2006; Qiao et al., 2006; Lü et al., 2007) 
and along the eastern flank of the Subei Shoal (Lü et al., 2010). The 
spatial irregularity of tides also contributes to the northward invasion of 
buoyant plume along the coastline of Jiangsu. This invasion, against the 
extensive northerly monsoon (Fig. 2a), transports buoyant waters into 
the shallower Subei Shoal in winter, and it is established by the propa-
gation of a Poincaré wave, together with the rotation of the earth (Wu 
et al., 2018a). 

River Discharge: The Changjiang, as the fourth largest river in terms 
of freshwater discharge, is the most dominant source of buoyancy 
forcing. The discharge rate of the Changjiang shows remarkable sea-
sonality, and its monthly averaged climatology varies in a cosinusoidal 
curve. The annually averaged discharge rate of the Changjiang is 
~26,400 m3/s at Datong Station in the lower stream of the river, and the 
strongest and weakest riverine discharges (~45,000 and ~10,000 m3/s) 
appear in summer and winter, respectively (Mei et al., 2015). This 
immense amount of buoyant water empties into the ECS shelf through 
the Changjiang Estuary between Shanghai and Jiangsu (Fig. 1a). This 
water surfaces over the denser shelf water in the ECS and forms an 
eastward-expanding buoyant plume, called the Changjiang River plume, 
which greatly alters the general circulation in the ECS in summer. In 
winter, this fresh water rushing out of the estuary is deflected south-
westward along the Zhejiang and Fujian coasts to form the ZMCC. 

3. Origination and destination of ECS shelf circulation 

This section synthesizes recent advances in the understanding of the 
circulation dynamics in the Taiwan and Tsushima straits, which 
respectively act as the origination and destination of ECS shelf 
circulation. 

3.1. Taiwan Strait Current (TSC) 

The Taiwan Strait is in the mid-latitudes between Taiwan and Fujian 
(Fig. 1b). It is an important passage for direct momentum and water 
exchanges between the northern SCS and southern ECS (Han et al., 
2013). The mean water depth in the Taiwan Strait is about 60 m, and the 
Penghu Channel, between Taiwan and Penghu Island, forms the deepest 

Fig. 3. Cotidal charts of (a) M2 and (b) K1 tides inversed from satellite altimetry by Zu et al. (2008) over the ECS and in the seas in the vicinity of ECS shelf. The red 
curves are co-amplitude lines (m) and the blue curves are co-phase (◦) lines. The 50 m, 100 m, and 200 m isobaths are superimposed. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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channel (>100 m). The Taiwan Bank and Changyun Rise (both shal-
lower than 40 m) block this deep channel to the west and north, 
respectively. 

Flow pattern and dynamics of the TSC have long been studied based 
on field investigations and numerical simulations. Guan and Fang 
(2006) discussed the connectivity of circulations in the northern SCS and 
southern ECS by the TSC in winter, and reviews by Hu et al. (2010) and 
Hong et al. (2011) synthesized the flow patterns and intensity of the 
currents, as well as the associated biogeochemical processes in this 
strait. These three reviews are recommended as complementary to our 
summary of the studies conducted prior to 2010 for details of the TSC 
flow pattern (Fig. 4). We use TSC to represent the general flow pattern of 
the currents in the Taiwan Strait, and this review mainly focuses on 
recent studies of the intensity of the TSC, its seasonality, and the un-
derlying driving mechanisms. The seasonal variations in the flow pat-
terns of the TSC are synthesized and shown in the Table 2. 

In general, it is found that the volume transport of the TSC varies 
significantly at a seasonal scale, regulated by the seasonal reversing East 
Asian Monsoon (Fig. 2) and the shallow topography in this strait. Vol-
ume transport of the TSC is now considered to be around 2.0 Sv in 
summer (Table 2), when shelf waters in the northern SCS flow 

northeastward toward the southern ECS (Fig. 4b and 4d) (Hu et al., 
2010;Gan et al., 2016;Zhu et al., 2019). In winter, although observations 
and numerical simulations indicate a northeastward TSC in the form of 
an “upwind” current against the northeasterly winds (Fig. 4a and 4c) 
(Jan et al., 1998;Jan et al., 2002;Liang et al., 2003;Jan et al., 2006;Jan 
et al., 2010;Qiu et al., 2011), its volume transport remains unclear. Some 
previous studies proposed a strong northeastward TSC in winter (~1 Sv 
(Fang et al., 1991a); 0.9 Sv (Wang et al., 2003); 0.8 Sv (Hu et al., 2010)), 
whereas other studies have claimed that the northeastward TSC in 
winter should be much weaker (~0.2 Sv) (Teague et al., 2003;Isobe, 
2008;Gan et al., 2016), nil (0.04 Sv) (Lin et al., 2016), or even occa-
sionally reversed to southwestward (e.g., − 0.11–0.02 Sv) (Jan and 
Chao, 2003). Large fluctuations in the TSC volume transport in winter 
has been observed (0.12 ± 0.33 Sv (Lin et al., 2005)). Because of the 
uncertainty of the TSC volume transport in winter, although the annual 
mean volume transport of the TSC is commonly accepted to be directed 
northeastward, its strength is widely debated (e.g., 2 Sv (Fang et al., 
1991a); 1.09 ± 1.67 Sv (Wu and Hsin, 2005); 1.2 Sv (Isobe, 2008;Gan 
et al., 2016); 1.03 Sv (Yang et al., 2011;Yang et al., 2012)). Recently, 
Chen et al. (2016) conducted ferry-mounted observations using Acoustic 
Doppler Current Profilers (ADCP) from 2009 to 2011 in the northern tip 

Fig. 4. Summarized current patterns in the Taiwan Strait. (a) In the upper layer in winter; (b) in the upper layer in summer; (c) in the lower layer in winter and (d) in 
the lower layer in summer. In the figures, PH, TB, SCSWCe, SCSBK, ZCC, KETe, YCC, KLC and KLCe denote the Penghu Islands, the Taiwan Bank, the SCSWC’s 
extension, the SCS Branch of Kuroshio, the ZMCC, the Kuroshio’s Eastern Taiwan Strait’s extension, the Yuedong Coastal Current, the Kuroshio’s Loop Current, and 
the extension of Kuroshio’s Loop Current, respectively (Hu et al., 2010). 
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of the Taiwan Strait, and provided the first set of long-term current 
observations. This study suggested a stronger northeastward TSC 
(~2.37 Sv) appears in summer, whereas the estimated northeastward 
transport in winter is ~0.64 Sv. 

The origin of the TSC have frequently been explored since the 1980s, 
and there is not yet consensus on the respective contribution of these 
origins. For example, Chuang and Liang (1994) proposed a northeast-
ward TSC in both summer and winter caused by wind and/or Kuroshio 
intrusion in the Luzon Strait. Jan et al. (2002) showed that the TSC 
originates from the northern SCS in summer, when the extensive 
buoyant plume from the Pearl River Estuary in the northern SCS intrudes 
into the Taiwan Strait (Gan et al., 2009;Bai et al., 2015a;Bai et al., 
2015c;Chen et al., 2017;Liu et al., 2020). The TSC is driven by Kuroshio 
intrusion from the Luzon Strait in the other seasons (Jan et al., 2002). 
Yang (2007) proposed a northward pressure gradient force established 
by frictional forces between the Kuroshio to the east of Taiwan. This 
research suggested that this pressure gradient force drives the north-
ward current to flow “upwind” in winter. 

The driving mechanism governing this TSC is also frequently 
debated. Numerical simulations by Wu and Hsin (2005) showed that the 
volume transport of the TSC varies linearly with the intensity of the 
along-strait wind stress. This finding is consistent with the observations 
of Ko et al. (2003), Chen et al. (2016), and Li et al. (2018). For example, 
Li et al. (2018) showed that the along-strait fluctuation of sea levels 
varies coherently with the large-scale monsoonal wind for periods 
varying from 2 to 14 days. Hu et al. (2019) used satellite remotely sensed 
total suspended matter imagery from the Geostationary Ocean Color 
Imager to investigate the synoptic reversal of the TSC in winter. This 
later study suggested that when strong (weak) northeasterly wind pre-
vails, the southwestward TSC in the surface layer is strengthened 
(diminished), and that a zonally flowing TSC appears when moderate 
northeasterly winds blow over the Taiwan Strait. The critical wind stress 

for the transition of the flow direction is − 0.07 N/m2 and − 0.02 N/m2, 
and the negative sign indicates northeasterly wind. 

In winter, a zonally running quasi-stationary oceanic front is 
frequently observed to impact the northeastward-flowing TSC (Wang 
and Chern, 1988), and this density front is formed by the ZMCC (ZCC in 
Fig. 4a), carrying cold, fresh water from the Changjiang River (Chang 
and Isobe, 2003;Zhang et al., 2020). These less dense waters veer east-
ward in the central Taiwan Strait (Wu et al., 2007;Pan et al., 2013;Oey 
et al., 2014). Li et al. (2006a) and Chen and Sheu (2006) further studied 
the characteristics and dynamics resulting from this zonally running 
density front, and confirmed that it blocks the northward intrusion of 
Kuroshio waters in the Penghu Channel. 

The numerical simulation by Oey et al. (2014) showed that the in-
tensity of the TSC in winter is regulated by stationary Rossby waves over 
the Changyun Ridge off midwestern Taiwan. Chang et al. (2015) sug-
gested that in addition to the fluctuation of winds, the TSC is also 
regulated by eddy activities in the northern SCS basin and to the 
southwest of Taiwan. This later study found that a warm (cold) eddy will 
strengthen (weaken) the northward flow in the strait, and that these 
eddies mainly function through the JEBAR in the water column. 

Thus, we can summarize the major driving mechanisms of the 
characteristics of the TSC proposed in those previous studies, which 
include:  

• Kuroshio intrusion in the northern SCS to the southwest of Taiwan 
(Jan et al., 2002;Wu and Hsin, 2005),  

• Northeastward flow of the SCS Warm Current (Jan et al., 2002;Guan 
and Fang, 2006),  

• Monsoonal wind stress (Wu and Hsin, 2005), 
• Increased pressure gradient force from the sea level anomaly be-

tween the northern SCS and southern ECS (Fang et al., 1991a;Guan 
and Fang, 2006;Li et al., 2018), 

Table 2 
The seasonal volume transport through TSC (unit: Sv). The values before 2010 are from Hu et al. (2010).  

Annual Spring Summer Autumn Winter Reference Data type  

0 0.5–1.0 0.5 0.5 Wyrtki (1961) Ship drift data   
3.32  1.74 Fu et al. (1991) In situ current observations 

2.0  3.1  1.0 Fang et al. (1991a,b) In situ current observations   
3.16  1.05 Zhao and Fang (1991) In situ current observations   
3.32  1.74 Fu and Hu (1995) In situ current observations   
1.0  –0.5 Chao et al. (1996) Numerical modeling   
3.4  2.04 Cai and Wang (1997) Numerical modeling 

1.9  >3.0  <1.0 Guo (1999) Numerical modeling    
0.8  Isobe (1999) Numerical modeling  

2.74 1.88   Liu et al. (2000) In situ current observations 
1.535 1.7 2.19 1.3 0.83 Chai et al. (2001) Numerical modeling 
1.15 1.5–2.4 2.1–2.9 − 0.4–0.6 0.0–0.6 Fang et al. (2001) Numerical modeling 
2.0 2.0–2.5 2.5–3.1 0.9–1.7 1.5–1.8 Bao et al. (2002) Numerical modeling 
0.93 1.10–1.20 1.00–1.18 0.42–0.67 0.78–1.02 Cai et al. (2002) Numerical modeling 
1.8  2.7  0.9 Wang et al. (2002) In situ current observations   

2.5  0.5 Liu (2003) In situ current observations    
0.2  Ko et al. (2003) Numerical modeling 

1.8  2.7  0.9 Wang et al. (2003) In situ current observations  
2.74   2.74 Chen (2003) In situ current observations    

0.14 0.14 Teague et al. (2003) In situ current observations 
0.42 0.2–1.5 1.9–2.2 − 1.1–0.8 − 1.1 to − 0.8 Yang et al. (2004) Numerical modeling      

Wang et al. (2004) In situ current observations 
1.09     Wu and Hsin (2005) Numerical modeling 
1.27 1.59 2.27 0.46 1.17 Guo et al. (2005) Satellite altimeter data    

0.12 ± 0.33 0.12 ± 0.33 Lin et al. (2005) In situ current observations  
1.61–2.02 1.87–2.34 0.12–0.43 − 0.26 to − 0.07 Jan et al. (2006) In situ current observations   

2.5  − 0.1 Isobe (2008) Historic data averaged 
2.3  3.1 1.5  Wang and Liu (2009) Numerical modeling   

2.3  0.8 Hu et al. (2010) Historic data averaged. 
1.03  2.32  0.18 Yang et al. (2011) Numerical modeling 
1.2    0.2 Gan et al. (2016) Numerical modeling 
1.16 1.28 2.52 0.08 0.04 Lin et al. (2016) Numerical modeling 
1.32 1.54 2.37 0.72 0.64 Chen et al. (2016) In situ current observations   

2.8  0.4 Yu et al. (2017) Numerical modeling  
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• Zonally running density front in winter and spring (Wang and Chern, 
1988;Chen and Sheu, 2006;Li et al., 2006b),  

• Northeastward pressure gradient induced by the lateral frictional 
forces of the Kuroshio Current in the East Taiwan Strait (Yang, 2007)  

• Eddy activity over the shelf to the southwest of the Taiwan Strait 
(Chang et al., 2015). 

Flow patterns in the Taiwan Strait may be jointly modulated by these 
mechanisms. However, the relative importance of these driving mech-
anisms has yet to be well documented, especially with respect to their 
joint effects in winter. 

It should also be pointed out that although a majority of those pre-
vious studies focused on the seasonality of TSC transport, field obser-
vations by Chen et al. (2010) indicated that in spring of 2008 (a La Niña 
year), there was not extensive northeastward intrusion of the Kuroshio 
from the basin to the southwest of Taiwan. However, stronger intrusion 
in spring of El Niño years was revealed by the water mass analyses of 
Huang et al. (2015). Recent observations and numerical simulation by 
Shen et al. (2019) presented an extensive northward counter-wind 
current in winter, when the northerly wind relaxes in the west of the 
Taiwan Strait. Thus, although it is widely accepted that the volume 
transport in the Taiwan Strait mainly varies at a seasonal scale, it has 
also progressively been recognized that volume transport of the TSC 
shows notable interannual and synoptic variabilities, which should be 
further investigated. 

3.2. Tsushima warm current (TSWC) 

The Tsushima Strait is located between the Korean Peninsula and 
Kyushu to the northeast of the ECS (Fig. 1c). Connecting the northern 
ECS and southern Sea of Japan, this strait is a narrow but important 
outlet of the ECS circulation (Uda, 1934;Zhu et al., 2015). Water depths 

decrease from the northern ECS to the central Tsushima Strait, and then 
dramatically increase toward the southern Sea of Japan (>1000 m). 
Tsushima Island (Fig. 5) separates the Tsushima Strait into western and 
eastern channels. The flow pattern in this strait has long been studied, 
and the review papers by Chang et al. (2004), Talley et al. (2006), 
Senjyu et al. (2008), Na et al. (2009) and Senjyu (2020), as well as a 
recent high-resolution numerical model study by Han et al. (2018), are 
complementary to our summary for detailed flow patterns in the Sea of 
Japan. In this section, we synthesize the studies related to the intensity 
of the TSWC and its seasonality. 

The TSWC was named after the higher temperatures of waters car-
ried into the Sea of Japan, and this current is a year-round northeast-
ward current in the Tsushima Strait (Fig. 5). Kuroshio intrusion over the 
ECS slope (Lie and Cho, 1994;Lie et al., 1998) and the northeastward 
flowing TWWC over the ECS shelf (section 4.1) are considered to be the 
major source of the northeastward flowing TSWC (Kim et al., 2005). The 
numerical simulation by Cho et al. (2009) suggested that majority of the 
TSWC is from the Kuroshio intrusion over the ECS shelf in winter 
(~83%), while in summer, the TSWC volume transport is merely from 
the northeastward flowing TWWC (~66%). 

The volume transport and seasonality of TSWC have long been better 
quantified than those of the TSC. The strongest TSWC was reported to 
appear in summer (e.g., 2.8 Sv (Miita and Ogawa, 1984); 3.43 Sv (Inoue 
et al., 1985); 3.7 Sv (Su et al., 1990)), and a weaker TSWC occurs in 
winter (1.82 Sv (Inoue et al., 1985)). The previous estimation of TSWC 
volume transport before the 1990s was mainly calculated from the zonal 
sea level differences between the two sides of the Tsushima Strait 
(Ohshima, 1994). They showed considerable seasonality of TSWC vol-
ume transport. However, Egawa et al. (1993) conducted long-term 
(1987–1990) field velocity observations in the Tsushima Strait and 
found that the seasonality of flow fields in this strait is likely quite small. 
Isobe (1994) agreed with this later conclusion, and further suggested 

Fig. 5. Long-term annual mean of the surface currents. The east channel of Tsushima Strait is divided into three regions labeled I (southeastern region), II (central 
region) and III (northwestern region) (Yoshikawa et al., 2010). 
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that the seasonal variation of TSWC volume transport was ~0.7 Sv. 
TSWC volume transport was at its maximum in early winter and at its 
minimum in early spring from 1988 to 1990. Based on numerical sim-
ulations, Isobe (1995) concluded that those previous inaccurate esti-
mations from sea level differences across the strait were mainly caused 
by their exclusion of volume transport by the “baroclinic effect” 
resulting from the southwestward cold water extrusion from the deeper 
southern Sea of Japan. This exclusion caused the overestimation of 
seasonal variability in the TSWC volume transport. The JEBAR associ-
ated with Kuroshio intrusion over the shelf to the southwest of Kyushu 
also plays a critical role in generating a peak in transport in autumn 
(Isobe, 2000). 

In the 2000s, Jacobs et al. (2001) estimated the volume transport of 
the TSWC from May 1999 to March 2000, and the mean TSWC volume 
transport was ~2.5 Sv during that period. It was ~2.7 Sv from a shorter 
period of estimation from May to October 1999. Teague et al. (2002) 
conducted high-resolution current measurements from May 1999 to 
March 2000 in the strait and reported that the annually averaged 
strength of the TSWC was ~2.7 Sv. The long-term estimations of Taki-
kawa and Yoon (2005) and Takikawa et al. (2005) based on current 
speed measurements by ferry-mounted ADCP and sea level differences 
across the strait demonstrated that the annual mean volume transport of 
the TSWC was 2.64 Sv from 1997 to 2002. These studies further sug-
gested that the volume transport of the TSWC exhibited seasonal vari-
ations with a minimum in January (~2 Sv) and two maxima (double 
peaks) in May and October (~2.8 Sv and ~3.2 Sv), respectively. Moon 
et al. (2009b) disclosed that these “double peaks” are generated by 
strong along-strait (southwestward) wind in September. 

In the past decade, Fukudome et al. (2010) further synthesized the 
transport from long-term (1997–2007) ferry-mounted ADCP observa-
tions, and confirmed that the volume transport of the TSWC was ~2.65 
Sv. Volume transport amounts in the channels to the east and west of 
Tsushima Island were ~1.20 Sv and ~1.45 Sv, respectively. This study 
also found that volume transport in the east and west channels separated 
by Tsushima Island showed different seasonality. Volume transport in 
the east channel rapidly increased from winter to spring, and volume 
transport in the west channel gradually increased from winter to autumn 
and then considerably decreased toward the next winter. They also 
found that wind-driven Ekman transport was not a major contributor to 
the annually averaged volume transport of the TSWC. The maximum 
volume transport of the TSWC in May absents in this measurement, and 
it is then indicated that the “double peaks” may not occur every year. 
The extensive northeasterly wind (Fig. 2a) maximizes the Kuroshio 
intrusion through the surface Ekman transport to maintain the peak in 
autumn (Cho et al., 2013). Yoshikawa et al. (2010) based their study on 
high-frequency radar observations of surface velocities from 2002 to 
2007, and found a complex flow pattern in the strait, for example, a 
southwestward counter-current in the east channel (Fig. 5). This 
research suggested that the zonal velocities in the strait are caused by a 
wind-driven Ekman current, whereas the TSWC is generally governed by 
geostrophic balance in the cross-strait direction. The freshwater trans-
port by TSWC minimizes/maximizes in February/August, and it shows 
closest correlation with the freshwater transport in the Taiwan Strait, 
while the southeasterly wind (Fig. 2c), in this case, plays the secondary 
role. It takes ~3 months for the freshwaters from the Changjiang river 
discharges and ~4 months for the freshwaters in Taiwan Strait to arrive 
the Tsushima Strait (Kim et al., 2014). 

4. Shelf circulation dynamics in the ECS and southern YS 

In this section, we further synthesize the recent advances of studies 
on shelf circulations in the ECS and southern YS, which comprise the 
Taiwan Warm Current (TWWC), Yellow Sea Warm Current (YSWC, in 
winter), and Yellow Sea Cold Water Mass (YSCM, in summer). 

The TWWC flows northeastward over the ECS shelf, and is named 
after its higher temperature relative to coastal waters in the central ECS 

(Guan, 1994;Yuan and Hsueh, 2010). In its downstream and in the 
northwestward-incising Yellow Sea Trough, a tongue-shaped north-
westward-intruding warm water mass extends across the 100 m and 200 
m isobaths, especially in winter (Guo et al., 2003a;Hao et al., 2010). This 
distribution of temperature indicates a northwestward current in the 
trough, and is therefore named the YSWC. This current was considered 
to be a year-round current in the 1930s, as revisited, for example, by 
Isobe (2008). However, a series of field observations conducted in the 
following decades suggested that the YSWC is not present in summer. 
The lower layers of the Yellow Sea Trough, beneath the northeastward- 
extending Changjiang River plume, are occupied by a notable amount of 
cold water, named the YSCM. This YSCM is regarded as the bottom cold 
waters carried by the YSWC in winter (Wang et al., 2014;Li et al., 
2015a), and it helps form the highly stratified waters in the Yellow Sea 
Trough in summer (Chen et al., 1994). In short, the YSWC is considered 
to be a warm current that appears only in winter, when the waters are 
generally well mixed in the water column, and it is the YSCM that 
considerably alters the circulations in the southern YS and northern ECS 
during summer (Lie et al., 2001), when stratified waters appear over the 
trough (Chu et al., 1997a;Chu et al., 1997b). 

Since they were first observed, the general nature and variability of 
the TWWC, YSWC, and YSCM have long been explored, and our 
knowledge about them has also progressively advanced, as summarized 
by, for example, Ichikawa and Beardsley (2002), Lie and Cho (2002), 
Isobe (2008), and Lie and Cho (2016). This current system is suggested 
to greatly alter not only the internal circulation and hydrographic 
properties in the YS (Ma et al., 2006), but also in the TSC and TSWC, as 
well as circulations in the Bohai Sea farther north (Wei et al., 2010;Guo 
et al., 2016;Wei et al., 2020) and the Kuroshio intrusion over the shelf to 
the southwest of Kyushu (Xia et al., 2006;Zhou et al., 2017). 

Before summarizing the previous studies, to facilitate discussion, we 
show the long-term averaged climatology of the surface and bottom 
temperatures in winter and summer in Fig. 6. It should be noted that in 
Fig. 6b and 6d, in the seas (e.g., the Okinawa Trough and Philippine Sea) 
deeper than 200 m (Fig. 1a), bottom temperature is replaced with the 
temperature value at 200 m. These climatological data were retrieved 
from the long-term (1804–2013) averaged hydrographic observations 
by the National Oceanographic Data Center (NODC) of NOAA, and its 
horizontal resolution is 0.1◦ (Johnson and Boyer, 2015). Fig. 7 demon-
strates surface and bottom velocity vectors over the ECS and YS shelves, 
where the waters are shallower than 200 m. These velocities were 
retrieved from the China Sea Multi-Scale Ocean Modeling System 
(CMOMS) by Gan et al. (2016). In the CMOMS, tidal and subtidal dy-
namics were concurrently imposed using the dual-wave resolving open 
boundary condition by Liu and Gan (2016, 2020). 

4.1. Taiwan Warm Current (TWWC) 

Although the year-round existence of the TWWC is widely accepted 
and clearly demonstrated in Figs. 6 and 7, the origination, destination, 
and flow pattern of this “enigmatic” warm current are still frequently 
debated. Guan and Fang (2006) comprehensively reviewed studies 
related to the TWWC in winter. Recently, using a β-plane arrested 
topographic wave (ATW) framework, Wu (2021) explains the dynamics 
of the TWWC that the slope of the inner-shelf ECS determines the 
location where the intensified current formed. It further illustrates that 
the energy driving this shelf current comes from the Tsushima Strait and 
the Kuroshio in the manner of the downshelf-propagating ATW. In this 
review, we mainly focus on the studies related to the existence and 
seasonality of the TWWC in this section. 

Kuroshio intrusion over the slope to the northeast of Taiwan (Kondo, 
1985) and the TSC are the major sources of the TWWC. The previous 
field investigations and early numerical simulations conducted in the 
1980s (Yuan et al., 1991;Guan, 1994) confirmed the existence of this 
current. In summer, surface waters of the TWWC are from the TSC, and 
bottom waters of the TWWC are contributed by upwelled Kuroshio 

Z. Liu et al.                                                                                                                                                                                                                                       



Progress in Oceanography 193 (2021) 102553

9

subsurface waters, whereas wind is of secondary importance, and its 
impacts are mainly confined to the surface layer. In contrast, Beardsley 
et al. (1985) suggested that the TWWC mainly originates from the TSC, 
that this current is then guided by the topography of the ECS shelf to 
flow northeastward, and that the TWWC branches around the entrance 
of the submerged valley to the southeast of the Changjiang Estuary 
(Fig. 6b and 6d). It was further suggested that one branch intrudes into 
the valley and advances farther northwestward toward the Changjiang 
Estuary, while the other branch rushes over the submerged valley and 
flows farther northeastward parallel to the mainstream of the Kuroshio. 
This later study also suggested that the intensity of Kuroshio intrusion 
into the ECS shelf is very weak. 

Although the TWWC has been confirmed to be stronger and weaker 
in summer and winter, respectively, its volume transport has rarely been 
quantified. A modeling study by Yuan et al. (1991) suggested that the 
volume transport of the TWWC is ~0.11 Sv in summer and ~0.63 Sv in 
autumn. In a subsequent study (Yuan et al., 2004), the same authors 
used the modified inverse method (Yuan et al., 2001) to further inves-
tigate the volume transport of the TWWC in the central ECS and 

suggested that it was ~0.4 Sv in summer of 1999. Fang et al. (1991a) 
conducted long-term 24-hour anchored measurements in the central 
ECS shelf and west of the 150 m isobath during four seasons of the early 
1980s. This study showed that the annually averaged volume transport 
of the TWWC was ~2 Sv, comparable to their estimation of the volume 
transport of the TSC. However, Zhu et al. (2004) found that the TWWC 
cannot be detected in the climatologically averaged wintertime hydro-
graphic data, and considered the TWWC to be an episodic current in 
winter. The climatologically averaged hydrographic data by Naimie 
et al. (2001) supported this conclusion. 

In the past decade, our understanding of the characteristics of the 
TWWC in winter has greatly advanced. For example, Takahashi and 
Morimoto (2013) analyzed the satellite remote-sensing sea surface 
height anomaly and trajectory of satellite-tracked surface drifters from 
1995 to 2009, and found a yearly persistent TWWC. This study sug-
gested that the speed of the TWWC is ~0.2 m s− 1 and that it joins the 
Kuroshio intrusion over the slope in the central ECS at about 123.5◦E, 
28◦N. This eastward-veering TWWC in the central ECS was also found in 
the numerical simulation by Zhou et al. (2015). Observations and 

Fig. 6. Climatologically averaged horizontal maps of (a, c) surface and (b, d) bottom temperature in (a, b) winter and (b, d) summer. In (b) and (d) and in the seas 
deeper than 200 m (Fig. 1a), bottom temperature is replaced with the value at 200 m. The 30 m, 50 m, 100 m and 200 m isobaths over the ECS and YS shelves are also 
illustrated (Johnson and Boyer, 2015). 
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numerical modeling studies by Qi et al. (2017) detailed the aforemen-
tioned seasonality of the TWWC and onshore intrusion of the Kuroshio 
over the shelf to the northeast of Taiwan. This later study suggested that 
monsoonal wind (Fig. 2) is the major contributor to seasonal variation of 
the TWWC through Ekman dynamics, whereas surface heat flux plays a 
secondary role through regulating the JEBAR over the shelf. The nu-
merical simulation of Xu et al. (2018) indicated that the TWWC is 
weakened and becomes warmer when stronger southerly wind prevails 
in summer. Thereafter, Kuroshio intrusion to the northeast of Taiwan is 
strengthened. This finding is consistent with the latterly observed 
timeseries of velocities over the shelf to the northeast of Taiwan (Li 
et al., 2020), and the velocity profiles show the topographic β-spiral 
(Yang et al., 2018b). 

Observational and numerical modeling studies by Xuan et al. (2016), 
Huang et al. (2016), and Li and Huang (2019) further revealed the 
spatial-temporal structure of the TWWC in recent decades. For example, 
Lian et al. (2016) synthesized long-term field observations over the ECS 
shelf and confirmed the existence of the TWWC in winter. Moreover, the 
same study suggested that the TWWC is sourced from Kuroshio sub-
surface water. Then these counter-wind flowing warm waters intrude 
toward the Changjiang Estuary along the submerged valley to the south 

of the Subei Shoal. Thus, inshore and offshore branches of the TWWC in 
winter are formed. Observations by Huang et al. (2016) showed that the 
TWWC and ZMCC over the inshore area flowed in opposite directions 
over the ECS shelf in winter. This study suggested that synoptic fluctu-
ation of this counter-current system varies coherently with wind stress. 
When the northeasterly wind relaxes or reverts to blow northward, the 
TWWC is strengthened. This conclusion was further confirmed by a 
high-resolution numerical simulation by Xuan et al. (2016). Those au-
thors suggested that wind plays a more important role in regulating 
synoptic fluctuation of the inshore branch of the TWWC (shallower than 
100 m). The mainstream of the TWWC moves offshore when extensive 
northeasterly wind prevails. Li and Huang (2019) suggested that wind- 
forced shelf waves also largely modulate the spatial and temporal var-
iabilities of the TWWC. 

4.2. Yellow Sea Warm Current (YSWC) 

In winter, when extensive northerly wind prevails (Fig. 2), the gen-
eral circulation in the southern YS is composed of the southward coastal 
currents off the west coast of the Korean Peninsula and along the eastern 
flank (50 m isobath) of the shallow Subei Shoal, as well as the bottom 

Fig. 7. Climatologically averaged horizontal maps of (a, c) surface and (b, d) bottom velocities in (a, b) winter and (b, d) summer. The 30 m, 50 m, 100 m and 200 m 
isobaths over the ECS and YS shelves are also illustrated. These velocities are extracted from CMOMS in (Gan et al., 2016). 
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northwestward-intruding YSWC (Fig. 7b) (Naimie et al., 2001). 
Although it is now widely accepted that variations in monsoonal winds 
(Fig. 2a and 2c), the TWWC, and Kuroshio intrusions over the shelf to 
the southwest of Kyushu jointly determine the general characteristics of 
the YSWC (Mask et al., 1998;Song et al., 2009), the origin and associated 
underlying dynamics of this current are not yet well understood (Jacobs 
et al., 2000). For example, early studies suggested that the YSWC 
branches from the northward-flowing TSWC (Nitani, 1972) or TWWC 
(Beardsley et al., 1985;Ma et al., 2010). A series of observations and 
numerical simulations by Hsueh (1988) suggested that the YSWC is 
driven by the northward pressure gradient force established by the 
northerly winds (Fig. 2a). In this studies, the YSWC was taken as a 
compensating flow of the southward coastal currents along the west and 
east coasts of the Yellow Sea. Moreover, the current record reported by 
Teague and Jacobs (2000) from July 1995 to January 1996 suggested 
that the YSWC is induced by the aforementioned pressure gradient force 
established by northerly winds as well. Thus, Seung et al. (2012) found 
that there is a tight relation between synoptic variabilities in the 
northerly wind and the YSWC. Under the influence of the wind forcing, 
the northwestward YSWC is intensified by the established northward 
pressure gradient force when the northerly wind relaxes. This conclu-
sion is further supported by the hydrographic observations of Teague 
and Jacobs (2000), satellite remote sensing reported by Hu et al. (2017), 
and numerical simulations by Xu et al. (2009). The northward pressure 
gradient force is generally barotropic, as the waters are well mixed (Cui 
et al., 2004), although long-term current records in the Yellow Sea 
Trough reported by Yu et al. (2010) showed moderate variation of 
currents in the water column (baroclinicity). For example, this later 
study found that the YSWC is sensitive to the synoptic variation of winds 
over its pathway, and that it is stable in the bottom layer. 

The numerical simulation by Jacobs et al. (2000) illustrated that the 
Kuroshio and TWWC can contribute to the YSWC, even in the absence of 
the winds. This simulation also indicated that the Kuroshio and TWWC 
establish the YSWC and that the synoptic variabilities in the winter 
monsoon modulate the YSWC. Similarly, Moon et al. (2009a) reported 
that when wind was excluded from their numerical simulation, the 
northward-intruding YSWC still existed, although its intensity was 
reduced. In contrast with the previously introduced algorithm by Hsueh 
(1988), this later study suggested that when northerly wind strengthens, 
the northward YSWC is intensified, as the southward coastal currents on 
both sides of the Yellow Sea Trough are amplified. 

Hydrographic observations and numerical simulation by Lie et al. 
(2009) also showed that the YSWC is not always governed by the pre-
viously introduced wind-driven dynamics. They reported that the 
tongue-shaped warm water mass in the Yellow Sea Trough (Fig. 6b) is 
closely associated with a westward advance of the waters surrounding 
Cheju Island, and that these waters are sourced from Kuroshio intrusion 
over the shelf to the southwest of Kyushu. The subsequent study of Lie 
et al. (2001) further suggested that the YSWC is not permanent, but an 
episodic flow in the Yellow Sea Trough, and that it is concurrently driven 
by not only the Kuroshio intrusion and winds (Fig. 2) but also the tidally 
(Fig. 3) enhanced bottom friction over the eastern flank of the Subei 
Shoal. The latter factor weakens the farther northward intrusion of the 
YSWC toward the coastal seas (Lie et al., 2009). 

Based on numerical simulations, Ma et al. (2006) questioned the 
previous conclusions of Lie et al. (2001) regarding the episodic YSWC. 
They suggested that the YSWC is a monthly persistent current in winter. 
This study proposed two branches of the YSWC, respectively in the 
Yellow Sea Trough and over the eastern flank of the Subei Shoal (or, that 
the YSWC is westward shifted) in January, with the former branch 
merging into the latter in the following February and March. This 
westward-shifted YSWC in the Yellow Sea Trough was also reported by 
Xie et al. (2002), Zang et al. (2003), and Huang et al. (2005). For 
example, Xie et al. (2002) suggested that this westward shift is induced 
by surface Ekman transport in response to the northerly winds, and 
Huang et al. (2005) indicated that this westward shift is established by 

the geostrophic current raised from both the barotropic pressure 
gradient force caused by variations in the sea surface elevation and the 
baroclinic pressure gradient force caused by the density front between 
the warmer waters from the Kuroshio and the colder waters in the 
coastal seas (Park and Chu, 2006;Wang and Liu, 2009;Huang et al., 
2010). This baroclinicity-induced westward shift was later confirmed by 
Wang et al. (2012), who further showed that the barotropic process 
related to the ridge of sea surface elevation in the Yellow Sea Trough is 
not significant. The westward intrusion of warm waters is caused by the 
density front incising into the entrance of the Yellow Sea Trough and the 
following compensation effect. Field hydrographic observations by Lie 
et al. (2013) showed a westward geostrophic current that enhances the 
westward extrusion of warm waters surrounding Cheju Island across the 
Yellow Sea Trough (Fig. 8). These waters are sourced from Kuroshio 
intrusion over the shelf to the southwest of Kyushu, and establish an 
extensive density front running zonally at ~34◦N. This front blocks the 
wind-forced southward extrusion of waters in the Yellow Sea Trough. 
The westward transport was also traced by two satellite-tracked floaters 
in their study (Lie et al., 2013), and the westward extrusion of coastal 
waters in the sea to the west of Korea and warmer waters from Cheju 
Island were recently observed by Lie et al. (2019) and (Lee et al., 2020). 
The observations of Lie et al. (2015) detailed the setup process of the 
density front, and they proposed that this zonally running density front, 
established by the westward advection of warm waters surrounding 
Cheju Island and cold waters to the west of the Korean coast, can last for 
over two months from February to April to maintain the aforementioned 
westward geostrophic current. The geostrophic current related to this 
density front, as well as the associated barotropic process and influences 
of bottom friction, was thereafter qualitatively studied by Oh et al. 
(2015). 

Song et al. (2009) showed that the pathway of the YSWC in February 
presents notable interannual variability. They suggested that the west-
ward shift of the YSWC mainstream is regulated by the wind stress curl 
(Fig. 2b) over the pathway of the YSWC, and that an opposite wind stress 
curl anomaly (positive wind stress curl in the west and negative wind 

Fig. 8. Schematic regional circulation at the southeastern entrance of the YS in 
the winter monsoon. The circulation is basically composed of an anticlockwise 
turning of the cold water around the tongue-shaped thermohaline front and a 
clockwise turning of the warm water around Cheju Island. KC, TC, CC, SO, and 
IWC denote the southward Korean coastal current, the westward transversal 
current along the northern front, the southward Chinese coastal current from 
the north, the southeastward outflow along the southern front on the Subei 
Shoal, and the northwestward intermittent warm current, respectively. TC is 
separated into TCR which is a recirculation part and TCJ which turns around 
the northwestern corner of the thermohaline front. (Lie et al., 2013). 
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stress curl in the east) prevents the emergence of those two branches of 
the YSWC in the central Yellow Sea Trough and over its west rim, 
respectively. They further presented that the YSWC varies coherently 
with the intensity of the Kuroshio, as also revealed in a later numerical 
simulation by Ma et al. (2010), who considered the YSWC to be a 
northward compensating flow of the southward transport of coastal 
waters from the northern YS and Bohai Sea. 

The numerical simulation by Yuan and Hsueh (2010) presented an 
interlinked YSWC, TWWC, ZMCC, and coastal current in the southern 
YS. It was hypothesized that the extensive northerly winds have estab-
lished a southwestward increment of surface elevation, which drives a 
southeastward cross-shelf extrusion of colder coastal waters from the 
Subei Shoal, and thus generates the YSWC. Divergence formed by this 
northwestward YSWC and the southwestward penetration of the ZMCC 
toward Taiwan Strait in fall may excite the TWWC and thus causes it to 
intrude toward the submerged valley over the shelf to the southwest of 
the Changjiang Estuary. In recent decades, more details of the YSWC and 
its variability have progressively been revealed. Lin et al. (2011) con-
ducted a comprehensive large-scale survey involving three research 
vessels from December 2006 to February 2007. This study showed more 
detailed hydrographic and velocity features in the western YS, and 
unambiguously confirmed the existence of the YSWC in winter. The 
results showed a persistent northwestward YSWC over the shelf to the 
west of the Yellow Sea Trough, and the barotropic geostrophic current 
was the major contributor to this current, whereas an Ekman current and 
baroclinic geostrophic velocity played important but secondary roles. 
The subsequent theoretical study by Lin and Yang (2011) proposed a 
comprehensive scheme of the formation of the YSWC and the westward 
shift of its pathway in the Yellow Sea Trough. This study suggested that 
the westward shift of the YSWC is induced by potential vorticity flux 
from wind stress curl. Thus, the YSWC is, in fact, arrested topographic 
waves in response to local wind stress under moderate bottom friction. 
Their analytical numerical experiments further showed that the wind 
stress curl stimulated a northward barotropic current in the central 
Yellow Sea Trough by initiating convergence of the cyclonic (anti- 
cyclonic) gyre over the western (eastern) shelf of the trough topography. 
Moreover, Lin and Yang (2011) showed that the existence and pathway 
of the YSWC are regulated by the intensity of bottom friction. When 
bottom friction is negligible, the two gyres finally emerge into an anti- 
cyclonic circulation, which squeezes the upwind flow shoreward to 
the west. When bottom friction is large, the two gyres, as well as the 
northward upwind flow in the central Yellow Sea Trough, are preserved. 
The successive numerical simulation of Qu et al. (2018) using realistic 
forcing conditions further detailed that the response of shelf waves is not 
symmetric over the west and east shelves of the trough, and that the 
topographic connection in the semi-enclosed YS is a precondition for the 
propagation of shelf waves. These asymmetric shelf waves are respon-
sible for the westward shift of the YSWC. The field observations and 
numerical simulation of Ding et al. (2018) further showed that the 
synoptic variability of the YSWC pathway and the intensity of the YSWC 
are also regulated by the cyclonic propagation of coastally trapped 
waves in the semi-enclosed YS and Bohai Sea farther north. A synopti-
cally strengthened northwesterly wind excites coastally trapped waves 
with a positive elevation anomaly propagating cyclonically from the 
west coast of Korea toward the coastline of the Subei Shoal. The asso-
ciated westward barotropic pressure gradient geostrophically 
strengthens the YSWC, and it is then weakened because of damping of 
the propagating waves. A subsequent study by the same authors further 
showed that the propagation of coastally trapped waves not only alters 
the YSWC, but also exchanges the flow in the Bohai Strait to the north of 
the Shandong Peninsula (Ding et al., 2019). Although the characteristics 
of propagating coastally trapped waves have been investigated in early 
studies (Hsueh and Pang, 1989), their importance in regulating the 
YSWC was not well recognized in the following decades, except for the 
rarely cited idealized numerical simulation of Takahashi et al. (1995), 
which also showed the two previously introduced gyres without detailed 

discussion of their role in altering the YSWC. 
The recent series of studies by Huang et al. (2005), Yuan and Hsueh 

(2010), Lin and Yang (2011), Wang et al. (2012), and Lie et al. (2015) 
represent advances of the previous understanding of the setup of the 
YSWC in winter. As stated by Lin and Yang (2011), the building-up of 
northward pressure gradient force by the northerly wind is hardly 
directly balanced by the wind stress over this broad shelf. Instead, it is 
mainly earth rotation that establishes the (barotropic or baroclinic) 
geostrophic balance governing the general nature of the YSWC. This 
statement is partially supported by those representative studies, as well 
as, for example, by the numerical simulation of Tak et al. (2016). This 
later research detailed the response of the YSWC to the northwesterly 
winds in winter. They reproduced the anti-cyclonic circulation over the 
shelf to the east of the Yellow Sea Trough. Their time-lagged correlation 
analysis showed an instant response of the surface current to the pre-
vailing northwesterly wind. The northward current in the bottom layers 
of the Yellow Sea Trough responded to the wind variations in the 
following day (Fig. 9). The mainstream of the YSWC was then shifted 
westward after two days, when the southward current off the west coast 
of Korea and the northwestward current along the eastern flank of the 
Subei Shoal strengthened. The conceptual simulations with idealized 
topography in Tak et al. (2020) disclosed that the northward current 
along the westside of the Yellow Sea Trough propagates southward in a 
speed close to the phase speed of a theoretical first mode coastally 
trapped waves. The westward shift of the YSWC is induced by the 
coastally trapped waves from the scattered Kelvin waves at the entrance 
of the Yellow Sea Trough, and the westward shift occurs two days after a 
wind burst. The positioning of Shandong Peninsula alters the main-
stream of the YSWC through hampering the propagation of the coastally 
trapped waves. 

The observations and simulations by Pang et al. (2017) further 
showed that a northwesterly wind burst initiates higher pressure along 
the west coast of Korea. This positive sea surface elevation anomaly then 
cyclonically propagates in the form of shelf waves along the coastline of 
the northern YS, and the associated pressure gradient force directed to 
the YS establishes a northward geostrophic current through earth rota-
tion. This conclusion, as well as those from numerical simulations and 
current observations by Li et al. (2019) and Li and Huang (2019), is 
consistent with the mechanism proposed by Lin and Yang (2011). 

4.3. Yellow Sea Cold Water Mass (YSCM) 

The YSCM does not represent a current of general circulation. 
Instead, it represents a volume of water (Fig. 6d) sealed by extensive 
stratification and domed in the central YS deeper than 30 m (Chu et al., 
1997b;Ichikawa and Beardsley, 2002;Zhang et al., 2008;Li et al., 2015a; 
Li et al., 2016b). Temperature of these waters is usually lower than 10 ◦C 
(Wei et al., 2020). It is recognized as the waters from the previous winter 
when waters in the YS are usually well mixed (Chen et al., 1994;Hur 
et al., 1999;Chu et al., 2005;Park and Chu, 2006). The summer circu-
lation in the YS associated with the YSCM has been debated because of 
the existence of predominating tidal currents (Fig. 3). For example, early 
observations and numerical simulations suggested that the YSCM, 
because of its baroclinicity along with extensive tidal mixing (Takahashi 
and Yanagi, 1995;Kang et al., 1998;Lü et al., 2010) and rectification (Lee 
and Beardsley, 1999;Naimie et al., 2001) over the Subei Shoal and the 
shelf of the west coast of Korea, stimulates a cyclonic summer circulation 
in the central YS (Beardsley et al., 1992;Yanagi et al., 1997;Shi et al., 
2016). Later observations and a conceptual simulation by Feng et al. 
(1992) showed more details with, for example, anti-cyclonic circulation 
in the upper layer inside the cyclonic circulation, and downwelling/ 
upwelling in the upper/lower layers over the shelf where the YSCM 
occurs. This later finding is generally contrary to the conclusions of Su 
and Huang (1995), and also differs from the results from a conceptual 
simulation by Li and Yuan (1992), who suggested that upwelling and 
downwelling circulations occur at the center and edge of the YSMC, 
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respectively. Moreover, the numerical simulation of Yanagi et al. (1997) 
indicated different flow patterns with anti-cyclonic circulation occur-
ring in the lower layer. Recent observations by Liu et al. (2008) also 
revealed the existence of this later anti-cyclonic circulation, and those 
authors further reported that no clear cyclonic circulation was found in 
the upper layer. Xia et al. (2006) proposed a weak southward current in 
the bottom layer of the Yellow Sea Trough caused by tidal residual 
currents and the compensating flow with northward transport in the 
surface layers. This finding was later confirmed by a numerical simu-
lation by Moon et al. (2009a), which presented a strong southward re-
sidual flow along the eastern flank of the Subei Shoal and cyclonic 
circulation over the Yellow Sea Trough. In contrast, a numerical simu-
lation by Ma et al. (2010) showed a weak northward current along the 
eastern flank of the Subei Shoal in summer, and the authors claimed that 
seasonal variation of circulations in the YS is jointly determined by not 
only monsoonal forcing but also remote impacts from the Kuroshio, 
TWWC, TSWC, and YSWC. 

Yuan et al. (2013) questioned the importance of tidal mixing in 
determining the YSCM based on observations conducted in summer 
2008. They hypothesized that the northern reach of these waters is likely 
supplied by the southward transport of the coastal waters in the farther 
north part of the YS, in conjunction with the northward-flowing coastal 
current over the shallower Subei Shoal. 

The migration of the YSCM from spring to autumn was recently 
simulated by Wang et al. (2014), who suggested that from March to 
October, the YSCM shrinks and retreats southward in the Yellow Sea 
Trough because of strengthening stratification. This study reported that 
a tidally induced residual current exerts a strong southward flow along 
the eastern flank of the Subei Shoal. Monsoonal winds (Fig. 2a and 2c) 
and surface heat flux also contribute to this southward retreat, whereas 
the impact of the Changjiang River plume is trivial. This southward 
retreat of the YSCM toward summer was also recently observed by Wei 
et al. (2015). The bottom-mounted timeseries observation by Li et al. 

(2016b) disclosed that the decline of the YSCM from the summer to the 
autumn mainly is in a stepwise way, due to the excited water and heat 
exchanges by fortnightly spring tides between the warmer coastal waters 
over the Subei Shoal and the YSCM. 

The observations of Hu and Wang (2004) revealed that the distri-
bution of the YSCM also shows notable interannual variability imposed 
by variations of surface heating from the atmosphere and upwelling 
induced by changes in wind stress curl over the YS and along the edge of 
these waters. Wei et al. (2010) comprehensively reanalyzed long-term 
(1977–1998) hydrographic observations of the YS, and clearly pre-
sented the seasonal and interannual variability of hydrographic prop-
erties. This later study pointed out that changes in atmospheric surface 
heat flux and precipitation are the major causes of the stratified shelf 
waters in the YS, and that changes of the YSCM at the interannual 
timescale correspond to the variability of hydrographic properties dur-
ing winter. A later study by Park et al. (2011) analyzed a longer period of 
hydrographic observations (1967–2008) and observations (2009–2011) 
of Oh et al. (2013) and showed results consistent with those of Wei et al. 
(2010). However, a recent analysis by Li et al. (2015b) based on China 
Coastal Waters and Adjacent Seas Reanalysis data for 1958–2008 sug-
gested that the Pacific Decadal Oscillation, instead of regional wind 
stress and heat flux variability in summer, is the major factor that de-
termines the variability of the YSCM. The observed salinity of the YSCM 
in the northern YS shows a decreasing trend in 1976–2006 (Li et al., 
2015a). In the southern YS and northern ECS, the southern limit of the 
YSCM also shows pronounced interannual variability as evidenced by 
the long-term observations (1981–2010) and numerical simulation in 
Yang et al. (2014). This research showed that the southerly wind facil-
itates the more southward expansion of the YSCM in August than that in 
June, and disclosed the correlation between the southward extension of 
the YSCM in summer with the intensity of sea surface temperature in the 
previous winter. The temperature of the YSCM in October could also 
impact the sea surface temperature in the following winter. The recent 

Fig. 9. Schematic diagram of the YS circulation in (top plots) the surface layer and (bottom plots) the subsurface layer. The ocean circulation response to the 
northwesterly wind is shown with time lags of (a and d) 0, (b and e) 1 day, and (c and f) 2 days (Tak et al., 2016). 
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observation and simulations in Zhu et al. (2018) further disclosed that 
the air-sea heat flux, especially the sensible heat flux in the previous 
winter is the major causes the interannual variability in the intensity of 
YSCM. This study greatly increased the predictability of the YSCM in 
summer. 

5. Conclusions and prospects 

This manuscript revisits the recent advances of studies on circulation 
dynamics in the central ECS shelf between the 50 m and 100 m isobaths. 
The multiscale variabilities and dynamics of exchange flows in the 
Taiwan and Tsushima straits, as well as the originations and destinations 
of ECS shelf circulations, are also synthesized. We conclude with the 
major findings of previously revisited studies in this section and sum-
marize the general circulation over the ECS shelf in Fig. 10. 

Although recent studies have greatly advanced our understanding of 
the characteristics, variabilities, and dynamics of shelf circulations in 
the vicinity of the ECS shelf, consensus on the respective roles of Kur-
oshio intrusion and exchange flow in the Taiwan Strait in determining 
the origination of shelf currents in the ECS and the YS has not yet been 
reached. For example, previous and recent observations have confirmed 
the existence of a northeastward-intruding TSC in summer. However, 
the intensity and flow pattern of the TSC in winter are not yet well 
studied, although recent current measurements based on ship-board 
ADCP observations reported by Chen et al. (2016) have provided the 
first set of long-term (2009–2011) observations of volume transport 
(~1.32 Sv) in the Taiwan Strait. 

Circulations in the Taiwan Strait have been found to be jointly 
governed by multiple dynamical processes, including monsoonal winds 
and their synoptic variability, Kuroshio intrusion from the Luzon Strait, 
the SCS Warm Current and eddies in the northern SCS, a frequently 
observed density front running zonally across the strait, and Kuroshio 
intensity in the East Taiwan Strait. The respective roles of these forcing 
processes and their functional mechanisms have been studied, but their 
joint effects are still not well documented. A lack of information on the 
interaction of the Kuroshio and shelf currents over the shelf between the 
100 m and 200 m isobaths to the west of the Okinawa Trough also 
prevents a comprehensive understanding of the origination of the 
TWWC (Isobe, 2008), although its existence over the central ECS shelf 
has been confirmed in recent decades. The destinations of the ECS shelf 
currents in the Tsushima Strait are better studied than those in the 
Taiwan Strait and over the ECS shelf, although the sources of waters 

carried by the TSWC are still widely debated. It has been shown that the 
TSWC experiences much smaller seasonal variations than those esti-
mated by earlier studies based on cross-strait differences of surface 
elevation in the Tsushima Strait. 

Observations and numerical simulations in recent decades have 
progressively detailed the dynamics of the TWWC, YSWC (in winter), 
and YSCM (in summer), which will further facilitate investigation of the 
seasonality of ECS shelf currents. Although the origination of the TWWC 
is not widely accepted, previous studies have shown that this current in 
the southern ECS may have two branches, respectively over the shelf to 
the west and east of the 100 m isobath in the ECS. The inshore branch 
can intrude into the submerged valley to advance westward toward the 
entrance of the Changjiang Estuary, and travel farther northward to flow 
over the shallower Subei Shoal. Along its path in the southern ECS, this 
TWWC interacts with the ZMCC, formed by the extensive downshelf 
transport of the buoyant plume from the Changjiang Estuary in winter. 

In the northern ECS and southern YS, the existences of the YSWC in 
winter and the YSCM in summer have been revealed, and more impor-
tantly, the mainstream of the YSWC in the Yellow Sea Trough has been 
recently proposed to shift westward toward the east flank of the Subei 
Shoal. The existence of this current, importing warmer shelf waters from 
the northern ECS toward the YS in winter, was hypothesized to be 
imposed by the northward pressure gradient force caused by extensive 
northerly winds. Recent theoretical studies questioned this dynamics 
scenario. The existence, maintenance, and westward shift of this YSWC 
are formed through the arrest of coastally trapped waves by moderate 
bottom friction. These coastally trapped waves are excited by abruptly 
changing winds over the coastal seas to the west of the Korean Penin-
sula, and they propagate cyclonically along the coastline of the YS in 
winter to establish the westward shift of the YSWC and modulate its 
synoptic variability. The origination of the YSWC is still not well 
defined, and the counter-wind-flowing TWWC in the central ECS, warm 
waters in the vicinity of Cheju Island, and westward extension of colder 
coastal waters to the west of the Korean Peninsula are considered to 
contribute to the formation of this current. The transition from the 
YSWC to YSCM, as well as the initiation, development, and decay of the 
YSCM in the Yellow Sea Trough from winter to summer, has also been 
comprehensively investigated, although the dynamic impact of this 
YSCM in altering the internal three-dimensional circulations also is not 
yet well estimated. 

Prospects: The previous summary showed that the underlying dy-
namics that govern the origination, pathway and destination of the shelf 

Fig. 10. Schematic plot of the ECS general circulations in (a) winter and (b) summer.  
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currents, represented by TWWC, YSWC and YSCM, are better studied. 
However, the connection among these circulations should be further 
investigated, and observations, especially long-term high-frequency 
stationary observations in the water column, become critical. High- 
resolution numerical simulations should be further improved to better 
inspire the design of in-situ observations. These long-term, high-fre-
quency, stationary observations will also critically facilitate our 
answering the questions related to the cross-scale interactions among 
those circulations. We then brief our prospections on the operation of 
these observations in the following contents. 

A long-term and stationary velocity observation, by using bottom- 
mounted mooring system and surface buoys, when incorporating with 
the ferry-boarded ADCP, could help correct the errors due to missed 
values during adverse weather conditions (Guan and Fang, 2006). The 
long-term record of surface elevation and velocities along the coastline 
of Fujian and Taiwan will also facilitate our distinguishing the proposed 
mechanisms in altering the TSC, especially the generation scheme for 
the northward pressure gradient force that is hypothesized to drive the 
northward counter-wind TSC in winter. 

The hydrographic and biogeochemical properties of the waters from 
the Taiwan Strait (TSC) and the Kuroshio intrusion exhibit great dif-
ferences (Liu et al., 2000;Chen et al., 2020) and are governed by distinct 
mechanisms, as shown in this review and in the previous studies (Yang 
et al., 2011;Zhou et al., 2015;Zhang et al., 2017;Yang et al., 2018a;Yang 
et al., 2018b). It is then necessary to further distinguish the definition of 
the Kuroshio intrusion from the TSC for a better understanding of the 
underlying dynamics governing the origin of the TWWC. A long-term 
stationary record of velocities in the water column and hydrographic 
properties in the near-surface, intermediate and bottom layers over the 
shelf to the north of Taiwan could be useful for diagnosing the in-
teractions between the TSC and Kuroshio intrusion as well as the origin 
of the northward TWWC and its seasonality. A cross-nation cooperation 
of observations in the central ECS, over the shelf to the southwest of 
Kyushu, at the entrance of the Yellow Sea Trough, in the coastal seas 
over the eastern flank of the Subei Shoal and to the west of Korea could 
greatly help diagnose the destination of TWWC, origin and westward 
shift of YSWC and its transition towards YSCM. The connectivity be-
tween the TWWC and Kuroshio intrusion over the shelf to the southwest 
of Kyushu, the westward shift of YSWC and the role of tides, winds and 
coastally trapped waves in altering this process, as well as the variability 
of density fronts from the west coast of Korea could also be better 
resolved. 
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