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In the western Pacific Ocean, the Kuroshio cross-shelf intrusion and the shelf circulation are vital components of
the coastal environment. However, the key dynamic factors driving them remained unclear. Our model and
theoretical analysis show that wind stress over the open Pacific Ocean east of Japan drives a net equatorward
water flux of 2.2 Sv, and this flux sets up a south-north sea surface drop from the East China Sea (ECS) to the

Japan Sea which drives a throughflow of 2.6 Sv poleward through the Tsushima Strait. This throughflow requires
a shelf circulation in the ECS to balance the mass flux. Thus, the Kuroshio Current must intrude onto the ECS
shelf and there must be a poleward flowing Taiwan Warm Current through Taiwan Strait. It is the wind stress
over the Northeastern Pacific Ocean interior rather than the local wind that drives and regulate both the Kur-
oshio cross-shelf intrusion and the shelf circulation.

1. Introduction

The Yellow Sea, East China Sea (ECS), and South China Sea are
marginal seas of the western Pacific Ocean which are surrounded by
more than 2 billion population, nearly one third of the world population
(Zheng et al., 2006). These populations are impacted by all coastal
manifestations of global climate change such as rising sea level
(Anderson et al., 2001) and severe typhoons, harmful algal blooms and
hypoxia (Wang et al., 2017; Wang and Wu, 2009; Zhou et al., 2017a).
There is the broadest continental shelf east of China in the world ocean,
and also is very steep shelf break along which the Kuroshio Current
flows (see Fig. 1). The huge amount of nutrients, heat and water trans-
port from the Kuroshio to the marginal seas play an important role in the
shelf circulation dynamics and coastal ecosystem (Chen, 1996; Su, 1998;
Wu et al., 2017; Zhou et al., 2017b). The strong boundary current, steep
shelf break, and local forcing lead to a complicated current system (see
Fig. 1) consisting of the Kuroshio intrusion branch currents, (Ichikawa
and Beardsley, 2002; Qiu and Imasato, 1990; Yang et al., 2012), the
Taiwan warm current (TWC) (Guan and Fang, 2006; Hu et al., 2010) and

the Taiwan-Tsushima Warm Current System (Fang and Zhao, 1988;
Ichikawa and Beardsley, 2002).

This shelf circulation system has been extensively studied. The TWC
and the Kuroshio intrusion branch currents are the most dominant
feature of this shelf circulation system (Su et al., 1994). Guan and Fang
(2006) reported the currents of the South China Sea Warm Current, the
Taiwan Strait Warm Current and the upwind TWC in winter. On basis of
the tidal station records and land leveling, Fang et al. (1991) and Fang
and Zhao (1988) postulated that the difference between sea surface el-
evations in the western tropic Pacific and the northwestern Pacific could
generate a current starting from the northeast part of the South China
Sea, passing through the Taiwan Strait, East China Sea, Korea Strait,
Japan Sea and Tsugaru/Soya Straits, and finally joining the Oyashio.

Another important part of the shelf circulation system is a Kuroshio
branch current northeast of Taiwan which was reported in (Ichikawa
and Beardsley, 2002; Qiu and Imasato, 1990) and the planetary p-effect
and Taiwan Island are thought to be the main driving factors for this
current. The bottom Ekman layer is reported as one of the mechanisms
driving the northward branch current (Jacobs et al., 2000). In addition,
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Oey et al. (2010) argued that the cooling solely gives rise to more
northward Kuroshio intrusion in winter. Guo et al. (2006) suggested that
the change of density field northeast of Taiwan was the major driving
force for the Kuroshio intrusion.

On the other hand, Yang et al. (2012, 2018) reported that there were
two submarine Kuroshio branch currents in the ECS deep water, and
these branch currents showed a “topographic beta spiral” due to the
upwelling induced by the collision between the northward flowing
Kuroshio Current and the west-east running shelf break.

These studies were mostly focused on the local forcing factors.
Despite many recent advances, the driving mechanisms of both the shelf
circulation and onshore intrusion of Kuroshio remain to be further
explored. Moreover, the relation between the shelf circulation and open
ocean circulation is unclear. Here, we examine the lowest order dynamic
mechanism and main force responsible for driving the shelf circulation
and the Kuroshio intrusion onto the ECS shelf.

The ECS shelf circulation is mainly composed of the TWC and the
Kuroshio branch currents (Su et al., 1994). It is important to note that
the Taiwan Strait (TWS) and Tsushima Strait (TUS) (see Fig. 1) are two
natural choke points for the water transport of the shelf circulation. The
annual mean volume flux through TWS is about 1.2 Sv(1 Sv = 10°m3s~1)
(Chen et al., 2016; Hu et al., 2010; Isobe, 2008), and that through TUS is
about 2.6 Sv (Ito et al., 2014; Na et al., 2009; Takikawa and Yoon, 2005;
Teague et al., 2005). Thus, the remaining 1.4 Sv transport must be
supplied by onshore Kuroshio intrusion across the ECS shelf break
(Isobe, 2008). It seems that a half of the volume flux through TUS comes
from the Taiwan-Tsushima Warm Current System, and another half
comes from the Kuroshio intrusion. However, the formation of the
Kuroshio onshore intrusion and TWC remains unclear.
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2. Numerical experiments and results

To address this fundamental question, we set up a numerical model
based on the Regional Ocean Modeling Systems (Shchepetkin and
McWilliams, 2005). The model domain covers the Pacific Ocean
(99°E—68°W; 40°S-67°N). The horizontal resolution in the model is 5’
x 5'cosd (¢ is latitude), and there are 31 nonlinear, terrain-following
sigma layers in the vertical direction, with higher vertical resolution
near the surface and bottom. This model is driven by monthly mean
climatological wind stress, heat flux and freshwater flux at the sea sur-
face taken from the Comprehensive Ocean-Atmosphere Data Set
(COADS) (Diaz et al., 2002). Fig. 2 shows these climatological monthly
mean wind stress at January, April, July and October, respectively.

We use the temperature and salinity data from the World Ocean Alas
13 (WOA13) (Locarnini et al., 2013; Zweng et al., 2013) to initialize the
model ocean. In combination with the monthly mean satellite clima-
tology data of absolute dynamic height (Dee et al., 2011), the WOA13 is
also used to calculate the geostrophic current according to thermal wind
relation (Pedlosky, 1986). The monthly mean geostrophic current is
vertically integrated in the whole water column, and then is applied to
the open western and southern boundaries as the barotropic boundary
conditions to force the model. We choose the radiation boundary con-
ditions for the 3-dimension temperature, salinity and ocean current
along the open boundary (Marchesiello et al., 2001). This model has
been run for 21 years for spin-up and the model results in the last model
year are used to examine the shelf circulation. This 21-year run is used as
the control run. In addition, we carried out two additional numerical
experiments. In case 1, the wind stress over the whole ECS (as depicted
by the dash-line box in Fig. 3) was set to zero, the model initialized by
the output from the 17th model year of control run was run for 4 years
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Fig. 1. Ocean bathymetry (Amante and Eakins, 2009) and a schematic diagram of summertime ocean circulation pattern after (Guan and Fang, 2006; Hogan and
Hurlburt, 2005; Yang et al., 2012; Zheng et al., 2006). NKBC is the Nearshore Kuroshio branch current. Currents related to continental shelf are highlighted by low
transparency, while high transparency for others. TWS and TUS are Taiwan Strait and Tsushima Strait, respectively.



D. Yang et al. Continental Shelf Research 201 (2020) 104122

60°N 60°N

40°N 40°N

20°N 20°N

0° 0°

20°S 20°s Rl

40°s 40°S

40°N 40°N

20°N 20°N

ceviz e
Ty
veecccociccrcrsrsriee

0°

20°S 20°S

150°E 170°W 130°W

40°8 40°8

1 L oo | 1
110°E 150°E 170°W 130°W 90°W

Fig. 2. Climatological monthly mean wind stress on (a) January, (b) April, (c) July, and (d) October from the Comprehensive Ocean-Atmosphere Data Set (COADS)
(Diaz et al., 2002).
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Fig. 3. Annually-mean surface ocean current overlaid with annually mean sea surface height on the last model year of control run. To show western boundary
current clearly, ocean current vectors in the northwestern Pacific Ocean are plotted for every 10 points while every 20 points in other area.
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and the output in the last model year is used to do the dynamic analysis.
In case 2, we run the model in a similar way, except that the TWS is
closed (see Fig. 4b).

As shown in Fig. 4, the model can properly reproduce the main
characteristics of western boundary current of the Pacific Ocean and the
ECS shelf circulation. Since our focus is on the lowest order dynamics
regulating the shelf circulation, only the annual mean model results are
shown. The shelf circulation has a poleward transport year around, as it
appears to be counter-wind in winter and downwind in summer (Guan
and Fang, 2006). To examine the influence of wind stress on the shelf
circulation we compare the shelf circulations simulated with or without
wind forcing over the ECS. In contrast to the control run, the TUS vol-
ume flux only increases 4%, when the wind stress is removed (Fig. 4c).
Moreover, the cross-shelf water exchange has been slightly changed, and
water transport through TWS increases relative to the control run (see
Figs. 4c and 5). Hence, including the wind stress over the ECS seems to
slightly increase the transport through the TWS, but it also slightly de-
creases cross-shelf transport of the Kuroshio Current. Overall, the wind
stress seems to diminish the shelf circulation. Therefore, local wind
stress is not the dominant force for driving the annual mean shelf cir-
culation, although it plays an important role on the seasonal variation of
shelf circulations (Wu et al., 2014).

As suggested by Fang and Zhao (1988), there is a south-north surface
difference which gives rise to a pressure force driving a northward
flowing flow from South China Sea to TUS. Why is there such a sea
surface slope? Is this barotropic force the main factor driving the shelf
circulation? As a test, we closed the TWS. However, when the TWS is
closed, the volume flux through TUS shows a negligible variation (less
than 5%, see Fig. 4c) only. In other words, the TUS volume flux is
insensitive to whether the TWS is closed or not. In contrast, the
cross-shelf volume flux (see Fig. 5) shows a significant variation with
respect to the control run. When the TWS is closed, the Kuroshio
intrusion northeast of Taiwan is significantly enhanced. In this case the

40°N
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cross-shelf volume flux of the Kuroshio is increased from 0.7 Sv to 2.0 Sv
to compensate the loss of volume flux through the TWS. Therefore, the
total amount of poleward water transport in the ECS and through the
TUS is nearly independent of whether the TWS is open or closed, i.e. the
dynamic effect of the south-north pressure gradient built up by the
gyre-scale circulation cannot be cut off by closing the TWS.

Results from these experiments imply that there is another dynamic
factor dominating the volume flux through TUS. This dynamic factor is
very strong and it requires a nearly constant volume flux (2.2 Sv)
through TUS regardless of whether there is wind stress in the local area
or not. Moreover, it does not depend on the topography east of China
either. Even if the TWS is closed, the circulation system can still drive the
Kuroshio water to offset the volume flux through the TUS.

3. The major mechanism driving water mass flux through the
TUS

To identify the major dynamic factors regulating the shelf circula-
tion, we use the general form of momentum balance,

ou

ot M

1
+u-Vu +f7 Xu= —;Vp-ﬁ-FH + Fz,

where k is a vertical unit vector, f is planetary vorticity, u represents the
velocity vector, and Fy(Fz) represents horizontal (vertical) turbulent
momentum mixing due to smaller scale motions (Pedlosky, 1996).
Integrating this equation along line C-D (see Fig. 7) and from the sea
bottom (z;,) to the sea surface () leads to,
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Fig. 4. (a) and (b) are the enlarged ocean current maps in the ECS from case 1 and 2, respectively. The line e-h indicates the integration line along which the cross-
shelf volume flux is calculated. (c) shows the volume flux across the transects Taiwan Strait (TWS), Tsushima Strait (TUS) and east of Taiwan (ET) and e-h, for control

run, case 1 and 2, respectively.
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the other terms are similarly defined. Fig. 6 shows the volume flux
contributions from each term in eq. (2) for the 21-year control run. It is
important to note that wind stress term Ty;g plays a leading role by
creating a —4.6 Sv (equatorward) volume flux. It is interesting to note

that the pressure term Tjsrg play a role opposite to the wind stress term.
When wind stress drives water masses in motions, a pressure gradient
force is set up, which acts as a resistance against the motions. On the
other hand, the contributions from other terms are negligible,
comparing with these two terms.

It is very important to note that model results show a net equator-
ward volume flux of 2.2 Sv across line C-D (see Figs. 6 and 7). Note that
wind stress is the primary and external driving force, which is the pri-
mary source of this volumetric flux; on the other hand, pressure force is
part of the response of the circulation system to the wind force. Ac-
cording to mass conservation law, this annual mean volume flux must be
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Fig. 6. Time series of volume flux contribution from each term in equation (2) during the 21-year control run.
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Fig. 7. A sketch showing that the shelf circulation is mainly regulated by the circulation in the open ocean. The contour map shows the annually averaged sea surface

height on the last model year.

compensated by the net volume fluxes through TUS, Bering Strait, and
evaporation or precipitations north of the line K-C-D. In fact, the volume
flux through Bering Strait is estimated as a poleward flux of 0.7 Sv for
climatology mean before 2000 (Woodgate, 2018), and the volume flux
contribution from the evaporation and precipitation is estimated as —0.3
Sv based on the data set of COADS (Diaz et al., 2002). Thus, it is clear
that the ECS shelf circulation is dominantly driven by this equatorward
volume flux of 2.2 Sv. Thus, the 2.6 Sv volume flux through TUS will be
properly balanced by the net equatorward flux of 2.2 Sv, poleward flux
of 0.7 Sv through Bering Strait and the flux of —0.3 Sv from the evap-
oration and precipitation. It is reasonable to say that wind stress over the
Pacific Ocean east of Japan drives a net equatorward volume flux of 2.2
Sv and this flux must be compensated primarily by that through the TUS.

In other words, this net equatorward volume flux will lower the sea
surface level north of line C-D, but will raise that south of the line C-D,
which is favorable to set up a barotropic pressure gradient along the
coasts of China. This north-south sea surface slope favors the northward
shelf circulation which transport shelf water through the TUS and Tsu-
garu/Soya Straits to complete the ocean circulation. This process could
be clearly illustrated by a reduced gravity model. In such a model, the
gradient of layer thickness along the western boundary is linked to the
wind stress curl in the ocean interior, and sea surface height (SSH) is
directly linked to the upper layer thickness gradient,Vyn = (g /g)VD;
Thus, equation (4.44) in (Huang, 2010) can be rewritten as

om_ 1
dy PogD

or*
e_w701 3
(xe =) 5 < ®

where 1 is SSH, g gravity, D the thickness of upper layer in a 1.5 layer
model, 7 is the zonal component of the wind stress, x, and x,, are the
locations of the eastern and western boundary in the Pacific Ocean,
respectively. The right hand side of equation (3) is negative, because of
the negative wind stress curl east of Japan. Thus, along the western
boundary (in the subtropical gyre) the sea surface height will decrease
poleward, that is to say, the sea level in the ECS will be higher than that
in the Japan Sea. This south-north barotropic pressure gradient is the
main cause for the poleward shelf circulation. It is important to note that
this sea surface height pattern is mainly set up by the basin scale wind
stress rather than local wind. In other words, the basin scale wind stress

provides a background pressure field for the marginal seas (see Fig. 7),
which is the main factor regulating the shelf circulation system.

Accordingly, the volume flux through TUS are subject to the wind
stress variation over the Pacific Ocean. In the northeastern Pacific
Ocean, there is well-known Pacific Decadal Oscillation (PDO) (Zhang
et al., 1997). The shelf circulation should be subject to this interannual
variability. To examine this, we carried out a 20-year hind-cast run from
1981 to 2000, where the model is forced by monthly mean wind stress
from ECWMF (https://apps.ecmwf.int/datasets/data/interim-full-
moda/levtype=sfc/) (Dee et al., 2011). We also run two additional
cases: in case 1 the wind stress is set to zero over the ECS, and in case 2
the TWS is closed. The annual mean volume fluxes through the TUS
(Ttus, Ttus1, and Tysz) are outputted for these three cases, as shown in
Fig. 8.

Same as the climatology run, the contributions from wind stress and
pressure gradient are one order of magnitude larger than others (see
Fig. 8a and b). It is important to note that the net volume flux (T,) across
line C-D is significantly correlated with the PDO index with a correlation
parameter of 0.7, as shown in Fig. 8c. Moreover, the PDO index and
volume flux through TUS are negatively correlated, and the correlation
coefficient reaches its maximum when we use 5-year lag.

When the wind stress over the ECS is cut off or the TWS is closed, the
volume flux through TUS (see Ttys; and Trysz in Fig. 8) remains rela-
tively steady, similar to the climatology run. It is worthy iterating that
the local wind over ECS tends to decrease the TUS volume flux, as well as
the Kuroshio intrusion. The cut off of the local wind leads to ~10%
increase of the total flux through TUS and the closing of TWS tends to
reduce the total flux through TUS about 10%. In other words, the
contribution from local wind stress is one order of magnitude smaller
than that from the open sea. Thus, it is reasonable to say that the TUS
volume flux and its interannual variation are mainly regulated by the
wind stress in the open ocean. In other words, the shelf circulation over
the ECS and Kuroshio intrusion are mainly regulated by wind stress in
the open ocean.

4, Conclusion

Although the ECS shelf circulation has been extensively studied, the
dynamic connection between the shelf circulation and the open ocean
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circulation remained unclear. Here, this circulation is clearly demon-
strated through numerical experiments and theoretical analysis.

Wind stress over the open Pacific Ocean east of Japan drives a net
equatorward volume flux of 2.2 Sv in the open ocean east of Japan. This
flux is determined by the wind-driven ocean circulation in the Pacific
Ocean interior; whatever the bathymetry of the ECS is (TWS is closed or
not), there must be a poleward compensating shelf circulation in the ECS
to offset this equatorward volume flux. Thus, there must be the Kuroshio
intrusion and a poleward ECS shelf circulation to complete this ocean
circulation gyre, and this volumetric flux must move through the ECS,
TUS, Japan Sea and Tsugaru/Soya Straits, and finally joining the Oya-
shio. Due to the shallow bathymetry of TWS, the TWC can only
contribute a flux of 1.2 Sv, and the rest part of 1.4 Sv must come from the
Kuroshio intrusion onto the ECS shelf. Therefore, for the time scales
longer than one year and to the lowest order, the ECS shelf circulation
and the Kuroshio onshore intrusion are determined by the remote wind
stress east of Japan rather than the local wind stress. Furthermore, it
should take 5 years for the PDO signals to affect the shelf circulation.
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