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In the South China Sea (SCS), an alternating cyclonic-anticyclonic-cyclonic (CAC) circulation is recognized in the
upper-middle-deep layers based on the principle of Stokes theorem. The CAC circulation is driven extrinsically
by the East Asia monsoonal winds, a vertical sandwich-like inﬂow-outﬂow-inﬂow through Luzon Strait (LS) and
intrinsically by the slope current-topography interaction. The understandings on the formation mechanisms of
CAC circulation have been achieved based on diﬀerent principles, and the physically solid interpretation on the
CAC circulation need to be further clariﬁed. In this paper, we review diﬀerent dynamic perspectives from recent
researches that describe the combined eﬀects of surface wind forcing, lateral external forcing, and the intrinsic
coupling among diﬀerent layers. Our aim is to obtain a consistent understanding of the dynamics of the circulation in the SCS. The CAC circulation forms largely from the planetary vorticity ﬂux that is extrinsically
induced by the inﬂow-outﬂow-inﬂow through LS, which is predominantly balanced by the interaction between
the CAC ﬂow and bottom topography. Inside basin, the vertical motion dynamically links the circulation in three
layers, and its spatial pattern has a strong impact on the basin circulation, particularly in the middle and deep
layers. Vertical coupling of the layers occurs mainly over the slope because of the cross-slope motion due to
interaction between strong slope current and topography. The internal layered circulation and intensiﬁed
mixing, in turn, aﬀect and maintain the layered current structure in LS. Based on the review of the forcing
mechanisms, we oﬀer perspectives for further investigations.

1. Introduction
The South China Sea (SCS) is the largest marginal sea in the tropics
with a total area of 3.5 × 106 km2. It covers the region from the equator
to 23° N and from 99° E to 121° E (Fig. 1). The central deep basin orients
southwest to northeast and is bordered by two broad shelf regions in the
north and south. The northern shelf locates to the south of China and
extends southwestward from Taiwan to ~ 13° N. The southern shelf
includes the Gulf of Thailand and Sunda Shelf between the Malay Peninsula and Borneo. There are no shelf regions in the eastern and
western parts of the SCS, but with steep continental slope.
The SCS connects to the East China Sea through Taiwan Strait, to
the Paciﬁc Ocean through Luzon Strait (LS), to the Sulu Sea through
Mindoro Strait, and to the Java Sea through Karimata Strait (Fig. 1). Of
all the channels connecting the SCS to a surrounding sea, LS is the only
deep water channel (~2500 m). Mindoro Strait is narrow with a sill
depth of ~ 400 m, while Taiwan Strait and Karimata Strait are shallower than 100 m. This unique topography deﬁnes the SCS a semi-
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enclosed nature, which largely governs regional ocean dynamics of the
SCS (e.g., Shaw and Chao, 1994; Xue et al., 2004; Liu et al., 2001; Yang
et al., 2002; Gan et al., 2006) and of other marginal seas around the
world.
The circulation in the SCS is largely driven by the East Asian
monsoon and layered external ﬂows from adjacent seas. These extrinsically forced currents interact with the slope topography and
jointly determine the ﬂow characteristics. The seasonal wind forcing is
northeasterly in winter and has positive wind stress curl (WSC) prevails
over the SCS basin (Liu and Xie, 1999). In summer, the wind forcing
changes to southwesterly direction and WSC exhibits a dipole structure
where positive/negative WSC is in the northern/southern part of basin.
In addition to the seasonal surface wind, the forcing by the timedependent, three-dimensional water exchanges between the SCS and
the adjacent oceans critically shape the circulation’s characteristics.
Fig. 2 shows how the transport through the straits around the SCS are
spatiotemporally linked with each other and with the circulation in the
SCS. Transport through LS provides the strongest external forcing for
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Fig. 1. Schematic annual mean CAC circulation in the South China Sea. Color contours represent bathymetry (m). LS: Luzon Strait; TS: Taiwan Strait; MS: Mindoro
Strait; and KS: Karimata Strait.

Fig. 2. Time series of depth-integrated transport (Sv) and depth-dependent mass ﬂux (106 m2 s−1) through the straits around the China Seas (CS) and across the
shore-side boundary (SSB) of the Kuroshio in the East China Sea. Each strait/SSB is indicated by a speciﬁc color bar and the result for each strait is shown in a box of
the corresponding color. The background contours in the CS domain represent the annual mean transport stream function in the upper 750 m. The positive value
refers to northward ﬂows in Taiwan, Karimata, and Tsushima Straits, outﬂows in the Luzon and Mindoro Straits, and seaward ﬂow along the SSB. The pink line
represents the 200 m isobath. From Gan et al. (2016b). (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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southern margins, respectively. Similarly, the analysis by Shu et al.
(2014); based on HYCOM) and an analysis of GDEM data by Zhu et al.
(2017) ﬁnd that the current ﬂows anti-cyclonically and cyclonically
along the basin slope in the middle and deep layers.
The characteristic and detailed spatial pattern of the SCS circulation
has been reviewed in literature but most articles focused on the circulation in a speciﬁc layer or certain phenomenon without looking at the
layered circulation holistically within the full water column (e.g., Qu
et al., 2009; Fang et al., 2012; Hu et al., 2000; Su, 2004, Liu et al., 2008;
Tian and Qu, 2012; Wang et al., 2016). Recently, Zhu et al. (2019)
overview the circulation in the SCS layer by layer and outline some
possible forcing mechanisms. However, this work emphasizes mainly
on the characteristics of the circulation in each layer and do not physically clarify the relationship and discrepancies among diﬀerent mechanisms, which is crucial to advance our knowledge on the dynamics
realization of circulation in the SCS. Similarly, Wang et al. (2019) review the internal wave, internal tide and solitary waves in SCS and their
inﬂuences in the mixing and CAC circulation, but still do not integrate
various forcing mechanisms during the formation and sustenance of the
CAC circulation. In addition, the vertical partitions of the circulation
have not been physically validated. Thus, the vertical structure and the
intensity of the CAC circulation still need to be physically clariﬁed.
The knowledge of the CAC dynamics is crucial to understanding and
validating the circulation. From the past studies, the theoretical understandings on CAC circulation have been achieved that the threelayer inﬂow-outﬂow-inﬂow through LS induces the positive-negativepositive vorticity ﬂux in the respective layers to form the CAC circulation, which, however, are developed from diﬀering principles and
explain the basin circulation from diﬀerent perspectives. The sign of the
vorticity/potential vorticity (PV) ﬂux induced by the inﬂow varies in
diﬀerent studies, in this review the inﬂux of vorticity/PV is deﬁned as
positive. Thus, we still require a physically consistent understanding of
the layered circulation in the SCS. Moreover, the coupled dynamics
between the intrinsic processes and external forcing in the CAC circulation are still not well understood and is an on-going research topic.
In this paper, we review and discuss the identiﬁcation of layered
circulation, the theoretical understanding of the forcing mechanisms,
and the relationships and discrepancies among the diﬀerent approaches. Our objective is to obtain a consistent understanding of the
dynamics of the circulation in the SCS. The paper is organized as follows: Section 2 discusses the vertical partition of the CAC circulation;
Section 3 reviews the driving mechanisms of the CAC circulation and
discusses the relationship and discrepancies; Section 4 discusses the
vertical coupling among diﬀerent layers; and, ﬁnally, Section 5 provides conclusions and future prospects.

the basin’s circulation. Based on long-term observations, LS transport is
estimated as 3 to 6.5 Sv (e.g. Chu and Li, 2000; Qu et al., 2000; Liang
et al., 2003; Su, 2004; Yaremchuk and Qu, 2004; Nan et al., 2013) and
simulated values vary between 0.6 and 10.2 Sv (e.g., Lebedev and
Yaremchuk, 2000; Metzger, 2003; Song, 2006; Yaremchuk et al., 2009;
Zhao et al., 2009), as summarized in Hsin et al. (2012) and Nan et al.
(2015).
The simulation by Gan et al. (2016b) estimates the coherently
linked transports through four straits surrounding the SCS. They ﬁnd
that LS has a ~ 5.5 Sv westward intrusion (annual mean and water
column-integrated) into the SCS from the Paciﬁc Ocean. Then, conveyed by the slope of the SCS, ~1.2 Sv of the intrusive transport exits
the basin through Taiwan Strait in the north, ~1.16 Sv exits through
the Karimata Strait, and ~ 3.2 Sv exits through the Mindoro Strait in
the south. The transport in LS shows strong seasonality, in which the
inﬂow/outﬂow is weaker in summer and stronger during the other
seasons. The variation of the transports is associated predominantly
with the variable strength of the Kuroshio separation at the entrance of
LS (e.g., Qu, 2000; Qu et al., 2005; Wang et al., 2006a, 2006b, 2006c;
Gan et al., 2006; Wu and Hsin, 2012; Hsin et al., 2012) and with the
interaction between the transports through the straits and the SCS
circulation (Gan et al., 2016a).
The ﬂux through LS has a prominent vertical sandwich-like structure which is seen in ﬁeld observations and numerical model simulations (e.g. Chen and Huang, 1996; Tian et al., 2006; Fang et al., 2009;
Yang et al., 2010; Zhang et al., 2010; Hsin et al., 2012; Nan et al., 2013;
Gan et al., 2016a, 2016b). Paciﬁc Ocean water intrudes into the SCS
from upper and deep layers and the SCS water ﬂows out of basin in the
middle layer. It is conceivable that this sandwich structure is responsible for the layered circulation within the SCS because of vorticity
inﬂux or outﬂux.
The upper layer circulation in the SCS has been widely investigated
using observed data (e.g. Wyrtki, 1961; Shaw et al., 1999; Qu, 2000; Ho
et al., 2000; Xie et al., 2013; Wang et al., 2006a, 2006b, 2006c; Rong
et al., 2007; Cai and He, 2010) and numerical models (e.g., Bayler and
Liu, 2008; Cai and Gan, 2017; Chern and Wang, 2003; Fang et al., 2005,
2009; Gan et al., 2006; Metzger and Hurlburt, 1996; Qu et al., 2004;
Wei et al., 2016; Wu et al., 1998; Xue et al., 2004; Yang et al., 2002;
Gan and Qu, 2008). The upper layer circulation has an annual mean
cyclonic circulation pattern where there is a large cyclonic gyre in
winter with a southwestward current along the continental margin in
the northern and western part of basin. In summer, the circulation
exhibits two kinds of patterns (Quan et al., 2016). In some studies, the
upper layer shows basin scale anticyclonic circulation during summer
(e.g. Chu et al., 1999; Xue et al., 2004; Fang et al., 2009), while other
studies reveal a dipole structure with an cyclonic/anticyclonic gyre in
the northern/southern basin (e.g., Su et al., 2004; Wang et al., 2006a,
2006b, 2006c; Cai et al., 2007; Quan et al., 2016; Gan et al., 2016b).
The seasonal monsoonal winds and Kuroshio intrusion contribute to the
annual mean cyclonic circulation pattern in the upper layer, but their
relative importance and detailed mechanisms are not well-understood.
In the middle and deep layers, the characteristics of the circulation
are poorly understood except for some qualitative or partially quantitative conjecture because of the lack of direct observations (Tian and
Qu, 2012), and current knowledge is mainly based on numerical simulations and the limited observation data. The simulation by Yuan
(2002) shows that there is a northward western boundary current
centered at 500 m depth and a southward ﬂow centered at 1000 m.
Based on the mean of 18 years of output, Xu and Oey (2014) depict a
robust vertically-averaged anticyclonic boundary circulation between
570 m and 2000 m depths, and below 2000 m, the circulation is cyclonic in the north and anticyclonic in the south. Based on temperature
and salinity data from the U.S. Navy Generalized Digital Environment
Model (GDEM), Wang et al. (2011) illustrate that a deep cyclonic circulation exists from about 2400 m to the bottom with westward,
southward, and eastward currents along the northern, western, and

2. The vertical partitions of the CAC circulation
The layered CAC circulation pattern in the SCS is well-recognized in
the literature, but much of the research focused on the horizontal circulation at a speciﬁc depth or on a vertical transect oﬀ the western
boundary. Moreover, these studies did not provide a holistic perspective of the structure or the pathways of the ﬂow in the three-dimensional CAC (e.g. Yuan, 2002; Li and Qu, 2006; Shu et al., 2014; Zhu
et al., 2017).
The numerical study by Yuan (2002) illustrates that the southward
western boundary current is centered at 200 m and 1100 m depths, and
the northward current is centered at 500 m depth. The vorticity balance
of the circulation is between the vortex stretching and the meridional
change of the planetary vorticity. Similar results are presented by other
numerical simulations (e.g. Xu and Oey, 2014; Shu et al., 2014), most of
which identify the circulation in the basin based on eye views of the
localized vortex or the western boundary current. The deﬁnitions of the
circulation in those numerical studies are arbitrary and deterministic,
and the vertical partition of the CAC circulation cannot be quantitatively identiﬁed.
3
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Fig. 3. Conceptual diagram of the vorticity, ξ, and basin circulation, Γ, in geopotential (with subscript z) and isopycnal (with subscript ρ) levels. ξρz represents the
vertical component of the relative vorticity (ξρ ) in the isopycnal level.

three layers are similar; for example, separated by 500 m and 1700 m in
Li and Qu (2006) and by 570 m and 2000 m in Xu and Oey (2014).
Fig. 4 also displays the seasonality of the CAC circulation. The cyclonic circulation in the upper layer is stronger in winter driven by
northeasterly wind forcing with positive WSC and a stronger winter
Kuroshio intrusion (e.g., Qu, 2000; Gan et al., 2006). However, the
upper layer circulation in summer features a dipole pattern, thus the
domain-integrated positive vorticity is relatively small. It also illustrates that the thickness of the upper layer circulation is thinner in
summer and thicker in winter. Unlike the ﬂow pattern in the upper
layer, the anticyclonic and cyclonic circulations in the middle and deep
layers are more intense in summer than in winter. Furthermore, the
location of the middle layer is shallower in summer than in winter.
The basin circulation can also be interpreted using isopycnal level
and the circulation over isopycnal surfaces is physically sensitive to
depict the forcing mechanisms of the CAC circulation. Previous studies
in SCS have attempted to provide the basic velocity pattern in density
level. For example, according to calculated the θ/S and σθ /S diagrams,
Wei et al. (2016) deﬁne the subsurface, intermediate, and deep layers of
the isopycnal surfaces as 25.0 σθ , 26.7 σθ , and 27.6 σθ , respectively.
Similarly, Zhu et al. (2017) derive the geostrophic velocity from
GDEM3.0 hydrographic data and interpret the sandwiched circulation
in density layers. Zhu et al. (2017) separate three layers by the 26.4 σθ
and 27.62 σθ , which is based on the meridionally averaged zonal velocity in LS and calculated the layered-averaged vorticity in the three
density layers. The density layer averaged circulation patterns are calculated in those studies, however, the quantitative and physically valid
vertical proﬁle of basin circulation as a function of potential density has
not been provided in the SCS research now.
As illustrated in Fig. 3, to depict layered circulation using isopycnal
surfaces and Stokes theorem, the vertical vorticity (ξρz ) needs to be
converted to the vorticity perpendicular to an isopycnal surface (ξρ ). As
a result, Γρ represents the circulation over the “averaged” isopycnal
surface. Because the depth of the isopycnal surface tilts against the
geopotential surface and changes over the basin, Γρ and ξρ do not have a
consistent direction in the basin within the diﬀerent isopycnal levels,
and they may exhibit diﬀerent patterns from that in the geopotential
level. Thus, Γρ deﬁned over the isopycnal surface might not represent
the layered horizontal circulation because it includes the circulation
from other directions (Fig. 3).

For basin-scale rotational circulation, a more physically valid explanation of circulation direction is based on Stokes theorem:

Γ=

→

◯ζdA,
∮ V dl = ∫∫

(1)

→
where Γ is the basin circulation; V is the velocity vector; and ς is vertical relative vorticity normal to A, which is the area of the inner basin.
Because the contribution to the CAC circulation is composed by the sum
of organized, but diﬀerent, circulation hotspots over the basin, Γ may
be qualitatively and quantitatively diﬀerent from a subjective identiﬁcation based on a top view of the ﬂow ﬁeld.
Eq. (1) provides a physically valid way of quantifying the intensity
and structure of the layered circulation in the SCS. The layered circulation at each geopotential level that satisﬁes Stokes theorem (Γz in the
vertical direction in Fig. 3) is calculated so that the vertical structure
and intensity is known. Using Eq. (1), Gan et al. (2016a) ﬁrstly provide
a vertical proﬁle of the rotating CAC circulation in the SCS. Fig. 4 shows
that the three layers in the CAC are vertically separated by the 750 m
and 1500 m depths. Previous estimates of the vertical partition of the

Fig. 4. Domain-averaged annual- and seasonal-mean vorticity as a function of
depth from (a) model results and (b) annual-mean geostrophic current velocities derived from GDEM hydrographic data. Green (negative) and purple
(positive) bars are the averaged vorticity in the speciﬁc layers. From Gan et al.
(2016a). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
4
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3. Driving mechanisms of CAC circulation

possibly through maintaining the eastward density gradient across the
deep layer of LS (Qu et al., 2006). Inside the basin, tidally-induced
energy dissipation, ampliﬁed over a rough slope topography with
complicated seamounts and canyons in the northern SCS (Chang et al.,
2006), is one of the key mechanisms that alter the cross-layer exchange
of momentum and water masses and the vertically interlinked CAC
circulation in the northern SCS (Liu and Gan, 2017). The complex slope
topography causes the variability of the internal tide’s energy dissipation rate and the associated turbulent mixing in the SCS (Wang et al.,
2016).
Regional high-resolution numerical simulations are used to investigate the overall characteristics and behavior of barotropic and
baroclinic tides (e.g. Jan et al., 2008; Niwa and Hibiya, 2004; Alford
et al., 2015). Zu et al. (2008) propose that the response of the tides in
the SCS are critically determined by the propagating direction of tides
in the NPO and regional geometry and topography. Fang et al. (1999)
draw a similar conclusion. The prominent sill-like topography in LS
enhances conversion of barotropic tidal energy to baroclinic modes
(e.g. Niwa and Hibiya, 2004; Jan et al., 2008). Because baroclinic
processes or background ﬂow, like the Kuroshio and the CAC circulation, are removed in the most numerical tidal simulations, those simulations are not holistically conﬁgured to resolve the complete dynamics of the background ﬂow or the barotropic and baroclinic tides
(Guo and Chen, 2014).
The importance of the multi-scale background ﬂow, especially the
Kuroshio, in altering the behavior of the internal tides and diapycnal
mixing in the SCS is recently re-emphasized by many researchers such
as Jan et al. (2012), Yang et al. (2014), Alford et al. (2015), and Liu
et al. (2015). The Kuroshio intrusion in LS can regionally elevate the
diapycnal diﬀusivity in the mixed layer and the pycnocline with its
augmented shear instability (Yang et al., 2014), and strengthen the
internal tides during winter (Liu et al., 2015). Alford et al. (2015) also
found that the Kuroshio noticeably refracts the internal wave ﬁeld
emanating from LS, and profoundly alters the inclination angle and
propagation path of internal tides in the SCS. However, due to a poorly
simulated Kuroshio and CAC circulation, the inﬂuence of the Kuroshio
on the internal tides is still not well-resolved, as summarized by Guo
and Chen (2014). Thus, the interaction of tidal and sub-tidal dynamics
in the SCS layered circulation is still an open question.
In the simulation of tidally- and subtidally-driven circulation in the
SCS, the tidal and sub-tidal forces are imposed inconsistently along the
open boundary of the computational domain. The prescribed elevation/
current along the open boundary is known to worsen the tidal and subtidal ﬂows, although this kind of conﬁguration is widely used. By decomposing the disturbances imposed by tidal and sub-tidal forces, Liu
and Gan (2016) propose a possible solution by implementing a novel
open boundary condition in the Regional Ocean Modeling System
(ROMS). Their scheme plays a critical role in reconstructing the sensible
circulation for both tidal and sub-tidal components in the China Sea
Multi-Scale Ocean Modeling System (CMOMS, https://odmp.ust.hk/
cmoms/) by Gan et al. (2016a and 2016b).

3.1. External forcing
External forcing from winds, tides, and the intrusion of the Kuroshio
through LS are critically important to the SCS layered circulation. While
the eﬀects of wind forcing are relatively well-known, uncertainties remain about the inﬂuences of the tides and the intrusion of the Kuroshio.
The intrusion is closely linked to the current system in the tropical
western Paciﬁc Ocean that involves the North Equatorial Current (NEC)
and its downstream components, the Kuroshio Current (KC) and
Mindoro Current (MC). This section details the eﬀects of tidal mixing
and the KC intrusion on the SCS circulation
(a) NEC-KC-MC system in the tropical western Paciﬁc system
In the Western Paciﬁc Ocean, the NEC ﬂows westward from 8°N to
18°N with the center located around 13°N under the prevailing easterly
trade wind. Vertically, the bottom of the NEC reaches ~ 500 m and
deepens poleward. It carries ~ 50 Sv of water into the warm pool and
feeds into the mid-latitude and equatorial regions through the KC and
MC, respectively (e.g., Nitani, 1972; Qiu and Lukas, 1996; Qu et al.,
1998; Toole et al., 1988; Toole et al., 1990). The KC and MC are the
warm, deep, swift western boundary currents downstream of the NEC.
Their annual mean volume transports exceed 20 Sv with the MC being
stronger than the KC (e.g., Kashino et al., 2009; Qiu and Lukas, 1996;
Qu et al., 1998; Tozuka et al., 2002; Wijﬀels et al., 1995; Gan et al.,
2016b).
The seasonal variation of the NEC-MC-KC system has been investigated widely. The strength of the KC determines the heat and water
distribution at mid-latitudes, which is critical to the circulation in SCS.
Generally, the NEC is strong in spring/summer and weak in autumn
(e.g., Gan et al., 2016b; Qu et al., 1998; Tozuka et al., 2002; Yaremchuk
and Qu, 2004). Meanwhile, the NEC bifurcation stays in the south in
spring/summer and shifts northward in autumn (e.g., Kim et al., 2004;
Qu and Lukas, 2003). The stronger NEC and southward movement of
the bifurcation result in an intensiﬁed KC in spring and summer and a
weaker KC in autumn.
As the KC encounters LS, the KC’s main ﬂow passes through the
strait and partially intrudes into the SCS at Balintang Channel (Chern
and Wang, 1998; Liang et al., 2003; Gan et al., 2006). The net intrusive
transport and ﬂow patterns closely link to the strength of the upstream
KC (e.g. Caruso et al., 2006; Gan et al., 2016b; Nan et al., 2015). Like
the main KC’s intensity, KC intrusion exhibits a seasonality that it is
strong in winter and weak in summer. It is suggested that the weak
intrusion in summer is due to the stronger main KC (Caruso et al., 2006;
Gan et al., 2006). While in autumn and winter, the weaker KC leads to
an anti-cyclonic looping current that penetrates the SCS before returning to the main KC, which provides more intrusive water (Caruso
et al., 2006).
(b) Tidal forcing and mixing

3.2. Adjusting and establishing the upper layer circulation
The SCS has extensive internal tides (Kantha and Tierney, 1997) and
tidal mixing. The estimated internal tidal energy ﬂux generated in LS
and radiating into the SCS is 7 to 10 GW (e.g. Jan et al., 2008; Niwa and
Hibiya, 2004; Tian et al., 2009; Alford et al., 2015). Most of the imported energy eventually dissipates in the SCS (Zhao, 2014) and notably ampliﬁes the turbulent mixing (Alford et al., 2015). It is observed
that the turbulent mixing rate in the SCS is several orders of magnitude
larger than that in the North Paciﬁc Ocean (NPO) (Tian et al., 2009;
Wang et al., 2016; Yang et al., 2019). The turbulent mixing intensity
increases with depth and reaches on the order of 10−2 m2 s−1 in the
deep layer (Yang et al., 2016). The contrasting intensity of the mixing in
the deep waters on both sides of LS drives the water exchange between
the SCS and the NPO (e.g. Zhao et al., 2014; Wang et al., 2017),

Seasonal wind forcing largely drives the upper layer SCS circulation
and its seasonality. In the open ocean, the basin achieves Sverdrup
balance when the forced Rossby wave plus the free Rossby wave balance the WSC (Anderson and Gill, 1975). For the circulation dynamics
in the upper layer of the SCS, due to the relatively small basin size, the
planetary wave crosses the SCS basin within 1 to 4 months at wave
speeds of 10 to 40 cm/s. The corresponding relatively short thermocline
adjustment time implies that local variability does not dominate over
the forcing at annual scales. Instead, the response of forced planetary
wave to the seasonal wind forcing degenerates to a quasi-steady state.
When a wind stress is imposed over the SCS, the barotropic Rossby
waves rapidly cross the basin in several days and leave a barotropic
5
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Sverdrup ﬂow (Pedlosky, 1996) with little vertical shear:

→
τ
β ∂x Ψ = ∇ × ⎜⎛ s ⎟⎞,
ρ
⎝ 0⎠

patterns of basin circulation and has been applied in studies to understand the circulation in the SCS, especially in the deeper layers (e.g.
Yuan, 2002; Zhu et al., 2017; Zhou et al., 2017). The deep intrusion
from LS can be regarded as the mass source and is balanced by an
upward mass ﬂux (advection and mixing processes), thus the deep basin
should have a relatively strong southward western boundary current
with a northward interior ﬂow in the central basin. Following this
theory, Yuan (2002) shows the balance between the vertical vortex
stretching and the vorticity induced by the movement within the pladw
netary vorticity gradient; that is, f dz = βv . This balance holds for the
majority part of the water column in a central basin region.
However, the simpliﬁed theory described by Eq. (4) ignores the
nonlinear advection and frictional eﬀects. The equation helps to understand the circulation pattern in a closed basin, but it cannot provide
the full dynamics of the SCS basin circulation in response to external
forcing of the mass source/sink.

(2)

where Ψ is the total transport streamfunction for ﬂows integrated over
the entire water column. Then after the ﬁrst baroclinic wave crosses the
basin, the abyssal ﬂow diminishes and the transport concentrates only
in the upper ocean. Consequently, the complete Sverdrup relationship
in Eq. (2) reduces to the upper ocean baroclinic Sverdrup balance:

βHvg = fwe

(3)
→
where vg is the thermocline ﬂow, and we = ∇ × ( τs / ρ0 f ) is the Ekman
pumping velocity. Now, the ﬂow is strongly baroclinic and the resulting
baroclinic sea surface height is the dominant component. The ratio
between the baroclinic ﬂow and the barotropic ﬂow is estimated by D0/
H, where D0 is the depth of ocean bottom, and H is the mean thermocline depth. This interpretation is supported by the results of a reducedgravity ocean model in a closed basin (Cessi and Louazel, 2001). With
time-dependent wind forcing, the reduced-gravity model shows that the
ocean has an ampliﬁed response with a period equivalent to the transit
time required for a long Rossby wave to cross the basin.
In addition to the Rossby waves, the abyssal circulation shows
propagating Kelvin waves as a response to deep water formation (e.g.
Kawase, 1987; Cane, 1989). Similarly, the spin-up and adjustment of
the upper layer circulation respond to the forcing with cyclonically
propagating Kelvin waves along the basin boundary as well with periods less than a few months (e.g. Yang, 1999; Johnson and Marshall,
2002; Marshall and Johnson, 2013). When travelling along the eastern
boundary, it radiates the Rossby waves that propagate westward into
the interior. In the SCS, the model simulation (Wang et al., 2003) describes the similar Kelvin wave propagation during the establishment of
upper layer circulation.
The above studies focus on the region’s dynamics respond to wind
forcing in the SCS. They elucidate how the upper layer circulation adjusts to wind forcing but ignore the external forcing through LS. The
sensitivity experiments by Liu et al. (2001) show that the inclusion of
the Kuroshio intrusion improves the simulated SSH anomaly in the
northern SCS. Xu and Oey (2015) illustrate that the LS intrusion accounts for 38% of SSH variability in the northern SCS, and the intrusion
alters the forced Rossby wave response. Without includion of the intrusion, westward propagation of the Rossby wave would be too fast
and results in an incorrect dynamic balance and erroneous annual SSH
variability in the northern SCS.

3.4. Potential vorticity conservation constraint
Above discussion provides a useful theoretical framework for understanding the circulation patterns in the SCS but focuses on the
particular processes without addressing the details of the layered circulation. It cannot link diﬀerent forcing factors nor quantiﬁed the
coupling dynamics of the internal processes and external forcing in the
CAC circulation.
Following the work of Stommel and Arons (1959) and Kawase
(1987), Yang and Price (2000) further develop the theory of the source/
sink driven circulation and obtain PV constraints based on a one-layer
reduced gravity momentum equation:
N

∑

Hi

i=1

= −λ

→

uh l ) ds
∮c (→

(5)

where Qi is the volume transport through the straits of the basin. fi and
Hi are the Coriolis parameter and the mean layer thickness at the i-th
opening. λ is the Rayleigh friction coeﬃcient. →
uh = (u, v) is the hor→
izontal velocity vector. l is the unit vector tangential to the lateral
boundary. Eq. (5) indicates that, in steady state, the net PV inﬂux
through the straits into a density layer is balanced by friction-induced
PV dissipation. Thus, the net inﬂux/outﬂux of PV generates cyclonic/
anticyclonic basin circulation with negative/positive friction curl. By
adding terms that represent the frictional eﬀect on the surface, the WSC
is included. Thus, the bottom friction dissipates the net PV inﬂux and
the WSC input in the upper layer:

→
→
τ
(→
uh l ) ds
+ ∇ × ⎜⎛ s ⎟⎞ = −λ
c
Hi
(6)
⎝H⎠
i=1
→
where τ is the surface wind stress. Eq. (6) illustrates the basic response
N

3.3. Source-sink driven abyssal circulation

∑

Stommel and Arons (1959) investigate the abyssal ﬂow pattern
driven by a mass source-sink distribution. They sketch the ﬂow patterns
for various source/sink distributions and meridional and zonal
boundary conditions based on the linearized dynamical equation of a
homogeneous layer of ﬂuid:

Qi fi

∮

s

of basin circulation to external forcing and can identify the direction of
circulation in the upper layer. In the SCS, Eq. (5) is adopted to investigate the formation of deep layer circulation and its seasonality (e.g.
Lan et al., 2013; Xu and Oey, 2014; Lan et al., 2015). However, Eq. (5)
is for a single layer, and it ignores the linkages among diﬀerent layers
that are important for maintaining the CAC circulation (see Section 4).
It should be noted that when applying this PV constraint, the friction
term in Eq. (5) may not reﬂect the net interfacial stress, particularly in
the vertical alternating three layer circulation in the SCS.
Similarly, based on Pedlosky (1998), Zhu et al. (2017) derive the
potential vorticity equation using four-and-a-half-layer quasi-geostrophic model in density layer (Fig. 5) to explore the contribution of the
lateral PV ﬂux on the layered circulation in the SCS:

⇀

→ ⇀
∂VH
+ f k × VH = −g∇H η
∂t
⇀

⎛ ∂η + Q⎞ + ∇H ·(hVH ) = 0
⎠
⎝ ∂t

Qi fi

(4)

where η is the displacement of the free surface and Q is the upward
passage of water through the free surface. In a steady state, the solution
⇀

of VH and η are obtained from the given water depth (h), distribution of
source/sink (Q), and boundary conditions. Driven by the centered mass
source and a spatially uniform mass sink Q, there is a stronger western
boundary current directing from the source region to the sink region
and a weaker interior ﬂow in the opposite direction.
Stommel and Arons’ classic theory provides the quantitative

λ

→

uh · l ) dl
∮c (→
=

6

f0
Hn

(QD Zn − QD Zn + 1) − ∫ba sin (→
u ·→
n ) qn dl −

K

∑
i=1

QLni fi
Hni

+ ΔQ,
(7)
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Fig. 5. Schematic presentation of a 4–1/2 layer quasi-geostrophic model. The upper interface of the nth density layer is at Z = Zn, varying with (x, y), and the its
thickness is hn = Zn − Zn + 1 = Hn + δhn . The lateral boundary is closed in the abyssal layer. From Zhu et al. (2017).

variables in these equations are depth-independent within the layer,
which may not be suitable for the vertical varying CAC circulation
(Fig. 4). Besides, the ﬁnal balance is between the inﬂux of PV and the
bottom friction curl and does not explicitly show the topographic eﬀect,
which is crucial to interpreting the intrinsic physical processes that
modulate the structures of the slope current and basin circulation in the
SCS with broad slope topography. Moreover, when the density layer
meets the bottom topography, the thickness and the horizontal range of
the density layer would be aﬀected by the bottom topography when the
isopycnal surface oscillates vertically. This may induce diﬃculties like
discontinuity issues when the PV balance constraint is applied to the
density layer. Thus, the model with outcropping is adopted to handle
the grounding phenomenon in studies that use layered model (e.g.,
Wang et al., 2018).

where Hn is the horizontally averaged value of the layer thickness; qn is
the quasi-geostrophic approximation of the full form of the potential
vorticity; and f0 is the constant value that indicates the typical Coriolis
parameter of the SCS. QD represents the vertical crossing diapycnal
volume ﬂux and QL is the lateral volume ﬂux through the opening in
the given layer. The equation implies that in density layers and in
steady state, the basin boundary circulation, on the left hand side of the
equation, is controlled by the cross-interface vorticity, cross-integration-circuit vorticity, lateral potential vorticity ﬂux and the rest baroclinic vorticity terms, respectively. In the special case of one-layer
ﬂow, Eq. (7) degenerates into Eq. (6).
Zhu et al. (2017) ﬁnd that the lateral PV ﬂux is the primary driver of
the layered circulation. For the other terms, the cross-interface and
cross-integration-circuit vorticities, with decreasing importance with
depth, are of the same order as the lateral PV ﬂux in the subsurface and
intermediate layers, but one order magnitude smaller in the deep layer.
On the contrary, the baroclinic induced terms, with increasing importance with depth, are of the same order as the lateral PV ﬂux in the
intermediate and deep layers, but much smaller in the subsurface layer.
The abyssal SCS below ~ 2500 m is a closed basin that has no direct
external vorticity ﬂux from the surrounding straits. Some studies (e.g.
Xu and Oey, 2014) speculate that there is no net circulation in the
abyssal SCS and the cyclonic circulation in one region must be compensated by anticyclonic circulation somewhere else. However, according to Xie et al. (2013) and Wang et al. (2011), the circulation
pattern at 3000 m, or below 2400 m, in the SCS is cyclonic. Gan et al
(2016a) also show there is strong net cyclonic circulation in the deep
ocean below 2500 m. The PV dynamics in Eq. (7) could provide an easy
explanation that, according to the layer partition in Zhu et al (2017),
the density layer between 27.62 σθ and 27.66 σθ extends to most of the
deep basin below 2500 m. Thus, the cyclonic circulation between these
two isopycnal surfaces is driven by the lateral PV ﬂux in the same
density layer through LS. This issue can also be explained by the vorticity dynamics at the geopotential level as we discuss in Section 3.4.
Although Eqs. (6) and (7) diagnose the direction of the basin circulation and explain the cyclonic circulation in the abyssal basin, the

3.5. Depth-integrated vorticity dynamics
To identify the multi-forcing of winds, lateral ﬂuxes, and intrinsic
dynamics of the ﬂow-topography interaction, Gan et al (2016a) uses the
domain- and depth- integrated vorticity balance for each layer:
hadv

vadv

Ω
Ω
⏞
⏞
⏞
Lu →
Lu →
→
⎡
⎡
⎤
dA
∫A [∇ × Vt ] dA = − ∫A ⎢∇ × ∫ HNLdz⎥ dA − ∫A ⎢∇ × ∫ VNLdz⎤
⎥
Lb
Lb
⎣
⎦
⎣
⎦
Ωacce

Ω pgf

⏞
Lu →
⎡
+ ∫A ⎢∇ × ∫ PGFdz⎤
⎥ dA
Lb
⎦
⎣
vvis

hvis

Ω
Ω
⏞
⏞
⏞
Lu →
Lu →
→
⎤
⎡
⎡
− ∫A [∇ ·fV ] dA + ∫A ⎢∇ × ∫ VVISdz⎥ dA + ∫A ⎢∇ × ∫ HVISdz⎤
⎥ dA
Lb
Lb
⎦
⎦
⎣
⎣
Ωcor

(8)
where the terms Lu and Lb are the depths of the top and bottom of each
layer, respectively. A is the domain of the basin. u and v are the velocities in zonal (x) and meridional (y) directions, respectively. f is the
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Fig. 6. Terms (m3/s2) of domain- and layer-integrated vorticity equation (Eq. (8)) in the upper, middle (mid), and deep layers during (left) winter and (right)
summer. From Gan et al. (2016a).

balance between the meridional ﬂow and the bottom pressure torque
results in the streamline broadly following the f/H contours. This allows
the two constraints of PV and the depth-integrated vorticity to be
consistently satisﬁed (Jackson et al., 2006). The simulations of gyre
circulation and channel circulation by Jackson et al. (2006) also indicate that the topographic steering dictates the role of bottom friction
in the PV distribution. Because the strong slope current along the
western and northern SCS basin largely contributes to the basin circulation, the bottom pressure torque in Eq. (8) helps to understand the
structural evolution of the slope current and explore the underlying
dynamics that involve the current-slope interaction. Eq. (8) is deﬁned in
the geopotential coordinates, so Stokes theorem in Eq. (1) can be used
to identify the layered circulation and diagnose the underlying dynamics.
When applying the geopotential partition to the abyssal closed SCS
below the LS sill (~2500 m), there is no net direct horizontal mass and
PV ﬂux. However, as illustrated by Fig. 5, the depths of the isopycnal
surfaces vary inside the basin, and the current along an isopycnal surface in the abyssal region induces the vertical motion/ﬂux in the geopotential level. Consider the beta eﬀect that the northern Coriolis
parameter is relatively large. The deep intrusion through LS and the
upwelling over the basin could induce a net vertical planetary vorticity
ﬂux (Eq. (13) below) to contribute to the deep layer cyclonic circulation. This is quantitatively consistent with Stommel and Arons (1959)
that the mass source in the north and the sink over the basin would
generate cyclonic circulation with a strong southward western
boundary current. At the same time, the vertical advection also introduces the relative vorticity ﬂux into the abyssal layer as shown in Eq.
(8). Another possible forcing comes from the shear stress of the cyclonic
circulation between 1500 m and 2500 m, which is directly driven by
the deep intrusion through LS. The research of Yang and Pratt (2014)
also considers the vertical motions between two layers and interfacial
stress.

Coriolis parameter. HNL and VNL are the horizontal and vertical nonlinear advection terms. HVIS and VVIS are the horizontal and vertical
viscous terms. Ωvvis can be further expressed as Ωsstr (surface stress curl)
− Ωbstr (bottom stress curl) for the upper layer, where Ωsstr represents
the WSC. Ω pgf is the bottom pressure torque that is formed by the interaction between baroclinicity induced pressure and the variable slope
topography (Mertz and Wright, 1992).
According to divergence theorem, the domain-integrated Ωcor can be
expressed as the planetary vorticity ﬂux through the surrounding
straits, and represents the dominant external forcing:

Ωcor = − ∫Si fudSi
¯
− ∫Sj fvdSj
¯

(9)

Si and Sj are meridionally and zonally oriented sections.
Based on Eq. (8), the forcing mechanism of the CAC circulation is
illustrated (Fig. 6). The vorticity dynamics in the upper layer show
seasonality that during winter, the lateral vorticity ﬂux (Ωcor ) and WSC
(Ωsstr ) are the major sources of the cyclonic circulation and are mainly
balanced by the bottom pressure torque (Ω pgf ) and bottom friction curl
(Ωbstr ). During summer, the lateral planetary vorticity ﬂux and the
nonlinear advection eﬀect (Ωcor and Ωhadv ) are the major sources of
positive vorticity for the relatively weak cyclonic circulation and also
chieﬂy balanced by the bottom pressure torque (Ω pgf ). In the middle
and deep layers, the Ωcor is the main source of the respective anticyclonic and cyclonic circulations and are primarily balanced by the
Ω pgf . The magnitudes and the corresponding seasonality in the middle
and deep layers are much smaller than that in the upper layer.
Eq. (8) is derived within a layer bounded by two geopotential surfaces. It directly reﬂects the balance of vorticity and circulation, because both are deﬁned as perpendicular to the geopotential surfaces
where we apply Stokes theorem (Eq. (1)). Eq. (8) has a diﬀerent
mathematical form from those based on the PV balance constraint (e.g.
Yang et al., 2002; Zhu et al., 2017), but the two equations reveal
constrains of circulation in diﬀerent aspects, which are, however,
consensus in the physical framework.
In the depth-integrated vorticity dynamics, the bottom pressure
torque is the dominant response to the lateral planetary vorticity ﬂux
between diﬀerent geopotential levels, while, in the PV balance constraint, the eﬀect of the bottom pressure torque disappears and friction
dissipates the PV ﬂux between isopycnal surfaces. The bottom pressure
measures the topographic eﬀect for current steering, in which the

4. Vertical coupling among diﬀerent layers
The theoretical works discussed above provide a framework for
understanding the role of external forcing through the straits in forming
the three-layer CAC circulation. However, besides external forcing, the
vertical processes inside the basin dynamically couple the circulation in
8
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between layers to explore the vertical coupling between the upper and
middle layers. Generally, this layered-model illustrates the forcing
mechanisms similar to those of Gan et al. (2016a) in which the WSC and
external vorticity ﬂux are the major driving forces of the layered circulation in the upper and middle layers (Fig. 9). In this layered model,
the pressure gradient (PG) eﬀect, which is the dominant response to the
vorticity ﬂux from lateral forcing or the WSC, represents the depthintegrated eﬀect of the varying layer thicknesses. Thus, the varying
thicknesses change the PG throughout the water column and link the
circulation in the diﬀerent layers. Based on the model results, the larger
layer thickness variations occur mainly over the slope regions in the
northern basin and along the western boundary east of Vietnam where
there is a strong boundary current. In their layered model, the changes
of the layer thicknesses (hi) are determined by the combined eﬀects of
entrainment/detrainment and horizontal advection processes:

the diﬀerent layers and contributes to maintain the CAC circulation.
4.1. Layered model
The pioneering work of Luyten and Stommel (1986) provides a
theoretical framework for the interaction between wind-driven circulation in the upper ocean and the thermohaline circulation below. The
basic idea is that the upwelling of deep water into the upper ocean can
be treated as a distributed source that compresses the upper layer. Thus,
the upwelling of deep water associated with the thermohaline circulation plays a role similar to that of wind stress–induced Ekman pumping.
Following this framework, Wang et al. (2012) investigate the dynamic
inﬂuence of the thermohaline circulation on wind-driven circulation
using a simple reduced gravity model. The momentum equation in the
reduced gravity model that omits the time dependent, inertial and
friction terms lead to the vorticity equation:

βhv = f (we − wb),

∂hi
= (wi (i + 1) − w(i − 1) i ) − ∇ ·(hi →
vi )
∂t

(10)

where f is the Coriolis parameter; β is the meridional gradient of the
Coriolis parameter; h is the upper-layer thickness; and v is the meridional velocity. we is the Ekman pumping velocity and wb indicates the
upwelling across the lower bound of the upper layer driven by the
mixing from the deep ocean. The equation shows that a diapycnal velocity induced by mixing directly aﬀects the upper layer wind-driven
circulation. Therefore, to understand the surface wind-driven circulation in the SCS, the eﬀects of the thermohaline circulation must be
taken into consideration because the upwelling velocity from the deep
part of the SCS is of the same order of magnitude as the typical Ekman
pumping velocity. It should be noted that, in Wang et al. (2012), the
upper layer wind-driven circulation and the deep thermohaline circulation are roughly separated by ~ 200 m, which is not same as the
vertical separation of the CAC circulation.
With Eq. (10), the governing equation of the upper layer thickness
is:

h2 (x , y ) = he2 −

2f 2 x e
∫ [we (x ′, y ) − wb (x ′, y )] dx ′
βg ′ x

(12)

where wi (i + 1) indicates the entrainment/detrainment between layers i
and i + 1; →
vi means the horizontal velocity in layer i. The ﬁrst term on
the right hand side represents the change induced by the entrainment/
detrainment (mixing eﬀect) and the second term represents the change
related to the horizontal transport (advective eﬀect). By averaging the
results in the whole basin over 10 years, it is found that the change
induced by the entrainment/detrainment is about 20% of the total
change and the rest part is due to advection.
In the CAC circulation, the strong slope current ﬂows along the
basin boundary and aﬀects vertical coupling. However, as mentioned in
Section 3.4, the calculation of the layer thickness is not reasonable in
the boundary region where the density layer meets the slope topography. Furthermore, topographic steering eﬀects may not be well resolved in a reduced gravity layered model. These factors may aﬀect the
diagnosis of vertical coupling.
4.2. Depth-integrated vorticity dynamics

(11)

Following the study of Gan et al. (2016a), Cai and Gan (2019)
conduct a process-oriented study to investigate the coupled internalexternal dynamics during the formation of the CAC circulation in the
SCS. In Eq. (8), the Ωcor that represents the net planetary ﬂux through
the surrounding straits can be divided into two terms:

where he is the thickness along the eastern boundary (xe) of the basin.
The squared upper layer thickness is proportional to the factor of f2/β.
Because f increases northward, but β slightly decreases with increasing
latitude, the dynamic inﬂuence of thermohaline circulation on winddriven circulation is larger in the northern SCS than in the southern
SCS. With strong upwelling of deep water, the cyclonic gyre in the
northern SCS weakens, but the anticyclonic gyre in the southern SCS
intensiﬁes in summer. However, the cyclonic gyres in both the southern
and northern SCS weaken in winter (Fig. 7).
Similarly, it is also found that the vertical motions help to maintain
the abyssal circulation, and the spatial distribution of the vertical mass
ﬂux signiﬁcantly changes the abyssal circulation pattern (e.g. Marchal
and Nycander, 2004; Katsman, 2006). Based on the reduced gravity
model, the numerical experiments by Wang et al. (2018) show that,
although the overall basin scale circulation pattern is mainly controlled
by the overﬂow in the LS, the spatial pattern of upwelling has a strong
impact on the regional structures of the deep water circulation in the
interior basin. With downwelling occurring in the interior basin, the
main deep circulation broadens and creates a branch ﬂowing straight
southward (Fig. 8).
Above attempts discussed so far, provide useful understandings on
how circulation interacts among diﬀerent layers. But they mainly
consider one-way inﬂuences and a relatively idealized distribution of
the vertical upwelling or downwelling is adopted in the investigation,
so they could not capture the complete dynamic picture of the CAC
circulation and do not fully investigate the interaction and coupling of
the diﬀerent layers.
Quan and Xue (2018) establish a three-layer reduced gravity model
that includes entrainment, detrainment, and interfacial friction

⏞
Lu
Lu
Ωcor =− ∫A ⎡β ∫ vdz⎤ dA − ∫A ⎡f ∇ · ∫ →
v dz⎤
⎥ dA
⎢ L
⎥
⎢
L
b
b
⎦
⎣
⎦
⎣
VOR⏟
_DIV
VOR _BETA

(13)

The ﬁrst term on the right hand side is the vorticity induced by the
beta eﬀect of the meridional velocity, and the second term illustrates
the vortex stretching/squeezing induced by the divergence/conLu
v dz links with the horizontal motion and
vergence of the water. f ∇ · ∫ →
Lb

contributes to the momentum and vorticity exchange among diﬀerent
layers to develop and sustain the CAC circulation. Mathematically, it
represents the net vertical planetary vorticity ﬂux across the upper and
lower boundaries of a layer. The upward transport crossing the upper/
lower boundary can induce positive/negative vorticity into this layer
and vice versa.
The idealized simulation in Cai and Gan (2019) shows that, in the
upper layer, the input of planetary vorticity from LS in the northern
part contributes mainly to the beta eﬀect (VOR_BETA) rather than to
the divergence eﬀect (VOR_DIV) (Fig. 10a). Most of the intruding water
in the upper layer from LS moves horizontally southward along the
isobaths of the continental slope and exits the basin through the
southern straits. This stronger meridional velocity leads to a larger beta
eﬀect. In the middle and lower layers where the basin is semi-closed,
the magnitude of VOR_DIV is relatively large, and the vorticity input
9

Progress in Oceanography 181 (2020) 102246

Z. Cai, et al.

Fig. 7. The diﬀerence of thermocline depth (m) induced by upwelling from the deep ocean in (a) summer and (b) winter. From Wang et al. (2012).

the intrinsic interactions between the strong slope current and topography are the major contributors to the cross-isobath motions over the
slope.

induced by the vertical motion is the major response to the external
vorticity ﬂux. The time series of VOR_DIV in the diﬀerent layers
(Fig. 10b) shows that VOR_DIV in the upper and lower layers vary similarly, but with opposing signs, to that in the middle layer, except
during very early stage. This suggests that the vertical motion and
vorticity ﬂux from the upper and lower layers produce negative
VOR_DIV in the middle layer.
The vertical transport links the circulation in the three layers and
acts as the source or sink of vorticity, particularly in forming and sustaining the middle- and lower-layer circulation. The vertical transport
between the diﬀerent layers mainly occurs over the slope because of the
cross-slope motion due to ﬂow-slope interaction (Gan et al., 2013) that
includes the along-isobath bottom friction and PGF (Fig. 11). Therefore,

5. Summary and prospects
(a) Summary
We summarize the forcing mechanisms of the CAC circulation in
Fig. 12 based on our current understanding on the layered circulation in
the SCS.
The formation of the CAC circulation is attributed to the combined
eﬀects of surface wind forcing, layered lateral external ﬂow, and the

Fig. 8. Schematic circulation (black contour) showing the SCS deep circulation pattern. The deep layer receives a net volume ﬂux, Q at the LS that is balanced by
diapycnal velocity, w*. The gray dashed circulation and diapycnal velocity are speculated. From Wang et al. (2018).
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Fig. 9. Terms (m3/s2) in the domain- and layer-integrated vorticity equation for (a) winter and (b) summer from the control run. The two partitions separated by the
black dashed line correspond to the upper (1st plus 2nd) and middle (3rd) layer in the SCS (model), respectively. Note that the yellow bar represents either the WS
curl for the upper layer or the interface friction curl at the upper interface for the middle layer. The red bar represents the sum of the interface friction curl and
bottom friction curl at the lower interface of the layer. From Quan and Xue (2018). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

intrinsic coupling among diﬀerent layers. The surface wind forcing
contributes mainly to the upper layer circulation while the layered
structure of the CAC circulation is largely controlled by the external
inﬂow-outﬂow-inﬂow through LS. The upper layer inﬂow is induced by
the Kuroshio Current intrusion, which is closely linked with the current
system in the tropical western Paciﬁc Ocean. The deep layer inﬂow and
middle layer outﬂow are driven by the cross LS baroclinic pressure
gradient induced by the density diﬀerences between the SCS basin and
the Paciﬁc Ocean. The mixing rate in the deep SCS is several orders
larger than that of the Paciﬁc Ocean, and the contrasting mixing intensity on both sides of LS sustains the density diﬀerences across LS and
drives deep water exchanges.
The three layer inﬂow-outﬂow-inﬂow through LS produces the inﬂux-outﬂux-inﬂux of planetary vorticity into the SCS to form the CAC
circulation, and is predominantly balanced by the interaction between
the CAC ﬂow and bottom topography. The abyssal basin is closed

Fig. 11. Terms (m2/s2) of along-isobath momentum balance times the bottom
topography slope. The terms are integrated over the bottom 50 m and averaged
along the strip over the slope as a function of depth. From Cai and Gan (2019).

Fig. 10. Terms (m3/s2) in depth-integrated vorticity dynamics in the upper, middle, and lower layers. (b) Time series of VOR_DIV averaged over the respective upper,
middle, and lower layers. From Cai and Gan (2019).
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Fig. 12. Conceptual diagram showing the forcing mechanisms of the CAC circulation in the SCS.

as it interacts with topography should be explored to have an overall
understanding of the three-dimensional structure of the circulation. The
vertical coupling illustrated in earlier studies is mainly based on an
idealized conﬁguration. The complex distribution and variability of the
vertical vorticity/momentum exchange among the diﬀerent layers are
needed to fully reveal how the CAC circulation is formed and maintained.
The deep intrusion and middle layer outﬂow in LS are largely related to the baroclinic pressure gradient set up by the density diﬀerence
between the Paciﬁc Ocean and the SCS, which also is, in turn, aﬀected
by the circulation in both the SCS and Paciﬁc Ocean. The coupled dynamic system that includes background circulation and mixing in the
SCS basin and Paciﬁc Ocean need to be investigated together to reveal
the formation of the three-layer inﬂow-outﬂow-inﬂow structure in LS.
Lastly, the contribution of mixing and advection processes in forming
and maintaining the full depth CAC circulation need further quantitative investigation.

without direct inﬂuence from horizontal external forcing, however, the
net vertical vorticity ﬂux caused by cascading of the deep intrusion
water and the upward transport inside the basin, and the interfacial
shear stress from the cyclonic circulation between 1500 m and 2500 m,
which is directly driven by deep intrusion through LS, could possibly
generate the abyssal cyclonic circulation. The generated internal
layered circulation, in turn, aﬀects and modulates the layered current
structure in LS.
The vertical processes including mixing and advection dynamically
link the circulation in the diﬀerent layers, which play a crucial role in
sustaining the CAC circulation. The vertical coupling occurs mainly
over the slope regions because of the cross-slope motion that is largely
controlled by the bottom along-isobath pressure gradient and is induced
by the interaction between the background circulation and slope topography.
In the middle and deep layers, the vertical vorticity ﬂux is the major
response to the external forcing and its spatial pattern has a strong
impact on the regional structures of the circulation, while the vertical
vorticity ﬂux has a relatively smaller inﬂuence on the upper layer circulation. Through vertical coupling, the changes in the surface wind
forcing and lateral external forcing can be transmitted through the
water column and aﬀect the entire layered circulation.
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(b) Prospects
The detailed structures and the variability of the basin circulation in
the middle, deep, and abyssal layers in the SCS are largely unclear
because of the limited number of direct observations. Long-term and
synchronous observed and high-resolution topographic datasets need to
be promoted, especially over the northern, western, and southern basin
slope regions where the intensiﬁed boundary current and strong vertical coupling are located. Having these data will unveil the multi-scale
processes associated with the basin circulation and enrich the knowledge of the forcing mechanisms proposed in previous studies.
The general CAC circulation is driven by external forcing, but the
detailed structure of basin circulation/slope current is also modulated
by internal adjustments and vertical coupling. The vertical partition of
the domain-averaged vorticity is not the same as the LS transport pattern because the circulation extends vertically as it ﬂows along the
slope’s isobaths. The intrinsic baroclinic adjustment of the slope current
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