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Abstract

The impacts of the Luzon Strait transport on shallow meridional overturning circulation (SMOC) in the South China
Sea (SCS) have been pointed out by previous studies, but the issue whether the Luzon Strait transport dominates the
SMOC formation still remains open. The Helmholtz decomposition is applied based on the ocean general circulation
model for the earth simulator products to address this issue. Results show that the motion caused by the Luzon Strait
transport is characterized as an obvious southward flow between 13°N and 20°N. After this motion being removed, the
clockwise winter SMOC and the anticlockwise summer SMOC can still exist significantly. The SMOC existence and its
seasonal variation are also reproduced in the numerical simulation with the Luzon Strait closed. Both results of the
Helmholtz decomposition and numerical experiment suggest that the SMOC formation and its seasonal variation are not
dominated by the Luzon Strait transport. The SCS monsoon is the primary driving factor for the SMOC, which is
related to the physical processes within the SCS.
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1 Introduction

The South China Sea (SCS) is a semi-enclosed
marginal sea of the North Pacific Ocean. It extends from
the equator to 23°N and from 99°E to 121°E, with an av-
erage water depth of over 2 000 m and the maximum
depth of approximately 4 700 m (Chu and Li, 2000). The
SCS connects the adjacent seas through the Taiwan, Lu-
zon, Mindoro, Balabac, Karimata and Malacca Straits.
The Luzon Strait is the only deep strait with a sill depth of
about 2 400 m, and it plays a major role in the water ex-
change between the SCS and the Pacific Ocean (Qu et al.,
2006; Deng et al., 2018; Wu et al., 2021).

The annual mean Luzon Strait transport is westward,
with transport ranging from 2 x 106 m3/s to 10 x 106 m3/s
(Metzger and Hurlburt, 1996; Xue et al., 2004; Fang et al.,

2005, 2009; Yaremchuk et al., 2009; Hsin et al., 2012). Its
sandwiched vertical structure has been proposed based on
historical oxygen data and current observations (Qu,
2002; Tian et al., 2006). Through the Luzon Strait, water
flows into the SCS in the upper and deep layers but flows
out of the SCS in the intermediate layer. The Luzon Strait
transport has a distinct seasonal variation, with stronger
transport in winter and weaker transport in summer (Qu,
2000; Fang et al., 2005; Yaremchuk et al., 2009; Zhang
et al., 2015). This seasonal variation is attributed to the
seasonal reversal of the SCS monsoon (Metzger and Hurl-
burt, 1996; Zhao et al., 2009; Hsin et al., 2012), as well as
the influence of the Kuroshio transport east of Luzon (Qu
et al., 2004; Yaremchuk and Qu, 2004; Yang et al., 2013).

The Luzon Strait transport has important impacts on
the SCS circulation. The upper layer circulation in the
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SCS is mainly driven by the SCS monsoon (Yang et al.,
2002; Xue et al., 2004; Gan et al., 2006), but the Kuroshio
intrusion through the Luzon Strait and mesoscale eddies
that shed from Kuroshio near the Luzon Strait impose an
important influence on the circulation pattern in the north-
ern SCS (Xue et al., 2004; Nan et al., 2011, 2015; Zhang
et al., 2017). In the meantime, the Luzon Strait upper lay-
er inflow can enhance upper layer cyclonic circulation in
the SCS (Chen and Xue, 2014; Xu and Oey, 2014; Li
et al., 2019). The major feature of the SCS intermediate
layer circulation is anticyclonic (Yuan, 2002; Shu et al.,
2014; Xu and Oey, 2014), and Zhu et al. (2017) suggest-
ed that the negative potential vorticity transport caused by
the Luzon Strait intermediate layer outflow is responsible
for the anticyclonic circulation formation. There is a cy-
clonic circulation in the SCS deep layer (Qu et al., 2006;
Wang et al., 2011), since the persistent deepwater over-
flow through the Luzon Strait provides a positive poten-
tial vorticity transport for the deep SCS and makes water
move cyclonically (Lan et al., 2013). The Luzon Strait
transport influences the SCS water properties (Qu et al.,
2000; Wei et al., 2016) and balances the heat and salt bud-
gets of the SCS (Qu et al., 2004; Yu et al., 2008; Fang
et al., 2009). It contributes to extreme subsurface warm
events in the SCS (Xiao et al., 2018) and plays an impor-
tant role in long-term variabilities of salinity in the sur-
face and subsurface layers (Zeng et al., 2016, 2021).

The shallow meridional overturning circulation
(SMOC) in the upper SCS is clockwise on annual mean
(Shu et al., 2014; Zhang et al., 2016), and it is essential for
the vertical link between the surface layer and the subsur-
face layer. The SMOC has a prominent seasonal variation,
with a clockwise structure in winter and an anticlockwise
structure in summer (Jiang et al., 2023). The structure of
the SMOC is shown by stream functions, and stream func-
tions are under the influences of the Luzon Strait trans-
port (Wang et al., 2004). Hence, the Luzon Strait trans-
port may have an important influence on the SMOC.
Some studies paid attention to the connection between the
Luzon Strait transport and the SMOC in the SCS. Numeri-
cal experiments are carried out with the Luzon Strait open
and closed in Wang et al. (2004), and their results sug-
gested that the impact extent of the Luzon Strait transport
on the upper layer stream function can reach 10°N. The
SMOC can still be formed in the numerical experiment
with the Luzon Strait closed, indicating that the SMOC
formation is not dominated by the Luzon Strait transport.
Shu et al. (2014) calculated the Lagrangian stream func-
tion to illustrate the contribution of Luzon Strait transport
to the SMOC. In their results, the Lagrangian stream func-
tions which show the SMOC structure are mainly caused
by the Luzon Strait transport, suggesting that the Luzon
Strait transport dominates the SMOC formation. Wang
et al. (2004) and Shu et al. (2014) both pointed out that
the Luzon Strait transport has an influence on the SMOC
in the SCS, but they have differences on the issue whether
the Luzon Strait transport dominates the SMOC forma-

tion. So far, this issue remains a matter of controversy,
and there are no other studies discussing it.

In the present study, the aim is to investigate whether
the Luzon Strait transport dominates the SMOC forma-
tion. The Helmholtz decomposition has been applied into
the Indian Ocean to separate the Indonesian Throughflow
(ITF) and the Antarctic Circumpolar Current (ACC) from
the total zonally integrated flow (Han and Huang, 2020),
and we apply this method into the SCS. The rest of the
study is structured as follows. The data and Helmholtz de-
composition method are introduced in Section 2. The
Helmbholtz decomposition results in winter (December)
and summer (June) are presented in Section 3. Section 4 is
some discussion based on numerical experiments. The
summary of this study is given in Section 5.

2 Data and method

The ocean general circulation model for the earth sim-
ulator (OFES) products from 1985 to 2005 are used in this
study. The OFES is based on the Modular Ocean Model
(MOM3) and developed at Geophysical Fluid Dynamics
Laboratory/National Oceanic and Atmospheric Adminis-
tration (GFDL/NOAA). OFES has a computational do-
main ranging from 75°S to 75°N. Its horizontal resolution
is 0.1°, and there are 54 levels in vertical direction. The
vertical mixing is calculated by the K-Profile Parameteri-
zation scheme. Monthly mean wind stresses that used for
the climatological seasonal integration are from the Na-
tional Centers for Environmental Prediction/National Cen-
ter for Atmospheric Research (NCEP/NCAR) reanalysis
data. More information of OFES is available in Masumo-
to et al. (2004) and Sasaki et al. (2008).

The Helmholtz decomposition is used to separate the
motion caused by the Luzon Strait transport from total
zonally integrated flow in the SCS. According to Han and
Huang (2020), zonally integrating the continuity equation
leads to
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in which Vv and W denote the total zonally integrated
meridional velocity and vertical velocity, respectively. u,
and u, are the zonal velocities at the eastern and western
boundaries of the SCS, x. and x,, are the eastern and west-
ern boundaries of the SCS basin, and v and w are the
meridional and vertical velocity components. The right
term in Eq. (1) is the divergence term. The western
boundary of the SCS is the Asian landmass, and the diver-
gence term is caused by the zonal velocities in straits at
the eastern boundary. Water enters the SCS in the south-
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ern part of the Luzon Strait and leaves the SCS in the
northern part (Fig. 1). Water also flows out of the SCS
through the Mindoro Strait near 13°N (Fig. 1; Fang et al.,
2009; Yaremchuk et al., 2009). The water exchange
through the Balabac Strait near 8°N is weak. The Luzon
Strait transport makes the largest contribution to the
nonzero divergence term.

In the Helmholtz decomposition, V and W are decom-
posed as

V=Vy+ Ve, W= Wy + Wy, 3)

where vy and Wy are the rotational components of vV and
W, and Vg and Wy are the divergent components. Defini-
tions of the rotational components and the divergent com-
ponents are

ow 0P

Vq/ = _E: Vﬁb = aiy’ (4)
ov 0P

WW = aiyl W@ = EI (5)

where ¥ denotes the stream function, and @ denotes the
potential function. Substituting Eqs (3)—(5) into Eq. (1)
leads to a Poisson equation,

== + 5 = Uy — Ue. (6)

According to Eq. (6), the divergence term is indicated
by the potential function #. Hence, solving the Poisson
equation can obtain the potential function and divergent
components, and then separate the motion in the SCS
caused by the Luzon Strait transport.

Boundary conditions are given to solve the Poisson
equation. Following Han and Huang (2020), the normal
velocity caused by the potential function & at the bottom
boundary is zero, which leads to the bottom boundary
condition

0P
o = 0, at sea bottom, (7)

where n is the normal unit vector at sea bottom. For the
OFES products, in winter, the outward transports through
the Taiwan, Mindoro, Balabac and Karimata Straits are
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0.77 x 10° m3/s, 2.98 x 10° m3/s, 0.60 x 10° m3/s, and
2.56 x 10° m3/s, respectively. The outward transports,
amounting to 6.91 x 10 m3/s, are basically balanced by
the inward transport of 6.87 x 10¢ m3/s through the Lu-
zon Strait with a residual of 0.04 x 10® m3/s. In summer,
the outward transports through the Taiwan, Mindoro and
Balabac Straits are 1.78 x 106 m3/s, 0.96 x 10¢ m3/s, and
0.13 x 10° md3/s, respectively. The inward transports
through the Luzon and Karimata Straits are 2.18 X
106 m3/s and 0.69 x 10° m3/s. The outward transports
(2.87 x 10° m3/s) are balanced by the inward transports
(2.87 x 10% m3/s). Thus, the neglection of the volume flux
at the sea surface is an acceptable approximation, and the
surface boundary condition is taken as

0P
— =0, at sea surface. ®)
0z

The Poisson equation [Eq. (6)] is solved numerically
using the “successive over-relaxation iteration” (SOR)
method incorporating the surface and bottom boundary
conditions [Eqgs (7) and (8)]. More information of the
SOR method is available in Han and Huang (2020). The
Karimata Strait and the Taiwan Strait are located at the
southern and northern boundaries of the SCS, respective-
ly. The two straits are important for the mass balance of
the SCS although their depths are shallow. In this study,
the two straits are open in the process of solving the Pois-
son equation, and the flows caused by the potential func-
tion can enter or leave the SCS through them.

Two numerical experiments used in this study are de-
signed on the basis of the Hybrid Coordinate Ocean Mod-
el (HYCOM) (Bleck, 2002). The HYCOM has been used
to explore the SCS circulation (Lan et al., 2013; Zhao
et al., 2020), and their results have illustrated the reliabili-
ty of the HYCOM in simulating the SCS circulation. The
model domain is from 78°S to 66°N with a horizontal res-
olution of 0.5° x 0.5°cosf (6 denotes latitude), and there
are 33 levels in the vertical direction. The ETOPOS is
used to construct the model bottom topography. The sur-
face forcings are from the monthly NCEP/NCAR reanaly-
sis data, including wind forcing, the net shortwave and
longwave radiation, precipitation, air relative humidity,
and air temperature fields. The model is integrated for 50
years with zero initial velocities and with temperature and
salinity from Levitus annual mean climatology (Levitus,
1983). The Luzon Strait is open in the control run, and
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Fig. 1. Zonal velocities (m/s, eastward positive) at the eastern boundary of the SCS in winter (a) and summer (b).
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closed in the sensitivity run.
3 The Helmholtz decomposition results

The curls of the decomposed divergent components
and the divergences of the decomposed rotational compo-
nents are basically zero, indicating the validity of our
Helmbholtz decomposition results. The SMOC in the SCS
is depicted by the stream functions, which are calculated
by vertically integrating V and vy from sea surface to sea
bottom and are denoted as v (V) and v (Vy), respectively.
Along a stream function isoline, water moves clockwise
around the higher value. Patterns of « (V) and ¢ (Vy) in
winter and summer are shown in Fig. 2 to illustrate the in-
fluence of the Luzon Strait transport on the stream func-
tions.

In winter, it is evident that the « (V) pattern exhibits a
clockwise SMOC spanning a 9°-18°N latitude range
(Fig. 2a). It consists of the water sinking in the northern
SCS, the water rising in the southern SCS, the northward
surface transport and the southward subsurface transport.
After the motion generated by the Luzon Strait transport
being removed, the clockwise SMOC between 9°N and
18°N is still shown clearly in the (Vi) pattern (Fig. 2b).
The similarity between the ¢ (V) pattern and the ¢ (Vy)
pattern indicates that the Luzon Strait transport has no sig-
nificant influence on the SMOC structure in winter.

In summer, the ¢ (V) pattern presents an anticlock-
wise SMOC in the southern SCS, with an upwelling
branch near 12°N, a downwelling branch near 6°N, a
southward surface branch and a northward subsurface
branch (Fig. 2c). When the motion caused by the Luzon
Strait transport is removed, the v (Vy) pattern closely re-
sembles the 1 (V) pattern, and an anticlockwise summer
SMOC is still maintained in the southern SCS (Fig. 2d).
Hence, the Luzon Strait transport imparts little influence
on the SMOC structure in summer.

The divergent component Vg that separated from total
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zonally integrated meridional velocity is shown in Fig. 3,
reflecting features of the motion that caused by the Luzon
Strait transport. The Luzon Strait transport is inward to
the SCS from the Pacific Ocean and the Mindoro Strait
(near 13°N, south of the Luzon Strait) transport is out-
ward to the Sulu Sea (Fang et al., 2009; Yaremchuk et al.,
2009), and thus, the divergent component V; in the upper
100 m depicts a distinct southward flow extending from
20°N to 13°N (Fig. 3). This southward flow has higher in-
tensity in winter and lower intensity in summer, also cor-
responding to the prominent seasonal variation of the Lu-
zon Strait upper layer transport which is stronger in win-
ter and weaker in summer (Qu, 2000; Zhang et al., 2015).
This southward flow makes differences between the ) (V)
pattern and the + (V) pattern north of 13°N more signifi-
cant in winter (Fig. 2). The Luzon Strait transport also
causes flows south of 13°N, but intensities of these flows
are weaker than that north of 13°N (Fig. 3). As a result,
differences between the ¢ (V) pattern and the (Vi) pat-
tern south of 13°N are less obvious than that north of
13°N (Fig. 2). In general, the Helmholtz decomposition
results suggest that the Luzon Strait transport does not
dominate the formation and seasonal variation of the
SMOC although it imposes some influence on the upper
layer stream functions, which is consistent with the re-
sults in Wang et al. (2004).

4 Discussion

Two numerical experiments are conducted to further
confirm the conclusion in Section 3. The Luzon Strait is
open in the control run and closed in the sensitivity run.
The two numerical experiments in this study use the SCS
topography and keep the Taiwan, Mindoro, and Karimata
Straits open. Our numerical experiments are improved
when compared with the numerical experiments in Wang
et al. (2004) which have a flat bottom (1 000 m) and treat
most straits as an enclose boundary excluding the Luzon
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Fig. 2. Stream functions (106 m3/s) obtained by vertically integrating the total zonally integrated meridional velocity v
(a) and the rotational component Vy (b) in winter. ¢ and d are same as a and b, but in summer.
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Fig. 3. The divergent component Vs (10* m?/s, northward positive) of total zonally integrated meridional velocity in

winter (a) and summer (b).

Strait.

We validate the surface circulations from the control
run using the horizontal velocities of Ocean Surface Cur-
rents Analyses Real-time version 2.0 (OSCARv2.0) prod-
ucts from 1993 to 2020 which are calculated from sea sur-
face height, surface wind and sea surface temperature that
collected from satellites and in situ measurements (Bon-
jean and Lagerloef, 2002). The surface circulations from
control run and OSCARV2.0 products are shown in Fig. 4.
In winter, water enters into the SCS through the Luzon
Strait, and there is a basin scale cyclonic gyre in the SCS
(Figs 4a and c). In summer, the Kuroshio leaps across the
Luzon Strait, and an anticyclonic gyre occurs in the south-
ern SCS (Figs 4b and d). The surface circulation patterns
near the Luzon Strait and within the SCS from the control
run results are consistent with those from observations.
Besides, in the control run result, the Luzon Strait trans-
port above 100 m is westward in winter with a strength of
2.45 x 10% m3/s, while it is eastward in summer with a
strength of 1.46 x 106 m3/s, which is consistent with pre-
vious studies (Fang et al., 2009; Zhu et al., 2016). Overall,
the control run is capable of simulating the Luzon Strait
transport and the SCS circulations.

Stream functions of two numerical experiments are
presented in Fig. 5. In the control run, the winter pattern
shows a northern cell located between 14°N and 19°N and
a southern cell located between 7°N and 10°N. This forms
a clockwise SMOC in winter, with the 7°-~19°N latitude
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Fig. 4. Surface circulation (in m/s) in winter (a) and
summer (b) from the control run. ¢ and d are same as a
and b, but from OSCARV2.0 products.

range and 50 m depth (Fig. 5a). The summer pattern ex-
hibits an anticlockwise SMOC above 30 m between 6°N
and 10°N, confined to the southern SCS (Fig. 5b). These
results suggest that the existence of SMOC and its season-
al variation are well reproduced in the control run.
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Fig. 5. SMOC stream functions (10° m3/s) in winter (a) and summer (b) from the control run. ¢ and d are same as a and

b, but from the sensitivity run.
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In the sensitivity run, the winter SMOC remains
clockwise and occupies the upper layer, with two clock-
wise cells (Fig. 5c). It spans a 7°~19°N latitude range and
reaches a depth of more than 100 m. The summer SMOC
still keeps anticlockwise and is also confined to the south-
ern SCS (Fig. 5d). It is presented between 6°N and 12°N
and extends to a depth of around 50 m. The results in the
sensitivity run are similar to those in the control run.
Thus, although the Luzon strait is closed, the SMOC
structure and its seasonal variation still exist.

The numerical experiments also suggest that the phys-
ical processes within the SCS, instead of the Luzon Strait
transport, dominate the formation and seasonal variation
of the SCS SMOC. The SMOC formation processes have
been analyzed in Jiang et al. (2023), and the SCS mon-
soon is the primary driving factor for the SMOC. In win-
ter, the northeasterly monsoon causes strong wind stirring
and buoyancy loss, leading to the mixed layer deepening
and thermocline outcropping in the northern SCS, which
provides conditions for the subduction occurrence. The
water, subducted by Ekman pumping, conserves potential
vorticity and moves southward. The subducted water ris-
es to the sea surface along the sloping thermocline in the
southern SCS, and is pushed back to the northern SCS by
the northward Ekman transport. Thus, the clockwise win-
ter SMOC is formed. In summer, the southwesterly mon-
soon generates upwelling and downwelling in the regions
east of Vietnam and northwest of the Kalimantan Island,
respectively. The southward Ekman transport and the
northward western boundary current connect the two re-
gions and close the anticlockwise summer SMOC.

5 Summary

This study focuses on the issue whether the SMOC
formation and its seasonal variation are dominated by the
Luzon Strait transport. To address the issue, the
Helmholtz decomposition is applied based on OFES prod-
ucts. Results show that the motion caused by the Luzon
Strait transport is characterized as a distinct southward
flow between 13°N and 20°N. Although this motion has
some influence on the structure of stream function in the
upper layer, the clockwise winter SMOC and the anti-
clockwise summer SMOC can still exist significantly af-
ter it being removed. The SMOC formation and its sea-
sonal variation are dominated by the physical processes
within the SCS instead of the Luzon Strait transport. Fur-
ther, this conclusion can be confirmed based on the nu-
merical experiments, which show that the SMOC struc-
ture and its seasonal variation can still be reproduced with
closed Luzon Strait.

The SCS monsoon is the primary driving factor for the
SMOC (Jiang et al., 2023). The formation of clockwise
winter SMOC is related to the subduction in the northern
SCS, and the formation of anticlockwise summer SMOC
is related to the Ekman suction and Ekman pumping in the

southern SCS. But the Luzon Strait transport also has an
influence on the SMOC, which has been pointed out by
previous studies (Wang et al., 2004; Shu et al., 2014) and
can be seen from the differences between « (V) and v (V)
patterns and the differences between two numerical exper-
iments results. The related physical processes of the Lu-
zon Strait transport impacting the SMOC are worthy of
further study.
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