
Dynamics of the Cross‐Layer Exchange for the Layered
Circulation in the South China Sea
Zhongya Cai1,2 and Jianping Gan1

1Department of Ocean Science and Department of Mathematics, The Hong Kong University of Science and Technology,
Hong Kong, 2State Key Laboratory of Internet of Things for Smart City and Department of Civil and Environmental
Engineering, University of Macau, Macau

Abstract The cyclonic‐anticyclonic‐cyclonic (CAC) circulation in the upper (<750 m)‐middle
(750–1,500 m)‐deep (>1,500 m) layers of South China Sea (SCS) is mainly driven by the extrinsic lateral
vorticity flux due to inflow‐outflow‐inflow through the Luzon Strait (LS) and the associated intrinsic vertical
exchange (VE) in the basin. The contribution of spatiotemporal structure of the VE through vortex
stretching and squeezing to CAC circulation, which was unknown, mainly occurs in the semi‐closed middle
and deep layers and has a strong seasonality. During summer, the vorticity flux induced by net upward VEs
crossing the upper (750 m) and lower (1,500 m) interfaces of CAC circulation is equivalent to ~40% of the
lateral vorticity flux for strengthening the anticyclonic and cyclonic circulation in the middle and deep
layers, respectively. During winter, the net downward VE crossing the upper interface squeezes the middle
layer and strengthens its anticyclonic circulation, while the net VE crossing the lower interface is too small
to affect the circulation. The VE and its seasonality in the basin are largely governed by the cross‐isobath
geostrophic transport (CGTb) due to interaction between along‐isobath circular currents and rugged slope
topography. The CGTb is formed by the along‐isobath bottom pressure gradient associated with surface
wind stress curl, nonlinear advection, and beta effect over the meandering slope topography. Our study
revealed how important VE between the layers is to the CAC circulation itself, and our work advanced the
understanding of the intrinsic‐extrinsic dynamic coupling that forms, develops, and sustains the CAC
circulation in the SCS.

1. Introduction

The South China Sea (SCS) is the largest marginal sea in the tropics (Figure 1). It has a deep basin, a shallow
broad shelf on its northern and southern sides, and a steep continental slope in the east and west. The SCS
connects to the East China Sea through the Taiwan Strait, to the Pacific Ocean through the Luzon Strait (LS),
to the Sulu Sea through the Mindoro Strait (MS), and to the Java Sea through the Karimata Strait. Only LS,
which is the deep channel (~2,500 m deep), connects the deep SCS to the open Pacific Ocean, and the three
other straits are much shallower than LS. The maximum water depth of the deep SCS basin is over 4,000 m,
and the deep basin is enclosed below ~2,500 m. The deep center basin of the SCS orients southwest to north-
east, and it is surrounded by shelf and slope regions between the 200 and 3,000 m isobaths.

The SCS has a layered circulation (Gan, Liu, & Hui, 2016; Gan, Liu, & Liang, 2016; Xu & Oey, 2014;
Yuan, 2002; Zhu et al., 2019) that is driven by the seasonal Asian monsoon and the Kuroshio intrusion
through LS (Fang et al., 2009; Gan et al., 2006; Qu, 2000; Qu et al., 2009; Su, 2004; Xue et al., 2004). In the
upper layer in winter, the circulation is cyclonic with a southwestward current along the continental margin
in the northern and western parts of the basin. In summer, the upper circulation is cyclonic/anticyclonic in
the northern/southern half of the basin (Qu, 2000). In the enclosed deeper ocean, the circulation is cyclonic
(Lan et al., 2013, 2015; G. Wang et al., 2011). Gan, Liu, and Hui (2016) and Gan, Liu, and Liang (2016)
defined the three‐layer cyclonic‐anticyclonic‐cyclonic (CAC) circulation in geopotential level under the
principle of the Stokes Theorem (Cai et al., 2020). Three layers are separated at the depths of 750 and
1,500 m (Figure 1).

The CAC circulation in the SCS basin is dynamically related to external forcing coming through the straits
on the periphery of SCS (Gan, Liu, & Hui, 2016; Lan et al., 2013; Yang & Price, 2000, 2007; Zhu et al., 2017).
The sandwich‐like inflow‐outflow‐inflow through the upper‐middle‐lower layers of LS (e.g., Chen &
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Huang, 1996; Hsin et al., 2012; Tian et al., 2006; Xu & Oey, 2014) provides the positive‐negative‐positive
planetary vorticity for the CAC circulation in the three layers, respectively.

Although the external forcing of lateral vorticity flux largely controls the overall basin‐scale circulation, the
internal vertical motion can induce positive/negative vorticity through vortex stretching/squeezing to estab-
lish vertical coupling between two adjacent layers. In classic Stommel‐Arons theory (Stommel &
Arons, 1960), the uniform vertical motion maintains the abyssal circulation, and the spatial distribution of
the vertical flux changes the abyssal circulation pattern (e.g., Katsman, 2006; Marchal & Nycander, 2004).
Following Luyten and Stommel (1986), Wang et al. (2012) found that upwelling from the base of a layer
could induce anticyclonic circulation (negative vorticity) in a layer. Similarly, Wang et al. (2018) showed that
downwelling occurring in the interior basin of the SCS could broaden the deep circulation and create a
southward current. Using a three‐layer model, Quan and Xue (2018) illustrated that the layer thickness var-
iation, which represents the vertical motion in a geopotential coordinate system, is the key to linking the
upper and middle layers and to regulating the variability of the SCS basin circulation. Based on the
process‐oriented numerical modeling, Cai and Gan (2019) proposed that the vertical vorticity flux associated

with the divergence/convergence of water (−f∇ · V
!

h) plays a significant role in the vorticity balance in the
semi‐closed middle and lower layers, which dynamically links the CAC circulation in the different layers
and sustains the layered circulation.

In the end, however, the earlier studies mainly considered a one‐way influence between two layers, or
they were based on simplified physics. The complete dynamic processes within the CAC circulation,
particularly regarding interaction or coupling among the circulation in the different layers, have not
been well investigated. Recently, Liu and Gan (2017) explored the three‐dimensional “pathway” of
the water inside the SCS, but they did not illustrate the effect of the three‐dimensional motion on
the CAC circulation. So far, knowledge of the spatiotemporal vertical coupling in the CAC circulation
is limited, but knowing how the coupling is crucial to understanding how the layered circulation in
the SCS is formed and sustained. In this paper, we examine the three‐dimensional structure and seaso-
nal variability of the vertical exchange (VE) across the upper (750 m) and lower (1,500 m) interfaces
that separate the three layers of the CAC circulation and explore dynamics of vertical coupling in the
CAC circulation.

Figure 1. Schematic annual mean CAC circulation in the South China Sea. Color contours represent bathymetry (m).
The white and green arrows indicate the upward and downward transport in CAC circulation. LS = Luzon Strait;
TS = Taiwan Strait; MS = Mindoro Strait; and KS = Karimata Strait.

10.1029/2020JC016131Journal of Geophysical Research: Oceans

CAI AND GAN 2 of 14



2. The Numerical Model and Methods

We used results from the China Sea Multi‐scale Ocean Modeling System (CMOMS, https://odmp.ust.hk/
cmoms/) (Gan, Liu, & Liang, 2016) for our study. The modeling system is based on the Regional Ocean
Modeling System (ROMS) (Shchepetkin & McWilliams, 2005). The model domain covers the North
Pacific Ocean and the China Seas from approximately 0.958°N, 99.8°E in the southwest to the northeast cor-
ner of the Sea of Japan. The domain has a horizontal resolution of about 0.18°, and there are 30 levels over
the stretched terrain following coordinates. Fluxes from a larger‐scale global model, the Ocean General
Circulation Model for the Earth Simulator (OFES) (Masumoto et al., 2004), provided the external flux along
the open boundaries of CMOMS, which included both tidal and subtidal forcing using the novel open
boundary condition of Liu and Gan (2016). CMOMS was initialized with the WOA13 (World Ocean Atlas)
hydrographic field and spun up for 50 years with climatological atmospheric and lateral fluxes until it
reached a quasi‐steady state. For this study, we used an average of the last 5 years of runs. CMOMS results
were validated rigorously with field measurements, satellite remote sensing data, and principles of geophy-
sical fluid dynamics (Gan, Liu, & Hui, 2016; Gan, Liu, & Liang, 2016; Liu & Gan, 2017). The fact that the
model realistically captures the circulation and forcing conditions in the SCS establishes a level of confi-
dence in the results that we used. The detailed description and validation of CMOMS can be found in
Gan, Liu, and Hui (2016) and Gan, Liu, and Liang (2016).

The contribution of vertical motion to vorticity change in the CAC circulation can be illustrated by
layer‐integrated vorticity dynamics (Cai & Gan, 2019; Gan, Liu, & Hui, 2016),

∇ × ∫
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∂V
!

h
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VVIS

dz;

(1)

where Lu and Lb are the geopotential depths at the top and bottom of each of the three layers. V
!

is the

velocity vector, Vh
�!

is the horizontal velocity vector, and v is the velocity in the meridional direction. P
is the pressure, f is the Coriolis parameter, and Kv is the vertical viscous coefficient. ADV, PGF, and
VVSI represent the nonlinear advection, pressure gradient force, and vertical viscous terms, respectively.
The contribution from horizontal viscous term is negligible.

In Equation 1, −∇ · ∫
Lu
Lb
f V
!

hdz links to the external planetary vorticity flux through the straits and can be

further divided into −f∇ · ∫
Lu
Lb
V
!

hdz and −β∫
Lu
Lb
vdz . The first part is the vortex stretching induced by the

divergence/convergence of water, and the second part is the β effect of the meridional motion, where β is

the meridional gradient of f. The integral,−f∇ · ∫
Lu
Lb
V
!

hdz, is critical to the exchange of momentum and vor-

ticity between two layers for the development and sustenance of the CAC circulation. Mathematically, the
integral equals f wLu − f wLb , which represents the net vertical planetary vorticity flux across the upper and
lower boundaries of a layer. Thus, the upward transport crossing the upper/lower boundary of a specific
layer induces positive/negative vorticity in that layer by stretching/squeezing the layer, and vice versa.

Following Equation 1, we defined the VE at a depth, z:

VE zð Þ¼−∇h · ∫
z

−H Vh
�!

dz; (2)

where H is the bottom depth. The positive/negative VE indicates the upward/downward motion, respec-
tively. The VE links to the inhomogeneous horizontal circulation and the external lateral transport
through the straits (mainly LS), and we used VE to diagnose the budget of the momentum and vorticity
in the different layers. A similar method was used in previous studies, for example, Liang et al. (2017).
We integrated Equation 2 within the respective layers in the CAC circulation, obtained spatial variation
of VEs across the two interfaces that separate the three‐layer CAC circulation, and examined the effect
of VE on the layered circulation.

10.1029/2020JC016131Journal of Geophysical Research: Oceans

CAI AND GAN 3 of 14

https://odmp.ust.hk/cmoms/
https://odmp.ust.hk/cmoms/


3. Results
3.1. Variability of CAC Circulation and VE

We examined the dynamic links between the large‐scale CAC circulation, as illustrated by the transport
stream function, and the corresponding VE in summer (June to August) (Figure 2) and winter (December
to February) (Figure 3). We focused on the net VE crossing the upper (750 m) interface that separates the
upper and middle layers and the net VE crossing lower (1,500 m) interface that separates the middle and
deep layers. The depths of two interfaces and the associated VEs across them in the basin match with depths
of inflow‐outflow‐inflow volume fluxes through the LS according to mass conversation, and they represent
the vertical flux across the neighboring layers in the CAC circulation.
3.1.1. Upper Layer
Surface wind forcing and the external Kuroshio intrusion drove the basin circulation in the upper layer.
During summer, in the northern SCS (north of 13°N) (Figure 2a), the water entered the basin through LS
and flowed cyclonically along the slope around the basin. The slope current intensified and flowed over
the relatively steep and narrow western slope. This southward current flowed from the northern SCS and
converged with the northward western boundary current from the southern SCS (south of 13°N) (Gan &
Qu, 2008). Together, they formed an eastward current toward MS along ~13°N.

At the upper interface (750 m), the VE varied over the basin. Relatively strong VE occurred mainly along the
slope (Figure 2d) due to the slope current interacting with the meandering bottom topography (Gan
et al., 2013). The upslope (positive) and downslope (negative) motions alternated along the slope
(Figure 2d) as the slope currents encountered respective convex and concave isobaths over the slope (Gan
& Allen, 2002; Song & Chao, 2004). In the southern basin (south of the 10°N and the 3,000 m isobath line),
VE was generally positive. When averaged over the basin, VE at the interface between the upper and middle
layers was positive, which we expected to weaken the circulation in the upper and middle layers.

During winter, the intruding Kuroshio and positive wind stress curl enhanced, which strengthened the
cyclonic circulation in the upper layer, particularly along the western slope (Figure 3a). The basic pattern
of the winter VE remained like the summer VE characteristics except the magnitude of the VE varied more
in winter.
3.1.2. Middle and Deep Layers
In the semi‐closed middle layer (Figures 2b and 3b), the basin anticyclonic circulation was mainly contrib-
uted by the strong northward boundary current over the steep western slope, while a cyclonic eddy circula-
tion in the north‐eastern basin was largely influenced by the inflow/outflow through the northern/southern
portion of the LS. Over the southern basin, the current contributed relatively less to the overall basin circu-
lation. Like in the upper layer, the cyclonic circulation intensified over the basin along the western slope
during winter.

At the lower interface (1,500 m), in response to the spatial variation of the circulation, the upward VE cross-
ing the lower interface (1,500 m) occurred along the meandering steep and narrow basin slope (Figure 2e),
just like the VE that crossed the upper interface (Figure 2d). However, the VE that crossed at 1,500 m was
stronger than the VE that crossed at 750 m. In the north‐eastern basin, there was an upward and downward
VE in and around the cyclonic eddy circulation. Compared to VE at the upper interface, the total positive VE
was stronger at the lower interface. From summer to winter, the upward/downward VE was
reduced/intensified over both the northern basin and western slope.

Overall, there was a net upwardmotion crossing the upper and lower interfaces, which induces negative vor-
ticity by squeezing the middle layer to modulate the intensity of the anticyclonic circulation, particularly
over the steep western slope. The basin‐integrated effect of VE crossing the two interfaces determined the
integrated net VE in the middle layer, as to be shown below.

In the deep layer, the cyclonic circulation was mainly contributed by the circulation in the northern and
southwestern basin (Figure 2c). The VE crossing the lower interface strengthened the circulation in the
deep and middle layers by providing positive and negative vorticity through stretching and squeezing
(Figure 2e), respectively. Seasonally, the deep cyclonic circulation weakened due to a reduced deep intru-
sion during winter (Gan, Liu, & Hui, 2016), so did the upward motion crossing the lower interface at
1,500 m (Figures 3c and 3e).
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Figure 3. Same as Figure 2, but for winter.

Figure 2. (a–c) Transport stream function (color contours, Sv) integrated over the upper (<750 m), middle (750–
1,500 m), and deep layers (>1,500 m) in summer. The region over the continental shelf shallower than 200 m is
excluded. (d, e) Horizontal map of VE (color contour, m/s) across the upper interface (750 m) and lower interface
(1,500 m) in summer.
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3.2. Quantitative Cross‐Layer VE

To better quantify the variability of VE associated with the circulation pattern over the basin, we calculated
VE in five subdomains (Figure 4): Region A near LS, Region B in the north‐western basin with the meander-
ing slope, Region C in the western and southwestern basin with the steep slope, Region D near MS, and
Region E in the southern basin. We connected the horizontal transport of the CAC circulation in the basin
to the VE across the upper and lower interfaces, particularly in the deep and middle layers where the influ-
ence of VE on basin circulation was relatively strong over the semi‐closed basin (Figures 2 and 3).

At the upper interface (Figures 4a and 4b), the upward motion occurred in Regions E and A with a total VE
of 0.97 Sv during summer and in Regions E and B with a total VE of 0.83 Sv during winter. The downward
motion occurred near MS (−0.53 Sv) during summer and near LS and MS with a total VE of−1.22 Sv during
winter. Over the meandering western slope of Region C, the upward motion (−0.02 Sv in summer and
0.10 Sv in winter) was generally much weaker at the upper interface than at the lower interface, and the
anticyclonic current in the middle layer prevailed along the slope. However, a stronger upward motion at
the upper interface (than that at the lower interface) still existed in the regions with a locally intensified
cyclonic flow in the middle layer.

Overall, at the upper interface, there was a net upward transport of 0.50 Sv during summer, but a net down-
ward transport of 0.29 Sv during winter, which weakened and strengthened the cyclonic circulation in the
upper layer, respectively. Similarly, VE crossing this interface weakened and strengthened the anticyclonic
circulation in the middle layer during summer and winter, respectively.

At the lower interface, some of the deep intruding water sunk to the abyssal SCS after entering the basin near
LS. Then the deep inflow flowed southwestward along the slope in the northern basin and formed a distinct
eddy‐like cyclonic circulation over the southwest corner. This cyclonic along‐slope current in the deep layer
generated an upslope VE across the lower interface along the meandering slope topography. The upslope VE
was distinctly larger along the steep western slope in Regions B and C with a total transport of 0.80 Sv in
summer and 0.42 Sv in winter. In Region E, over the southern basin, the upward VE was relatively weak
in summer (0.21 Sv) and intensified in winter (0.55 Sv). Overall, there was a net upward VE (0.87 Sv in sum-
mer and 0.56 Sv in winter) crossing the lower interface, which was stronger during summer with a larger
influx through the LS. The upward VE crossing the lower interface tended to strengthen the cyclonic flow
in the deep layer. It could have also enhanced the anticyclonic circulation in the middle layer if the net
VE across the upper interface was also favorable. The transport provided by the VE produced vertical vorti-
city flux in each layer to maintain the CAC circulation.

Figure 4. The CAC circulation pattern and net VE transport (Sv) among three layers in five regions (A–E) during (a) summer and (b) winter. Green, red, and blue
lines represent three isobath lines. The vertical arrows in different colors indicate the VE transport across the upper (750 m) and lower (1,500 m) interfaces in the
five regions. The solid red and blue lines with arrows are the transport trajectories in the upper, middle, and deep layers, schematically derived from the stream
function in Figures 2 and 3. Thicker lines represent stronger transports.
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3.3. Vertical Vorticity Flux

The VE across the upper and lower interfaces produced vertical vorticity flux in each layer and contributed
to the layered circulation adjacent to the interfaces (Figure 5), particularly in the semi‐closed middle and
deep layers. The upward transport crossing the upper/lower boundary of a specific layer could have induced
positive/negative vorticity in that layer by stretching/squeezing the layer, and vice versa. Although the basic
structure of the vertical vorticity flux was similar to the VE structure, the vertical vorticity flux magnitude
varied due to the meridional changes of the Coriolis parameter, f, and the VE contributed relatively
more/less to the CAC circulation in the northern/southern part of the basin (Figure 5).

At the upper interface (Figures 5a and 5b), the upward vorticity flux occurred in Regions A and E with a total
flux of 27.1 m3/s2 during summer, while the upward flux was mainly in Region B (24.6 m3/s2) during winter.
The downward vorticity flux was near MS (−17.0 m3/s2) in summer and near LS and MS in winter
(−43.1 m3/s2). Combining the upward and downward vorticity fluxes, the net vertical vorticity flux crossing
the upper interface was upward (12.3 m3/s2) in summer and changed to downward (−11.5 m3/s2) in winter.

At the lower interface, the cascading deep intruding water near LS had large f and generated a strong down-
ward vorticity flux (−23.2 m3/s2 in summer and−31.8 m3/s2 in winter). Inside the basin, associated with the
upslope VE along the meandering basin slope, the upward vorticity flux occurred over the western slope
(Regions B and C) and southern basin (Region E) and had a total upward flux of 30 m3/s2 in summer and
24.1 m3/s2 in winter. Overall, the net vertical vorticity flux across the lower interface was upward with a
stronger magnitude during summer (16.6 m3/s2) than winter (1.3 m3/s2), which maintained the
deep/middle layer cyclonic/anticyclonic slope current.

Unlike the circulation in the upper/deep layer that was affected only by the vertical vorticity flux crossing the
respective upper/lower interface, the vorticity fluxes crossing these two interfaces all affected the circulation
in the middle layer. During summer, the prevailing upward vorticity flux across the upper interface was
weaker than the flux that crossed the lower interface, which induced the net positive vorticity input for
cyclonic circulation in the deep layer and net negative vorticity input for anticyclonic circulation in the mid-
dle layer (Figure 6). Quantitatively, the vertical vorticity flux contributed little to the upper layer and was
equivalent to ~10% of the magnitude of the external planetary vorticity flux induced by the Kuroshio intru-
sion. In contrast, the contribution of the net vertical vorticity flux to the circulation in the semi‐closedmiddle
and deep layers had a magnitude about 40% of the total external planetary vorticity flux through LS.

During winter, the contribution of the downward vertical vorticity flux crossing the upper interface was still
about 40% of the external planetary vorticity flux to the circulation in the middle layer, which, however, had
a much smaller influence on the upper layer vorticity input (~3%) (Figure 6). Unlike in summer, the magni-
tude of the vertical vorticity flux crossing the lower interface was small because the intensified downward VE

Figure 5. Same as Figure 4, but for the horizontal CAC circulation pattern and vertical vorticity flux (vertical arrows, m3/s2).
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in the northern part of the basin, where there is larger f, provided a large enough vorticity flux to offset the
upward vorticity flux in the south. Thus, the net vertical vorticity flux crossing the lower interface was not
important to the basin‐scale circulation in the middle and deep layers during winter.

Clearly, during summer, the net vertical vorticity fluxes crossing both upper and lower interfaces had rela-
tively large magnitudes, but during winter, only the net flux crossing the upper interface was important.
Because external vorticity flux through several straits was relatively large in the upper layer, the vertical vor-
ticity flux had much significant influence on the circulation in the semi‐closed middle and deep layers.

4. Discussion

Based on the momentum balance in steady state, the horizontal velocity can be separated into three compo-

nents: −f k
!

× V
!

h geo¼−
1
ρ0
∇hP; −f k

!
× V
!

h adv¼−V
!

· ∇V
!

h ; −f k
!

× V
!

h vvis¼ ∂
∂z

Kv
∂V
!

h

∂z

 !
. To explore the

contributions of different processes to the VE in the CAC circulation, we separated VE into three parts
accordingly: the geostrophic component, VEgeo; nonlinear advection component, VEadv; and vertical viscos-
ity component, VEvvis.

VE zð Þ¼−∇h · ∫
z

−H Vh
�!

dz¼−∇h · ∫
z

−H V
!

h geo þ V
!

h adv þ V
!

h vvis

� �
dz: (3)

The geostrophic balance controls the basic basin circulation, and the ageostrophic component is stronger
near LS and MS where the current exchange has strong nonlinearity (Gan et al., 2006; Nan et al., 2011).
We thus divided the five regions of the SCS shown in Figure 4 into two groups. The first group was basin
Regions B, C, and E, where the strong slope current contributed most to the basin‐wide circulation. The sec-
ond group included Regions A and D under direct influence of external forcing. The total VE and the respec-
tive components in these two groups are shown in Figure 7 as a function of depth.

The vertical VE pattern inside the basin was dominated by the geostrophic component with
upward/downward motion above/below ~2,000 m in summer and winter (Figures 7a and 7b). In response
to the deep/middle layer cyclonic/anticyclonic slope current, the upward VE and VEgeo at the upper interface
was weaker than the upward VE at the lower interface inside the basin. The influence of the nonlinear

Figure 6. External planetary vorticity flux (m3/s2) through LS in the upper, middle, and deep layers during summer and
winter. The black dashed box indicates the contribution of vertical vorticity flux in each layer. Green open arrows
indicate the upward and downward flux crossing the upper (750 m) and lower (1,500 m) interfaces between adjacent
layers.
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component (VEadv) on the VE became stronger only within the upper ocean (above ~500m), and the effect of
VEvvis was relatively small.

Near LS and MS (Figures 7c and 7d), VEgeo generally leads to upward motion during summer, and it gener-
ated downward motion in the upper and middle layers, between 500 and 1,500 m, during winter. Along with
the geostrophic component, the ageostrophic VEadv contributed much of the downward VE in the water col-
umn, and the contribution of VEvvis was limited. However, the basic vertical variation of VE was still con-
trolled by VEgeo.

We focused on VEgeo inside the basin, where the slope current contributed most to the basin‐wide circulation
and linked with the large‐scale net VE. The VEgeo can be further interpreted as

−∇h · ∫
z

−H V
!

h geo

� �
dz¼−

1
f
∇ × ∫

z

−HPGF
��!

dz þ β
f
∫
z

−Hvgeodz¼− vb geoHy þ ub geoHx
� 	þ β

f
∫
z

−Hvgeodz: (4)

The two terms on the right side of Equation 4 represent the cross‐isobath geostrophic transport (CGTb) at the
bottom induced by the along‐isobath PGF at the bottom and the beta effect of the meridional geostrophic

Figure 7. Vertical profiles of VE, VEgeo, VEadv, VEvvis (m
3/s) in Equation 3 integrated over regions (a, b) inside the basin and (c, d) near LS and MS during

summer and winter.
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current below depth z. The upslope/downslope CGTb could generate an upward/downward VE over the
slope according to the bottom kinematic boundary condition, which was concurrently modified by the
beta effect.

Figures 8a and 8b show that the basic structure of the VEgeo(z) integrated inside the basin was chiefly gen-
erated by the CGTb during summer and winter. In the individual region in the basin, the CGTb also largely
controlled the basic region‐integrated VE pattern (figures not shown). At the upper interface, the net upslope
CGTb induced the upward VE, which weakened the anticyclonic and cyclonic slope current in the middle
and upper layers, respectively. At the lower interface, the upslope geostrophic transport in the deep layer
was mainly generated along the meandering deep western slope and over the southern basin, which induced
upward motion into the middle layer. Conversely, the upslope CGTb that crossed the lower interface
enhanced the cyclonic and anticyclonic slope current in the deep and middle layers, respectively. The
upslope CGTb crossing the lower interface was stronger than the CGTb crossing the upper interface, which
indicated that the anticyclonic along‐slope current in the middle layer formed the downslope CGTb and off-
set part of the upward VE coming from the deep layer.

Figure 8. Vertical profiles of VE, VEgeo, and CGTb (m
3/s) integrated over the regions inside the basin during (a) summer and (b) winter. (c, d) Same as (a) and (b),

but for the major terms in the depth‐integrated vorticity dynamics of Equation 5.
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Based on depth‐integrated vorticity dynamics (Gan et al., 2013), the formation of CGTb can be illustrated as

CGTb ¼ −
1
f
∇ × ∫

0

−HPGF
��!

dz ¼ 1
f
∇ × ∫

0

−HADVdz

zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{Ω_ADV

−
β
f
∫
0

−Hvdz|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Ω BETA

þ 1
f
∇ ×

τ!s

ρ0

zfflfflfflfflffl}|fflfflfflfflffl{Ω WSC

−
1
f
∇ × τ!b

ρ0
Ω BSC

:|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl} (5)

The CGTb is induced by nonlinear advection, the beta effect, surface wind stress curl (WSC), and bottom fric-
tion curl, respectively. The curl of the horizontal viscosity is included in the nonlinear advection term for
simplicity.

Because VEgeo(z) integrated inside the basin was controlled by the CGTb in the area with depth >z
(Figures 7a and 7b), we obtained the respective processes contributing to CGTb by integrating Equation 5

Figure 9. The conceptual schematic figure summarizes the three‐dimensional circulation and VE in SCS during (a) summer and (b) winter.
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in the same area. Our results are shown in Figures 8c and 8d. The figures show how CGTb formed, which
largely determined the basic net VE pattern inside the basin. During summer (Figure 8c), the beta effect
and nonlinear advection of basin circulation mainly induced the net upslope CGTb crossing the interfaces.
At the upper interface, the beta effect and nonlinear advection contributed to the upslope CGTb, while the
WSC played a negative role. At the lower interface, the contributions of the nonlinear advection and WSC
were limited, and the positive beta effect contributed the most to the upslope CGTb.

During winter (Figure 8d), the formation mechanism of CGTb inside the basin varied. The WSC and beta
effect had larger magnitudes but opposite signs. The magnitude of the nonlinear advection was relatively
small but generally had a similar vertical pattern to VE. The joint effect of the WSC, the beta effect, and
the nonlinear advection determined the basic vertical pattern of CGTb and the corresponding VE crossing
the lower and upper interfaces. At the upper interface, the intensified winter wind forcing provided positive
WSC and the corresponding northward transport in the water column over the interior basin. The positive
WSC and negative beta effect induced CGTb for the upslope and downslope motions, respectively. At the
lower interface, the WSC and the beta effect also had opposite signs that offset each other, and the positive
nonlinear advection contributed to the CGTb for upslope motion. Thus, although the magnitude of the posi-
tive nonlinear advection was relatively small, it largely determined the intensity of the CGTb at two inter-
faces for the net upslope motion.

5. Summary

The coupled dynamics of the external layered fluxes through LS and the internal vertical flux form and sus-
tain a three‐layer CAC circulation in the SCS. The internal VE, in response to the external flux, plays an
important role in regulating the slope current structure that sustains the basin circulation. Yet we know little
about the internal vertical flux in the SCS basin. Using the results from CMOMS, this study investigated the
spatiotemporal structure of the internal VE crossing the upper (750 m) and lower (1,500 m) interfaces that
separate the CAC circulation into the three layers (Figure 9). We characterized the VE in the CAC circula-
tion, illustrated the vertical coupling between the neighboring layers, and explored the underlying
dynamics.

The relatively strong VE occurred mainly over the basin slope, because of the interaction between the slope
current and the meandering bottom topography. Additional VE‐active region located near the LS under the
influence of the external exchanging flows. At the upper interface, there was a net upward transport of
0.50 Sv during summer, which weakened the cyclonic/anticyclonic circulation in the upper/middle layer.
The opposite situation occurred during winter when there was a net downward transport of 0.29 Sv. At
the lower interface, the VE had relatively large magnitude compared to that across the upper interface.
Overall, there was a net upward VE (0.87 Sv in summer and 0.56 Sv in winter) crossing the lower interface,
which was stronger during summer due to a larger influx through LS.

The transport of the VE produced vertical vorticity flux in each layer to maintain the CAC circulation, par-
ticularly in the semi‐closed middle and deep layers. But it had much smaller influences on the upper layer
because external vorticity flux through several straits was relatively large. During summer, the prevailing
upward vorticity flux crossing the two interfaces induced the net positive/negative vorticity input for the
cyclonic/anticyclone circulation in the deep/middle layer, which accounted for ~40% of the total external
planetary vorticity flux. During winter, the net downward vertical vorticity flux crossing the upper interface
was still equivalent to ~40% of the external planetary vorticity flux in the middle layer. While at the lower
interface, the magnitude of the vertical vorticity flux was much smaller than the upper interface.

VE was mainly caused by the CGTb along the meandering slope in the basin, in response to the external flux
through LS and to wind forcing. Generally, the upslope CGTb from the deep layer along the meandering
deep slope induced upwardmotion across the lower interface inside the basin, predominantly along the wes-
tern slope where there are a steep slope and strong along‐slope current. In contrast, the anticyclonic
along‐slope current in the middle layer formed the downslope transport and offset part of the upward VE
from the deep layer. Near MS and LS, under the direct influence of external forcing, the geostrophic compo-
nent affected the basic vertical profile pattern of VE, and the nonlinear advection component contributed a
great deal to the net downward VE.
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Vorticity dynamics revealed that, in summer, the bottom along‐isobath pressure gradient that induced CGTb
inside the basin was mainly provided by the beta effect and nonlinear advection of the background basin cir-
culation. TheWSC generally had a negative effect. In winter, theWSC and beta effect had opposite signs that
offset each other because of the Sverdrup balance, and the nonlinear advection dominated the basic vertical
variation pattern of VE.

Data Availability Statement

The data used in this study are derived from China Sea Multi‐Scale Ocean Modeling System (CMOMS,
https://odmp.ust.hk/cmoms/) based on Regional Ocean Modeling System (https://www.myroms.org/).
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