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ABSTRACT

Marginal seas, as transitional zones, are closely connected to the open ocean and adjacent coastal sys-
tems. Their circulations often exhibit strong oscillatory behavior that shapes heat and salt transport,
nutrient cycling, and regional ocean-atmosphere interactions. However, the characteristics and underly-
ing dynamics of these oscillations remain insufficiently understood. Using the unique three-layer alter-
nating circulation in the South China Sea as an example, we show that the system undergoes a
pronounced regime transition from 1993-2008 to 2009-2018. This transition is closely linked to the
phase change of the Pacific Decadal Oscillation. Specifically, upper-layer cyclonic circulation intensifies
during the pre-2009 but weakens during the post-2009 period, while the middle-layer anticyclonic cir-
culation exhibits the opposite pattern. In contrast, the deep-layer circulation strengthens substantially
during the post-2009 period. These regime transitions arise from the interplay of surface wind forcing,
the external exchanging current with the Pacific, and topographically modulated internal vertical cou-
pling. The decadal trend of the upper-layer circulation is primarily wind-driven. The weakening of
middle-layer circulation during pre-2009 is governed by pressure torque influenced by the upper-
layer, whereas its post-2009 strengthening is attributed to vortex stretching associated with enhanced
deep intrusion from the Pacific and a stronger deep-layer circulation. The findings clarify the oscillatory
nature of South China Sea layered circulation under climate variability and highlight its role in regulating
regional mass transport and ocean-atmosphere interaction.
© 2025 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved,
including those for text and data mining, Al training, and similar technologies.

1. Introduction

The South China Sea (SCS), situated within the Indo-Pacific
warm pool (Fig. 1a), is bordered by the most densely populated

Global marginal seas are separated from major ocean basins by
topographic features and are closely connected to the open ocean
and adjacent coastal systems. The circulations in marginal seas
play a critical role in regulating both regional and global climates
by facilitating the exchanges of heat, salinity, nutrients, and carbon
between the marginal seas and the open ocean [1-3]. These pro-
cesses, in turn, influence the sustainability of the environment
and socioeconomic activities in neighboring coastal regions.

* Corresponding authors.
E-mail addresses: zycai@um.edu.mo (Z. Cai), magan@ust.hk (J. Gan).

https://doi.org/10.1016/j.scib.2025.12.033

regions and serves as a key pathway for water exchange between
the Pacific and Indian Oceans [4-6]. Forced by the Asian monsoon
and exchanging current through the surrounding straits, the SCS
features a unique layered circulation over its meandering bottom
slope. This circulation is characterized by cyclonic-anticyclonic-
cyclonic (CAC) circulations in the upper (< 750 m), middle
(750-1500 m), and deep layers (> 1500 m), respectively (Fig. 1b-d)
[7-15]. The upper-layer circulation is primarily controlled by the
local wind forcing and the Kuroshio Current (KC) intrusion from
the Western Pacific Ocean (WPO) through the Luzon Strait
(Fig. 1a) [2]. The KC originates from the bifurcation of westward-
flowing North Equatorial Current upon reaching the Philippine
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Fig. 1. Characteristics of the layered circulation in the SCS. (a) Schematic representation of the surface circulation (black arrows) and sea surface temperature (SST, °C, color
shading) over the SCS and WPO. (b-d) Characteristics of the layered circulation in the SCS and the layered exchanging current in the Luzon Strait (purple and green arrows).
The color represents the transport streamfunction for the upper (0-750 m), middle (750-1500 m), and deep (1500 m to bottom) layers, based on CMOMS results. The
positive/negative values denote circulation in cyclonic/anticyclonic direction, respectively. The solid arrows show the direction of the mean circulation in SCS and WPO. The
volume transport through the Luzon Strait is 5.9 Sv (10° m? s™') (influx) in the upper layer, —1.4 Sv (outflux) in the middle layer, and 0.9 Sv (influx) in the deep layer [8].

coast (Fig. 1a). The middle and deep circulations within the semi-
enclosed SCS basin are maintained by the outflow and deep intru-
sion through the Luzon Strait [3,10,13,16,17]. The interactions
among currents across these layers, particularly over slope topog-
raphy, further modulate the structure and intensity of the overall
circulation within the SCS [9-11,18].

Located within the Indo-Pacific region, the SCS is exposed to a
wide range of climatic variability across multiple spatiotemporal
scales through both the atmospheric and oceanic pathways
[2,19-22]. Influences from these interactions have led to signifi-
cant decadal variability in forcing factors [23-26]. Meanwhile,
internal dynamics regulated by local topography and thermohaline
structure [7,27-29] further shape how the basin circulation
responds to external climate signals. The interplay among these
factors leads to significant oscillations, often exhibiting stronger
signals compared to the global mean [30,31], and even causing
trend reversals in regional circulation systems [24,32,33]. For
instance, sea levels in the SCS and WPO have oscillated between
falling and rising on a decadal scale [24], and surface western
boundary current in SCS has undergone weak-strong-weak phase
shifts during winter over the past several decades [34].

Such oscillating behavior of marginal sea circulation signifi-
cantly influences the regional heat and salt transport, nutrient
cycling, and ocean-atmosphere interactions. Similar behavior
occurs in other regions as well. In the Subpolar North Atlantic
basin, under the local circulation shift, the decade-long cooling
trend since 2006 rapidly reversed in 2016 [32]. Similarly, sea
temperature in the southwestern Gulf of Mexico exhibits the dec-
adal to multidecadal-scale oscillations between warming and
cooling [35]. These reversals are closely linked to significant vari-
ations in the physical and biogeochemical properties of the local
water masses [36,37]. Understanding these reversible oscilla-

tions in marginal seas is therefore essential for characterizing
ocean functioning and evolution, and for enhancing the pre-
dictability of interior ocean dynamics. Previous investigations
have largely focused on long-term net trends in circulation and
thermodynamic properties, while paying less attention to the
nature and mechanisms of these oscillations. Limitations in
observational coverage across space and time also hindered a
clear understanding of the three-dimensional oscillatory dynam-
ics of the SCS. In this study, utilizing observations, reanalysis
products, and rigorously validated model results, we demon-
strate and explain significant regime transitions of the rotating
layered circulation of the SCS over the past decades.

2. Materials and methods
2.1. Data

The simulation results from the China Sea Multi-scale Ocean
Modeling System (CMOMS) [7,8], developed based on the Regional
Ocean Modeling System (ROMS) [38], are used in this study. The
CMOMS model domain covers the northwest Pacific Ocean (NPO)
and all adjacent South China Sea, extending from 0.95°N, 99°E to
50°N, 145°E. The horizontal grid size of the model decreases grad-
ually from ~10 km in the southern part to ~7 km in the northern
part of the domain. Additional details regarding the CMOMS con-
figuration are provided in the Supplementary material. The model
has been rigorously validated using the geostrophic currents
derived from Generalized Digital Environmental Model [7], satel-
lite altimetry data (Figs. S1-S3 online) and geophysical fluid
dynamics [7-9], which establishes the reliability of following
investigations. In the following analysis, we use 30 years daily
results from 1993 to 2022.
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Besides the CMOMS simulation, the daily sea-level anomaly
with a 0.125° horizontal resolution during 1993-2022 is obtained
from the Copernicus Marine Environment Monitoring Service
(CMEMS). These data merge observations from multiple satellite
altimetry missions (TOPEX/Poseidon, ERS-1/2, Jason-1, Jason-2,
and Envisat). Monthly subsurface temperature and salinity field
with a 1° horizontal resolution during 1993-2022 from EN4 are
used to calculate the density difference across the Luzon Strait
between two regions (118°-121°E, 18°-22°N and 121°-124°E,
18°-22°N). To ensure reliability, only data above 3000 m are used
in the calculation. Global monthly wind stress with a 0.25° hori-
zontal resolution is derived from the Ocean Reanalysis System 5
(ORAS5).

2.2. Stokes’ Theorem based analyses

Based on Stokes’ Circulation Theorem, the domain-integrated
vorticity in each layer, reflecting the circulation direction and
intensity, is defined as:

Lu_> Lu_>
r- ?{ Vdzdl = ffv x [ Vdzda, (1)
Lb Lb

where V is the horizontal velocity field, composed of the zonal
velocity u and the meridional velocity », Lu and Lb are the depths
of the top and bottom in each layer. Three layers are separated
using 750 and 1500 m, following previous investigations [7,39].
Using output from CMOMS, which follows the Arakawa C-grid
structure of ROMS, vorticity is calculated at the \-points. Grid
points directly adjacent to land are masked out and excluded from
the calculation of I'. The obtained T represents the basin circulation
for each layer integrated along the boundary [ of the SCS basin. In
the following analysis, the I' is used as an indicator of the circula-
tion intensity and direction in each layer.

To identify the major forcings of circulation, the layer-
integrated vorticity equation in each layer is expressed as,
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where fis the Coriolis parameter, p, is the density, and P is the pres-
sure. &, is layer-integrated changing rate of vorticity and &4, is
the combination of horizontal relative vorticity advection and tilt-
ing. According to the divergence theorem, &, denotes the net lat-
eral planetary vorticity flux through the straits. &, is the bottom
pressure torque induced by the interaction of flow and topography.
The vertical viscosity &, could be divided into the surface &, and
bottom stress curl &, in each specific layer. It represents wind
stress (7s) and bottom frictional stress (7,) curls in the upper and
deep layers, respectively.

3. Results and discussion
3.1. Regime transition of the layered circulation

The domain-averaged vorticity in the upper (I'V > 0), middle
('™ < 0), and deep (I'® > 0) layers provides quantitative insights
into the evolution of the layered circulation in the SCS. In this con-
text, an increasing (decreasing) vorticity trend in the upper and
deep layers corresponds to a strengthening (weakening) of cyclo-
nic circulation, while in the middle layer, an increasing (decreas-
ing) vorticity trend reflects the weakening (strengthening) of the
anticyclonic circulation. These variations exhibit contrasting tem-
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poral variations and changing regimes across two periods: pre-
2009 (1993-2008) and post-2009 (2009-2018) (Fig. 2). Specifi-
cally, the regime transition between pre-2009 and post-2009 is
characterized by strengthening and weakening trends of upper-
layer circulation, and by weakening and strengthening trend of
middle-layer circulation, respectively. It is also shown by a pro-
nounced intensification of deep-layer circulation during post-2009.

This regime transition is strongly associated with the external
climatic oscillation from the Pacific Decadal Oscillation (PDO)
and internal dynamics arising from flow-topography interactions.
During the negative phase of PDO, the easterly wind anomaly
develops over the tropical WPO, strengthening the North Equato-
rial Current and KC [2,40,41], which in turn reduces the intrusion
through the Luzon Strait. Over the SCS basin, the wind forcing
shows a cyclonic anomaly [25,42]. Thus, during the negative phase
of PDO, the wind stress curl (WSC) and the planetary vorticity flux
through the Luzon Strait contribute positive and negative anoma-
lies to cyclonic circulation in the SCS (Fig. 2a). Conversely, the
opposite pattern occurs during the positive phase of the PDO.

Modulated by these changing external atmospheric forcing and
the lateral planetary vorticity fluxes, the upper-layer circulation
undergoes a significant transition, corresponding closely to the
phase shift of PDO (Fig. 2a). During the pre-2009 period, when
PDO index shifts from positive to negative phase, the upper-layer
circulation exhibits a clear strengthening trend, with an intensifi-
cation rate of approximately 6% per decade. This trend also shows
strong negative correlation between the PDO index and I'Y, with a
coefficient (r) of —0.91. Over the central SCS basin, a rising trend in
sea surface height was also observed prior to 2009, which reflects
an anticyclonic trend in surface geostrophic circulation [24,43].
Since the present analysis focuses on the basin-integrated circula-
tion in the entire upper layer and includes the effects of ageos-
trophic processes such as wind forcing, the strengthening trend
identified here may differ from the localized anticyclonic tenden-
cies in earlier studies. Conversely, during the post-2009 period
when the PDO index shifts from a negative to positive phase, the
trend of upper-layer circulation reverses, weakening at a slower
rate of approximately —2% per decade. Concurrently, the correla-
tion between I'V and PDO index gradually becomes positive, par-
ticularly after 2010 when r reaches 0.72.

In the middle layer, the changing trend broadly mirrors that of
the upper layer (Fig. 2b). During pre-2009 period, negative T
exhibits a positive trend that the vorticity increases by approxi-
mately 3% per decade. Given that the middle-layer circulation
flows in an anticyclonic direction with negative vorticity, this pos-
itive trend suggests a weakening of the circulation. However, in the
post-2009 period, the trend reverses with anticyclonic circulation
strengthening at a much higher rate of approximately 13% per dec-
ade. Additionally, on the sub-decadal scale, a robust negative cor-
relation is noted between the wupper- and middle-layer
circulations. The detrended ™ and I'Y in pre-2009 and post-
2009 yield correlation coefficients of —0.72 and —0.60, respectively
(Fig. S4 online). This suggests that, on the sub-decadal scale, a
stronger upper-layer circulation is typically accompanied by a
stronger middle-layer anticyclonic circulation. This indicates a
possible vertical coupling for transmitting climatic variability from
upper-layer circulation [18,44-46].

In the deep layer (Fig. 2¢), the circulation does not exhibit a sig-
nificantly changing trend during the pre-2009 period. However, it
strengthened substantially during the post-2009 period, with an
increase rate of approximately 15% per decade. As shown in previ-
ous studies, the density difference across the Luzon Strait induces a
westward pressure gradient, driving the deep intrusion from the
WPO into the SCS and maintaining the deep-layer cyclonic circula-
tion [14,17,44]. The observed data on crossing Luzon Strait density
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Fig. 2. Transition in changing regime of the layered circulation in SCS. (a) Smoothed (7-year) upper layer domain-averaged vorticity (color, positive TV) and PDO index
(purple line) during two regimes pre-2009 (1993-2008, R1) and post-2009 (2009-2018, R2). The black dashed lines show the linear trend of I'V during pre-2009 and post-
2009, and the gray line represents the unsmoothed upper layer vorticity. The red and green horizontal lines represent the wind stress curl (WSC) and horizontal planetary
vorticity flux through the Luzon Strait (LS pv flux) anomalies during the positive phase (solid) and negative phase (dashed) of PDO. (b) Smoothed (7-year) middle layer
domain-averaged vorticity (color, negative I'™). The black dashed lines show the linear trend of ' during pre-2009 and post-2009, and the gray line represents the
unsmoothed middle layer vorticity. (c) Smoothed (7-year) deep layer domain-averaged vorticity (color, positive I'?), the density difference across the Luzon Strait in EN4 data
(green triangles) and OBP across the LS (red line). The dashed lines show their linear trends during pre-2009 and post-2009, and the gray line represents the unsmoothed deep

layer vorticity.

difference, bottom pressure difference (OBP) (Fig. 2c) and the deep
overflow from WPO through the Luzon Strait [3], primarily avail-
able in post-2009 period, consistently indicate a significant
enhancement. This is consistent with the strengthening of the
deep-layer circulation. It is worth noting that some previous stud-
ies have reported opposite decadal trends in the deep overflow
through Luzon Strait during this period [3,47,48]. Such inconsis-
tencies highlight the complexity of the SCS deep-layer circulation
system and the limitations imposed by sparse long-term observa-
tions. The coarse resolution and depth mismatches in the data may
obscure signals in narrow straits or regions with steep topography,
thus complicating interpretation. The results presented here
should therefore be viewed in this context, emphasizing the need
for sustained, basin-scale monitoring.

3.2. External and internal drivers of circulation regime transition

To better understand the decadal regime transition in SCS, the
underlying physical drivers are quantitatively examined using
the layered-integrated vorticity budget [7,9,34]. For the mean lay-
ered CAC circulation, the system is primarily governed by the inter-
play between the external planetary vorticity flux across the
basin’s lateral boundary (&), and the internal bottom pressure
torque induced by the flow-topography interaction [49] (&, ). In
addition, the upper-layer circulation is further maintained by the
vorticity input from surface WSC (&) (Fig. 3a).

In the upper layer, two major drivers of the basin circulation
and its decadal variability are surface WSC and lateral planetary
vorticity flux, both of which exhibit a regime transition across
two periods (Fig. 3b). During pre-2009 period when the PDO tran-
sitions from a positive to a negative phase, the WSC over the SCS

shifts from an anticyclonic to a cyclonic anomaly (Fig. 2a), produc-
ing a positive trend of 6.3 x 10712 m s~2 decadal™!. Concurrently,
the transition of wind forcing over the WPO results in a decreasing
trend in planetary vorticity input to the SCS of —3.7 x 10712 m s72-
decadal” [50]. These trends reverse during the post-2009 period
that WSC weakens substantially to —2.1 x 10™"" m s~2 decadal™,
whereas the lateral planetary vorticity flux strengthens to
1.6 x 107" m s72 decadal™'. Although the Luzon Strait remains
the dominant source of lateral planetary vorticity flux, PDO-
related signals transmitted through the Mindoro Strait strongly
influence the regime shifts in SCS sea level [24], which may in turn
modulate upper-layer circulation. This suggests that the Mindoro
Strait serves as a complementary pathway that warrants further
investigation.

Across two regimes, the decadal changing trend of upper-layer
circulation is mainly controlled by WSC. Beyond the linear trends
within each period, it is also noted that I'V is positively correlated
with WSC in pre-2009 period with r = 0.85. However, in the post-
2009 period, as upper intrusion through the Luzon Strait intensifies
and surface WSC weakens, lateral planetary vorticity flux begins to
play a more significant role in modulating the sub-decadal vari-
ability of upper-layer circulation, with r =0.46. This shift also
explains why the correlation between I'V and the PDO index tran-
sits from negative to positive across the two periods (Fig. 2a).

In the middle layer (Fig. 3¢), the weakening trend of circulation
during pre-2009 is primarily controlled by the bottom pressure
torque, as indicated by the strong positive correlation between

ngf and T (r = 0.92). The bottom pressure torque arises from
the interaction between the bottom pressure gradient and sloping
topography, constraining geostrophic flow along isobaths.
Although bottom pressure torque does not alter the potential vor-
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Fig. 3. Vorticity budget during the circulation regime transition. (a) The mean terms in layered-integrated vorticity equation in the upper, middle and deep layers. &,
indicates vortex stretching/squeezing, which is the equivalent to planetary vorticity flux across the open boundary [7], &, is horizontal advection and titling, &, is the
bottom pressure torque, &, is the turbulent viscosity; &, and &, are the surface and bottom stress curl for each layer. For upper layer, the &, is the surface wind stress
curl. (b) Smoothed (7-year) domain-averaged vorticity (color, V), &2, (red line) and &Y. (blue line) in upper layer. The dashed lines show the linear trend during pre-2009 and
post-2009, respectively. (c) Smoothed (7-year) domain-averaged vorticity (color, '), 51';;[ (purple line) and &, (green line) in middle layer. The dashed lines show the linear
trend of ég"gf and & during pre-2009 and post-2009, respectively. (d) Smoothed (7-year) domain-averaged vorticity (color, I'?) and &°, (green line) in deep layer. The dashed

lines show the linear trend ¢°  during pre-2009 and post-2009, respectively.

ticity of individual water parcels, it reflects vertical motion induced
by bottom geostrophic cross-isobath transport, which can impose a
squeezing effect on the overlying flow. The variations in bottom
pressure torque are closely tied to the bottom pressure distribu-
tion, which in turn is shaped by motions throughout the entire
water column. During this period, the intensification of bottom
pressure torque is associated with the strengthening of the
upper-layer circulation. It suggests that the upper layer can exert
a significant influence on the decadal variation and trend of the
middle-layer circulation by modulating the bottom pressure pat-
tern [46]. In the post-2009 period, however, the strengthening
trend of the middle-layer circulation becomes controlled by the
negative trend of lateral planetary vorticity flux, as reflected in a
positive correlation between ¢ and ™ (r = 0.91). In the semi-
enclosed basin, the lateral transport of vorticity corresponds to
internal vortex stretching in the water column. It is also notewor-
thy that the horizontal pattern of decadal changing trend in &2

cor

closely resembles that of &M (Fig. S5g and k online). Thus, the

cor
changes in ¥ in the middle layer are supported by the concurrent

increasing trend of &2 in the semi-enclosed deep layers. This align-
ment highlights the vertically coupled nature of the circulation
system, which modulates the middle layer’s response to changes
in entire layered circulation. During the transition between domi-
nant mechanisms, the correlation between the upper- and middle-
layer vorticities weakens, as seen during the 2005-2010 period
(Fig. 2 and Fig. S4 online).

For the deep-layer circulation, both the decadal changing trend
and the sub-decadal variability are controlled by planetary vortic-
ity input by the deep intrusion through the Luzon Strait. Notably,
in the post-2009 period, the intensification of planetary vorticity

input (as shown in Figs. 2c and 3d) imposes stronger vortex
squeezing on the middle layer. This interaction supports the
strengthening trend of middle-layer anticyclonic circulation during
this period.

4. Conclusion

Using a combination of high-resolution numerical simulations
and observational data, this study explores the decadal regime tran-
sition of unique rotating layered circulation in the largest marginal
sea of the Pacific Ocean (Fig. 4). The result identifies two distinct cir-
culation regimes in the SCS, each closely linked to phase shifts in the
PDO and characterizes by contrasting forcing conditions.

During pre-2009 period, the upper-layer cyclonic circulation
strengthened, while the middle-layer anticyclonic circulation
weakened. In contrast, during the post-2009 period, these trends
reverse and are accompanied by a pronounced intensification of
deep-layer cyclonic circulation. These transitions reflect a struc-
tural reorganization of the SCS interior circulation, driven by evolv-
ing external forcings and internal response dynamics.

The analysis highlights the interplay of surface wind forcing,
external exchanging current with the Pacific, and topographically
modulated internal vertical coupling in shaping the long-term evo-
lution and decadal variability of basin circulation (Fig. 4). Across
the two regimes, the decadal trend of the upper-layer circulation
is primarily controlled by wind forcing. While in the middle layer,
the weakening of circulation during pre-2009 is mainly governed
by the bottom pressure torque, which is influenced by the
strengthening of the upper-layer circulation. In contrast, during
the post-2009 period, the strengthening trend in the middle layer
is largely driven by the vortex stretching, which is supported by
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during pre-2009 period in each layer. The changing trend in upper-layer cyclonic circulation and middle-layer anticyclonic circulation is controlled by the &, and él'f'g,,
respectively. The purple downward arrow represents the effect of bottom pressure torque imposed on the middle layer. (e-h) are the same as (a-d) but for the post-2009
period. During the post-2009 period, the changing trend in upper-layer cyclonic circulation, middle-layer anticyclonic circulation, and deep-layer cyclonic circulation is
controlled by the &2, &M, and &2 , respectively. The light blue arrow represents the impact of vertical stretching imposed on the middle layer

the increased stretching in the semi-enclosed deep layer. This
highlights the vertically coupled nature of the layered circulation
system in SCS, which governs the middle layer’s response to
changes in the entire layered circulation. For the deep layer, the
changes in circulation are predominantly controlled by deep-
water intrusion through the Luzon Strait. The findings advance
understanding of how SCS circulation adjusts to climate variability
and modulates regional heat and salt transport, nutrient cycling,
and ocean-atmosphere interactions.

Although this study primarily adopts a geopotential level based
vorticity analysis, future investigations incorporating isopycnal
dynamics and related potential vorticity could yield insight into
regime transitions in the layered circulation [16,51,52]. Potential
vorticity based analysis offers a powerful framework that unifies
the effects of rotation, stratification, and column stretching. Strat-
ification may further influence the structure and intensity of circu-
lation, as suggested by recent studies [53,54]. Investigating these
processes within an isopycnal framework represents a valuable
direction for future research.
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