Ocean Sci., 21, 1291-1301, 2025
https://doi.org/10.5194/0s-21-1291-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Ocean Science

Topographic modulation on the layered circulation

in the South China Sea

Qibang Tang'-2, Zhongya Cai'-2, and Zhigiang Liu®

'Department of Ocean Science and Technology, State Key Laboratory of Internet of Things

for Smart City, University of Macau, Macau, China

2Centre of Ocean Research in Hong Kong and Macau (CORE), Hong Kong, China
3Department of Ocean Science and Engineering and Center for Complex Flows and Soft Matter Research,
Southern University of Science and Technology, Shenzhen, China

Correspondence: Zhongya Cai (zycai@um.edu.mo)

Received: 24 September 2024 — Discussion started: 2 October 2024
Revised: 25 March 2025 — Accepted: 15 April 2025 — Published: 10 July 2025

Abstract. The South China Sea (SCS) is the largest semi-
enclosed marginal sea in the western Pacific. It exhibits
a unique vertically rotating cyclonic, anticyclonic, and cy-
clonic circulation in its upper, middle, and deep layers. Over
slope topography, these layered currents interact and signif-
icantly shape the structure and intensity of the basin cir-
culation. In this study, we employ process-oriented numer-
ical simulations to investigate how upper-layer processes,
characterized by greater magnitude and variability, influence
the layered circulation over the irregular topographic slope.
The simulations reveal that stronger upper intrusion from the
open ocean directly enhances upper-layer circulation, which
subsequently strengthens the middle and the deep slope cur-
rents. Vorticity dynamics illustrate that changes in the mid-
dle and deep slope current are largely related to the verti-
cal stretching ({_DIV) induced by bottom geostrophic cross-
isobath transport (CGTy). As the upper-layer cyclonic slope
current intensifies, it modulates the bottom pressure distri-
bution, resulting in stronger negative {_DIV predominantly
over the northwestern slope to intensify the middle anticy-
clone slope current. Similarly, for the deep cyclonic slope
current, the CGT}, maintains downwelling in the northern
part and upwelling over the southern slope. Over the south-
ern slope, the strengthening of the positive CGTy, is induced
by the increment of the advection of relative vorticity and
planetary vorticity in the water column, in which the mid-
dle layer has an important contribution, but the upper layer
has a minimal impact. Conversely, on the northern slope, the
strengthening of the negative CGT}, is primarily influenced
by the upper layer.

1 Introduction

Marginal seas circulation plays crucial role in the mass trans-
port and regional climate dynamics, with circulation patterns
being strongly influenced by their unique topographic fea-
tures (Gan et al., 2006; Johns and Sofianos, 2012; Millot,
1999; Oey et al., 2005; Omstedt et al., 2004). This topo-
graphic regulation results in intricate layered slope currents
that flow in different directions at various depths (Gan et al.,
2022; Lan et al., 2013; Wang et al., 2011; Yuan, 2002). These
layered currents interact over slope topography, significantly
shaping the structure and intensity of the overall circulation
(Gan et al., 2016; Quan and Xue, 2018). For instance, in the
Gulf of Mexico, loop current eddies influence not just the
upper-layer circulation but also the deep flow, illustrating the
importance of vertical coupling in transferring energy and
variability to deeper currents (Tenreiro et al., 2018). Under-
standing these dynamics helps elucidate the behavior of the
marginal sea’s circulation (Liang et al., 2017; Olvera-Prado
et al., 2023; Zhu and Liang, 2020).

The South China Sea (SCS) is the largest semi-enclosed
marginal sea located in the tropical region. It exhibits a
unique mean cyclonic, anticyclonic, and cyclonic (CAC) cir-
culation in its upper, middle, and deep layers (Gan et al.,
2016; Lan et al., 2015; Shu et al., 2014; Wang et al., 2011;
Zhu et al., 2017). The strong upper-layer circulation is driven
by the Asia monsoon and Kuroshio intrusion from Luzon
Strait (LS), while the middle and deep circulations are main-
tained by the outflux and deep intrusion through LS, respec-
tively. Based on current understanding, the upper-layer influx

Published by Copernicus Publications on behalf of the European Geosciences Union.



1292 Q. Tang et al.: Topographic modulation on the layered circulation in the South China Sea

through the Luzon Strait (LS) is induced by the Kuroshio
Current as it passes through the strait (Nan et al., 2015).
The middle-layer outflux and deep-layer intrusion, on the
other hand, are largely driven by density differences caused
by contrasting turbulent mixing intensities (e.g., Tian et al.,
2009; Zhu et al., 2019; Zhou et al., 2023). Over the slope
topography, the CAC circulation affects each other through
the vertical coupling among them (Shu et al., 2018). For ex-
ample, the study of Quan and Xue (2018) demonstrated that
perturbations in the upper layer can transit through the water
column and affect deeper circulation by altering layer thick-
ness. This coupling is particularly evident over the strong
boundary current in the northern basin and along the west-
ern boundary. Numerical experiments by Wang et al. (2018)
suggest that, although the basin-scale circulation is primarily
driven by the LS overflow, upwelling patterns are essential in
shaping the detailed structure of the deep-water circulation.
Similar processes have been observed in other marginal seas
as well (e.g., Testor et al., 2018; Wang et al., 2024; Xu et al.,
2009; Olvera-Prado, Moreles et al. 2023).

Previous studies have advanced our understanding of the
major features of the mean layered circulation and have high-
lighted the potential for strong coupling among layers, par-
ticularly over sloping topography. However, the response of
this circulation to changes in external forcings — particularly
the strong upper-ocean processes — and the specific mech-
anisms involved remain insufficiently understood. A com-
prehensive understanding of how topographically modulated
vertical coupling over basin slopes influences the structure
and intensity of mean circulation is crucial for exploring
the long-term evolution of marginal sea circulation. For in-
stance, Kuroshio intrusion has been observed to weaken with
decadal variations, while upper-ocean currents have shown
acceleration in response to a warming climate (Peng et al.,
2022; Chen et al., 2020; Nan et al., 2013). How the lay-
ered circulation in marginal seas responds to these changes
remains unclear. This study employs process-oriented sim-
ulations to elucidate how upper-layer processes, which ex-
hibit greater intensity and variability, influence layered cir-
culation over the curved bottom slope in the SCS. The paper
is organized as follows: Sect. 2 explains the configuration of
the simulation. Section 3 offers the response of layered slope
current intensity to the changes in the upper circulation. Sec-
tion 4 explores the underlying physical mechanisms. Finally,
Sect. 5 provides a summary of our findings.

2 Methodology

Based on the Regional Ocean Modeling System (ROMS)
(Shchepetkin and McWilliams, 2005), we performed a three-
dimensional process-oriented simulation in this study (Cai
et al., 2023), which employs a simplified setup and allows
for a clearer examination of the dynamical coupling between
layers. Similar strategies have been applied in previous stud-
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Figure 1. Location and bathymetry (km) of the South China Sea,
showing Luzon Strait, Taiwan Strait, Mindoro Strait, and Karimata
Strait.

ies of the SCS circulation (Chen and Xue, 2014; Huang and
Zhou, 2022; Quan and Xue, 2018; Wang et al., 2018) and
have provided valuable insights into specific dynamic mech-
anisms.

The model setup included a circular basin in the west rep-
resenting the SCS and a rectangular basin in the east repre-
senting the western Pacific Ocean. The slope in the SCS in-
creases from 400 to 4000 m, and the central basin has a depth
of 4000 m. The SCS and Pacific basins were connected by a
narrow strait (representing the LS) with a depth of 2500 m.
The model employed a uniform horizontal grid with a resolu-
tion of 5 km and stretched terrain-following coordinates with
30 vertical layers (Song and Haidvogel, 1994). Near the sur-
face and bottom boundaries, the vertical resolution is refined
with a spacing of approximately 0.01, to reduce the spuri-
ous flow associated with numerical pressure gradient errors.
In this simulation, the magnitude of the spurious flow is on
the order of 102 ms™!, which has limited impact on the re-
sults presented in this study. In the upper layer, an influx of
25 Sv and an outflux of 20 Sv were specified at the south-
eastern and northeastern boundaries of the open ocean, re-
spectively (Fig. 2c). The SCS was opened to the south with
the depth of 400 m (Fig. 2a), to allow the upper-layer intru-
sion to develop intrinsically during the simulation. To simu-
late the density differences and exchange currents in the mid-
dle and deep layers of the LS, the model incorporated vari-
able contrasting mixing coefficients (K) between the SCS
and the western Pacific Ocean (Tian et al., 2009; Yang et al.,
2016). In the SCS and the western half of the LS, K, val-
ues were set as 5 x 107*m2s~! between 500 and 1500 m,
2x 107> m? s™! below 1500m, and 5x 107> m?s~! in the
layer 500 m from the bottom. In the upper 500 m of the SCS
and LS, and throughout the entire water column of the open
ocean, a background K, of 2x 107> m?s~! was applied. The
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K, was designed based on observational work by Yang et
al. (2016) and estimations by Wang et al. (2017) to form
the circulation in the semi-enclosed middle and deep layers.
Then, simulations were conducted to explore the response of
the layered slope current, particularly in the semi-enclosed
middle and deep layers, to changes in the upper-layer cir-
culation. While it may be viewed as parameter tuning, our
intention was not to simulate the mixing generation mecha-
nisms explicitly but rather to approximate the existing back-
ground structure that sustains the observed layered circula-
tion. A zonal wind stress with meridional variations was ap-
plied over the open ocean, while the atmospheric buoyancy
flux over the SCS was simplified by setting it to zero. This
model simplifies the configurations to focus on the funda-
mental dynamics of the system. While these simplifications
are essential for isolating key mechanisms, they may not cap-
ture the complexity of real-world conditions, potentially lim-
iting its quantitative applicability to realistic processes.

The model was initialized with horizontally uniform tem-
perature and salinity profiles derived from the mean data of
the World Ocean Atlas, averaged over the region west of the
LS. The simulation ran for 25 years, with the analysis con-
ducted on the results from the final 5-year average after the
layered circulation reached a stable state.

3 Results

In the LS, the influx occurs in the upper and deep lay-
ers, while the outflux occurs in the middle layer between
them (Fig. 3b). The upper intrusion is intrinsically linked
to the western boundary current in the open ocean, i.e., the
Kuroshio Current. In the middle and bottom layers, the ex-
change currents are primarily related to the density differ-
ences between the South China Sea (SCS) and the Pacific.
Although the initial temperature and salinity distributions are
horizontally uniform, the intensified turbulent mixing within
the deep SCS basin gradually leads to a density difference be-
tween the two sides of the LS. Specifically, the deep SCS ex-
hibits lower density compared to the Pacific Basin (Fig. S1).
Under the density difference, the westward pressure gradi-
ent was formed that drives the deep intrusion from the open
ocean towards the SCS. Those features are consistent with
established understandings from previous studies (Wang et
al., 2011). Associated with the simulated layered exchanging
current, the layered circulations developed inside the SCS
basin. The upper, middle, and deep layers exhibit circula-
tion in cyclonic, anticyclonic, and cyclonic directions, re-
spectively (Fig. S1). The horizontally averaged vorticity is
featured with the positive—negative—positive values in the re-
spective depth of the basin (Fig. 3b).

To investigate how the changes in upper-layer current
modulate the layered circulation, additional numerical ex-
periments were conducted by adjusting the northeastern out-
flux to 22, 23, and 24 Sv. Thus, the upper LS intrusion
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was adjusted to 3 Sv (Case_U3), 2Sv (Case_U2), and 1Sv
(Case_U1). In these scenarios, the middle and deep exchang-
ing currents, which were primarily sustained by the con-
trasting densities between the SCS and the open ocean, re-
mained relatively unchanged (Fig. 4a). Inside the basin, the
enhancement of the upper-layer inflow directly intensified
the upper-layer cyclonic circulation (Fig. 4c—f). And subse-
quently it strengthened the middle anticyclonic slope current,
particularly in the northwestern part of the basin (transect S1,
Fig. 4c, d). Additionally, although not directly connected to
the upper layer, the deep cyclonic slope current also exhibited
increased strength (Fig. 4c—f). Using the domain-averaged
vorticity as an indicator, it was observed that the intensifi-
cation of the upper-layer circulation resulted in a 10 % in-
crease in the intensity of the middle anticyclonic circulation
and a 27 % increase in the deep cyclonic circulation (Fig. 4b).
Given that only the upper-layer circulation is directly ampli-
fied by the upper intrusion, the remote influence from upper-
layer processes over the basin slope significantly impacts the
intensity of the layered circulation, which was explored be-
low.

4 Discussion

To understand how the upper-layer processes modulate the
layered current over the slope, we first investigated the
layered-integrated vorticity budget for each layer (Cai et al.,
2023; Gan et al., 2016):

¢_PGF ¢_ADV
Hy H>
/[Vx/ (PGF)dz}dA-l—/ |:V><f (ADV)dz:|dA
A H A H,
¢_COR
Hy Hy
+/ [—f’V-/ (Vh)dz] dA-i—/ [—5~/ (v)dz:| dA
A Hj A H;
¢_DOV ¢_BETA
¢_HVIS
H2
+[ {Vx/ (HVIS)dzi|dA
A H
Z_VVIS
Hy
+[ [VX/ (VVIS)dz]dA:O, (1
A Hy

where PGF is pressure gradient force, ADV is nonlinear
advection, and HVIS and VVIS are the horizontal and
vertical turbulent viscosity, respectively. COR is the Corio-
lis force, and the domain-integrated ¢{_COR represents the
lateral planetary vorticity flux. The H; and H, represent the
bottom and upper depth of each layer, respectively. Inside
the basin, the ¢_COR can be further decomposed into the
vertical stretching induced by the divergence of the hori-
zontal flow (¢_DIV) and B effect of the meridional current
(¢_BETA).
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Figure 3. (a) Vertical profile of domain-averaged density p (kg m—3 ) in the SCS and Pacific between 1000 and 3000 m. (b) The black line
shows the vertical profile of the SCS basin-averaged vorticity (s~1), and the red line shows the flux through LS (m2s~1). The positive/neg-
ative vorticity represents the cyclonic/anticyclonic circulation, and the positive/negative value flux represents the outflux/influx through LS.

The circulation in the SCS is primarily governed by
geostrophic balance, manifested as {_COR balanced by the
¢_PGF in both layers. It suggests that the mean cyclonic/an-
ticyclonic circulation is related to the lateral planetary vor-
ticity influx/outflux (Fig. 5) (Cai et al., 2023; Cai and Gan,
2019). Consequently, the strengthening of the upper LS intru-
sion directly intensifies the upper-layer cyclonic slope cur-
rent by providing more positive planetary vorticity flux. In
the semi-enclosed middle and deep layers, the vorticity in-
put is mainly provided by the ¢_DIV, as also highlighted in
previous studies (Cai et al., 2023; Wang et al., 2018; Zhu et
al., 2017). The positive {_DIV in the upper and deep layers
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reflects the downward and upward fluxes, which squeeze the
middle layer and provide the negative vertical flux (negative
¢_DIV) for the anticyclonic circulation. Therefore, the in-
tensification of the middle and deep slope currents is largely
attributed to vertical stretching over the basin slope.

4.1 Intensification of middle anticyclonic slope current
For the middle anticyclonic slope current, the negative
middle-layered ¢_DIV (¢_DIVy) mainly occurs over the

northwestern slope (Fig. 6a), where a relatively strong an-
ticyclonic slope current is observed. In this area, the up-
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per layer generally exhibits positive ¢_DIV (¢_DIVy), indi-

cating downward squeezing from the upper layer that helps 2 2

maintain the middle anticyclonic slope current (Fig. 6b). The w=-Vj- / Vydz~—=V,- / Vhigeodz -V
increased squeezing from the upper-slope current is expected —H -H

to intensify the middle anticyclonic slope current (Fig. 4c, d). . CGTy
Since the stretching/squeezing imposed on the slope current . / Vi visdz = —(Vb_geo Hy + t_geo Hx)
is closely related to the vertical motion (Liang et al., 2017), —-H
the mean vertical motions over the slope can be understood Fric
as follows: B (% _ T
+ _/ vgeodZ -V / Vh_ViSdZa (2)
fJ-n —H
[ ——
B effect
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where H is the topography, and _geo represents the
geostrophic component of the horizontal current, which is
maintained by the distribution of bottom pressure. _vis rep-
resents the vertical viscosity component. H, and H, are
the horizontal gradients of the bottom slope, and #p_geo and
Ub_geo are the bottom geostrophic currents. When the current
flows over the slope, the bottom pressure distribution inter-
acts with the curved topography and the resulting geostrophic
cross-isobath transport (CGTy) to influence the vertical mo-
tions over the slope. The “Fric” represents the effect of the
bottom Ekman pumping induced by the bottom stress of
the slope current. Generally, the CGTy, largely governs the
mean vertical motion over northwestern slope, which in turn
squeezes and stretches the middle- and upper-slope currents.
This process is crucial in maintaining the vorticity input
through ¢_DIV (Fig. 6d), thereby sustaining the dynamics
of the slope currents.

Associated with the intensification of the upper-layer cy-
clonic slope current, the stronger slope current modulates
the bottom pressure distribution over the slope, leading to
stronger vertical squeezing (¢{_DIV) within the water col-
umn. The increase in squeezing gradually deepens the isopy-
cnal surface and strengthens the middle anticyclonic slope
current (Fig. 6e).

4.2 Intensification of the deep cyclonic slope current

For the deep cyclonic slope current, the deep ¢_DIV
(¢ _DIVp) features a downward flux (negative value) over
the northern slope and upward flux (positive value) over the
southern part (Fig. 7a, d). It suggests the sinking from the
northern basin and upwelling from the southern basin would
sustain the abyssal cyclonic circulation. The ¢_DIVp is the
same as the middle anticyclonic slope current. For the deep
layer, the viscosity term has an important effect in the vor-
ticity budget (Fig. 5c). Similarly, the Fricp term contributes
to the deep ¢_DIVp and is characterized by a relatively uni-
form downward motion (Fig. 7d). However, the primary pat-
tern and magnitude of the ¢{_DIVp are largely controlled by
the CGTy, that the pressure distribution maintained the mean
downwelling in the northern side and the upwelling over the
southern slope (Fig. 7b, d). Since the Fricp is induced by
the bottom frictional stress as a response to the deep layer
slope current, while the bottom pressure is modulated by the
motions of water in the entire water column above it, we fur-
ther examine the maintenance of the bottom pressure over
the slope.

To explain the maintenance of the bottom pressure dis-
tribution, the vertical integrated vorticity dynamic was em-
ployed (Cai and Gan, 2021; Gan et al., 2013):

Ocean Sci., 21, 1291-1301, 2025

Q_PGF Q_ADV

0 0 0
V x / (PGF)dz + V x / (ADV)dz+ﬂ/ vdz
_H —H —-H

h/_-/
Q_BETA
Q_VIS
—_—
0
_Vx / (VIS)dz =0, 3)
—H

where Q PGF=V x [° (PGF)dz = —(Tp,_geoHy +
Up_geoHy) and thus represents the effect of CGTy. It illus-
trates that the bottom pressure distribution is maintained
by the nonlinear advection of relative vorticity (2_ADV),
advection of planetary vorticity (2_BETA), and net vis-
cosity of the current flowing over the slope topography.
Among them, the 2_BETA and ©2_ADV play the major role
in sustaining the bottom pressure distribution of the deep
cyclonic slope current (Fig. 8c, d).

As the upper intrusion intensifies, the bottom pressure dis-
tribution adjusts in response to changes in the layered cir-
culation, resulting in a gradual strengthening of the negative
CGTy, over the northern slope and positive CGTy, over the
southern part (Fig. 8a—b). Over the southern slope (Fig. 8a),
the strengthening of the positive CGTy, is induced by the in-
crease of the Q_BETA + Q_ADV in the water column, in
which the middle layer [©2_BETA + 2_ADV (M)] provides
approximately 40 % of the total strengthening trend, while
the upper layer [2_BETA + ©Q_ADV (U)] has a negligible
impact. Conversely, over the northern slope, the strength-
ening of the 2_BETA+ Q2_ADV is primarily influenced by
the upper layer, while the middle layer has a negative effect
(Fig. 8b). Thus, the intensification of downward CGT}, over
the northern slope is directly modulated by the strengthening
of the upper-cyclonic-slope current, while the intensification
of upward CGT}, over the southern slope is mainly driven by
the strengthening of the middle anticyclonic slope current.
These changes in CGT}, enhance deep stretching, thereby
strengthening the deep cyclonic slope current accordingly
(Fig. 8c).

5 Summary

Marginal sea circulation plays a crucial role in mass transport
and regional climate dynamics. Through process-oriented
numerical simulations, we examined how upper-layer pro-
cesses, which are characterized by greater intensity and vari-
ability, impact the layered circulation over the curved bot-
tom slope in the SCS. The primary goal of our study is to
provide theoretical insights into the mechanisms driving lay-
ered circulation and their response to changes in upper-layer
motions. The results underscore the intricate balance be-
tween topographical features and oceanic circulation. These
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insights have broad applicability to understanding similar
processes and phenomena in other regions and help to pre-
dict the behavior of marginal sea circulation under varying
forcing conditions.

The numerical experiments show that the simulated lay-
ered exchange currents through the LS introduce lateral plan-
etary vorticity flux and facilitate the development of a layered
basin circulation within the SCS. Inside the basin, the inten-
sification of upper-layer inflow directly enhances the upper-
layer cyclonic circulation, which in turn strengthens the mid-
dle anticyclonic slope current, particularly in the northwest-
ern part of the basin. Furthermore, even though the deep
cyclonic slope current is not directly connected to the up-
per layer, it also exhibits increased strength. Using domain-
averaged vorticity as an indicator, it was found that the in-
tensification of the upper-layer circulation resulted in the in-
crease in the intensity of the middle anticyclonic circulation
and deep cyclonic circulation.

The vorticity dynamics illustrate that the changes in the
middle and deep slope current are largely related to the
vertical stretching over the slope (¢_DIV). When the cur-
rent flows over the slope, the bottom pressure distribu-
tion interacts with the curved topography, and the resulting
geostrophic cross-isobath transport (CGTyp) influences the

https://doi.org/10.5194/0s-21-1291-2025

vertical motions. For the middle anticyclonic slope current,
the negative middle ¢{_DIV predominantly occurs over the
northwestern slope, where a relatively strong anticyclonic
slope current is present. As the upper-layer cyclonic slope
current intensifies, it modulates the bottom pressure distri-
bution over the slope, providing stronger vertical squeezing
¢_DIV within the water column, which gradually strength-
ens the middle anticyclonic slope current. For the deep cy-
clonic slope current, the deep ¢_DIV is also largely con-
trolled by the CGT}, over the slope, with the pressure distri-
bution maintaining downwelling flows in the northern part
and upwelling over the southern slope. Over the southern
slope, the strengthening of the positive CGTy, is induced by
the increase of the nonlinear advection of relative vorticity
and planetary vorticity in the entire water column, in which
the middle layer provides approximately 40 % of the total
strengthening trend, while the upper layer has a negligible
impact. Conversely, on the northern slope, the strengthening
of the negative CGTy, is primarily influenced by the upper
layer, while the middle layer has a negative effect.

The results from this process-oriented study offered clear
processes for understanding vertical coupling among circu-
lation layers. The motions in one layer influence others by
modifying the along-slope pressure distribution and corre-
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sponding stretching, thereby facilitating inter-layer interac-
tion. It should be noted that those understandings are based
on process-oriented simulations with simplified configura-
tions. Based on the obtained understanding, a more realis-
tic simulation in our following study, incorporating detailed
topography and external forcings, will offer more quantita-
tive insights and help further validate and extend the findings
presented here. In addition to the processes revealed in this
study, other mechanisms, such as the Neptune effect involv-
ing the eddy—slope interaction (e.g., Holloway, 1987; Stewart
et al., 2024), may also play a role in influencing circulation
dynamics in marginal seas like the SCS. It will be incorpo-
rated into our future investigations to improve understanding.
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