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Abstract we developed a new three-dimensional, high-resolution ocean circulation model for the entire
China Seas (CS) region. The model considered the linked physics associated with the western boundary cur-
rent, monsoonal wind, and tidal forcings, and topography in both the CS and the adjacent oceans. From
this well-validated model, we derived new insights into the three-dimensional seasonal circulation of the CS
in response to the intrinsic forcing of monsoonal winds and extrinsic forcing of flow exchange with adjacent
oceans through the straits and over the slope around the periphery of the CS. Besides the East Asian mon-
soon forcing, we found that the extrinsic forcings interact coherently with each other and with the interior
circulation to jointly shape the CS circulation. Specifically, we revealed rotating layered circulation in the CS.
The circulation in the South China Sea has a vertical cyclonic-anticyclonic-cyclonic pattern in the upper-
middle-lower layers, which we relate to the inflow-outflow-inflow transport in those layers in the Luzon
Strait. The circulation in the East China Sea (ECS) is characterized by a vertically variable cyclonically rotating
flow, and the circulation in the Yellow Sea (YS) is represented by a cyclonic movement in the upper layer
and an anticyclonic movement in the lower layer. We attribute the cross-shelf variation of the along-shelf
current to the ECS circulation pattern, while the vertically variable intrusive current at the central trough,
together with the seasonally varied west and east coastal currents, shape the two-layer circulation in the YS.

1. Introduction

The marginal South China Sea (SCS) and the shelf seas of the Bohai Sea (BHS), Yellow Sea (YS), and East
China Sea (ECS) are linked together by the Taiwan Strait (TWS) to form the China Seas (CS, Figure 1). The CS
are connected to the Western Pacific Ocean (WPO) by the continental slope off the ECS and by the Luzon
Strait (LS) to the east of the SCS. The CS are also connected to the Sea of Japan by the Tsushima Strait,
to the Java Sea by the Karimata Strait, and to the Sulu Sea by the Mindoro Strait and Balabac Strait (Figure
1). The deep SCS basin and broad continental shelves of the ECS, BHS, and YS and the SCS characterize the
CS topography. The steep continental slope links the shelves with the deep basin. We summarized all abbre-
viations that have been commonly used in the CS in Table 1.

The circulation in the CS is largely governed by the dynamics of the East Asian monsoon wind-driven flow,
external flow from adjacent oceans, and the interaction of these flows with topography. In the SCS, the
basin circulation is predominately shaped by cyclonically and anticyclonically circulating flows along the
slope at the continental margin. These flows in the SCS are the response to winter northeasterly and
summer southwesterly monsoonal winds, and Kuroshio intrusion from LS [Qu, 2000; Xue et al., 2004; Gan
et al., 2006]. In the ECS, monsoonal winds, tides, Kuroshio intrusion, and freshwater discharged from the
Changjiang River (Figure 1) yield the typical shelf circulation [e.g., Fang et al., 1991; Guo and Yanagi, 1998;
Liu and Gan, 2012]. The circulations in the BHS and the YS are circular due to the wind and external flux forc-
ings in semiclosed shelf seas [e.g., Isobe, 2008]. All these circulations in different seas have strong seasonal
and spatial variability that respond to changes in local wind and external forcings over the highly variable
topography of the CS.

The exchange flow through the LS, between the SCS and the Kuroshio in the WPO, is the most important
extrinsic forcing to the CS. This flow has a net annual westward transport [e.g., Gan et al., 2006; Hsin et al.,
2012], and also has a sandwich-like flow pattern in the water column. The intrusive currents occupy an
upper layer (~<750 m) and a deeper layer (>1500 m) and the extrusive currents occupy a middle layer in
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flows through the LS [Qiu et al., 2011]
and the northward Taiwan Warm Cur-
rent (TWWC) that occupies the broad
ECS coastal waters [Guan and Fang, 2006] also affect the flow field in the TWS. The annual mean TWS trans-
port is northward and its magnitude ranges from ~1 to ~2 Sv [e.g., Fang et al., 1991; Jan and Chao, 2003].
The exchange transport through the TWS acts as the external inflow/outflow forcing for the ECS and SCS
and importantly regulates the Kuroshio intrusion over the slope to the east of the ECS and the Tsushima
warm current to the north of the ECS [Guo et al., 2006].

In the ECS, the Kuroshio intrusion has an annual net transport of ~1.4 Sv and is important to determine the
shelf circulation [Guo et al., 2006]. The intrusion occurs when the Kuroshio at its shore-side boundary (SSB)
crosses the isobaths and intrudes into the ECS [Liu and Gan, 2012]. The intrusion is expected to be con-
trolled by the local dynamics arising from the interaction between the Kuroshio and slope topography [Gan
et al, 2013] . Because of the annual net inflows from the TWS and Kuroshio intrusion into the ECS, the
annual mean transport in the Tsushima Strait is directed northward year round and has a magnitude of
~2.64 Sv with notable seasonal variability [Takikawa et al., 2005].

Away from the dynamically active Kuroshio-influenced region in the SCS, inflow/outflow transports in the
Mindoro Strait and Karimata Strait respond interactively to both the intrusion of the Kuroshio in the LS and
the SCS circulation. The main intrusive transport from the LS exits through the Mindoro Strait with a mean
transport of ~2.4 Sv [Qu and Song, 2009]. The transport from the LS inflow also exits the Karimata Strait
with an annual mean transport of 1 Sv [Fang et al., 2010].

Clearly, these exchange flows between the seas within the CS and between the CS and adjacent oceans
interactively regulate the circulation in the CS. However, we know little about the three-dimensional, time

Table 1. Abbreviations Used in the Paper

Seas\Straits Abbreviations Currents Abbreviations
Bohai Sea BHS Cyclonical-anticyclonical-cyclonical circulation CACC

China Seas cs North Equatorial Current NEC

East China Sea ECS South China Sea Through Flow SCSTF

Luzon Strait LS Taiwan Warm Current TWWC

South China Sea SCS West Korea Current WKC

Taiwan Strait TWS Yellow Sea Warm Current YSWC
Western Pacific Ocean WPO Yellow Sea Coastal Current YSCC

Yellow Sea YS
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dependence of these flows, in particular the response of CS circulation to the interaction between the
wind-driven circulation and these flows over the complex topography.

The circulations in the individual seas of the CS have been extensively studied, particularly the wind-forced
circulation. However, these seas are topographically and physically connected among themselves and with
adjacent oceans, and these connections exert their influences mainly through the water exchanges through
transports in the straits/slope surrounding the CS. This extrinsic forcing interacts with the intrinsic circula-
tion to jointly govern the overall circulation in the entire CS system and in the individual seas as well. The
characteristics of the circulation in the CS with regards to the dynamic connections of the seas and to the
extrinsic and intrinsic forcings have rarely been investigated. In this study, we developed a novel three-
dimensional model and reported new insights into the circulation in responses to these connections and
forcings in the CS.

2, Ocean Model and Implementations

We used the Regional Ocean Modeling System (ROMS) [Shchepetkin and McWilliams, 2005] to model the
three-dimensional, time-dependent circulation governed by the hydrostatic primitive equations. For the
vertical mixing parameterization, we adopted the local closure scheme of Mellor and Yamada [1982] which
is based on the level-2.5 turbulent kinetic energy equations.

The model domain extended from ~0.95°N, 99°E in the southwest corner to the northeast corner of the Sea
of Japan (Figure 1). This computation domain provided a high degree of dynamic freedom for the western
boundary current (Kuroshio) and for transport/exchange flow through the major straits/slope surrounding
the CS to be developed by the model physics of the primitive equations. We adopted a curvilinear grid with
a (430, 550) dimensional array for the horizontal coordinates (x, y). The horizontal size of this grid array
decreased gradually from ~10 km in the southern part to ~7 km in the northern part of the domain. Verti-
cally, we adopted a 30-level stretched generalized terrain-following coordinate (s). The vertical grid spacing
had a higher resolution in the surface and bottom boundary layers and avoided artificial diffusion in large
water depths. We obtained water depths h(x, y) by merging ETOPO5 (1/12°) data from the National Geo-
physical Data Center in the U.S. with digitized water depths from navigation maps published by the China
Maritime Safety Administration. Our limited-area simulation considered the physical and numerical needs
of resolving circulation dynamics in the CS which would have been difficult for a global-scale model to
achieve.

We forced the model with wind stress derived from climatological (averaged from 1988 to 2013) monthly
Reanalysis of 10 m Blended Sea Winds released by the National Oceanic and Atmospheric Administration
(https://www.ncdc.noaa.gov/oa/rsad/air-sea/seawinds.html), based on the bulk formulation by Fairall et al.
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Figure 2. Time series of the domain-averaged surface elevation (m), kinetic energy (m? s?), potential temperature (°C), and salinity.
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Figure 3. (a, b) Surface velocity vectors (m s~ ') and (c, d) wind stress curl (107 Pam™") in the CS during winter and summer. The black
solid line marks the 200 m isobath.

[2003]. The data set has 0.25° X 0.25° resolution. We calculated the atmospheric heat and salt fluxes from
climatological monthly mean NCEP (National Centers for Environmental Prediction) Reanalysis 1 meteoro-
logical variables using bulk formula. The Reanalysis has ~1.875° resolution.

We applied active open boundary conditions (OBCs), which integrated the active OBCs of Gan and Allen
[2005] and the Flather-type OBCs [Flather, 1976], to accommodate concurrently tidal and subtidal forcing
along the eastern and southern open boundaries of the model domain. The OBCs linked the CS processes
with the remote forcing, and they allowed disturbances from the interior of the CS to propagate outward
freely. The OBCs also separated all subtidal components into local (forced) and global (unforced) compo-
nents such that inflow/outflow conditions can be calculated with the unforced Orlanski-type OBCs using
the global component. The local components of eastward and westward depth-integrated velocities (U, V),
depth-dependent velocities (u, v), temperature (7), and salinity (S) along the open boundaries were the
monthly mean solutions derived from the Ocean General Circulation Model for the Earth Simulator (OFES)
global model [Sasaki et al., 2008]. This global model has 10 km X 10 km horizontal resolution and is forced

with climatological monthly mean atmospheric fluxes. The same OBCs were applied to U, V, u, v, T, and S for
dynamic consistency.

Tidal forcing exerts its effect on the CS through the tidal wave propagation from the WPO. We applied the
tidal forcing, with eight harmonic constituents (M,, Sy, Ny, K, Ky, O, Py, and Q,), derived from the Pacific
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Figure 4. Mean absolute dynamic topography (ADT in m, averaged from 1993 to 2012) from AVISO and model results in winter and
summer. Additional values of hy have been subtracted from the AVISO data. The black solid line marks the 200 m isobath.

Ocean and Indian Ocean subdomains of the Inverse Tide Model (ITM) [Egbert et al., 1994] as boundary forc-
ing in our model. The ITM is constrained by TOPEX/Poseidon altimetry data and uses an advanced and
effective data assimilation technique. In addition, in our model, we added tidal potential to a pressure term
in momentum equation, following Ray [1998], to account for the self-attraction and loading effect of the
ocean. We used the climatological monthly discharges from major rivers (e.g., the Mekong River, Pearl River,
and Changjiang River) and other smaller rivers in the Gulf of Beibu, BHS, and YS as lateral buoyancy fluxes.
We obtained the discharge data from the Information Center of Water Resources (Bureau of Hydrology, Min-
istry of Water Resources of P. R. China) and from those reported in literatures [e.g., Dai and Trenberth, 2002].

We initialized our model with winter climatological WOA13 (World Ocean Atlas 2013) potential temperature
and salinity, and spun the model up for 50 years. To avoid a drifting (T) and (S) in the deep ocean [Gan et al.,
1998], we relaxed (7, S) in the bottom layers of the deep basin (h > 200 m) to the seasonally averaged values
from WOA13 in 200 days. We also applied same relaxation to S in the upper layer of the deep basin to com-
pensate for the uncertainty in surface salinity flux arising from NCEP Reanalysis precipitation data.

The CS circulation model is part of the China Sea Multi-Scale Ocean Modeling System (CMOMS) that integrates
circulation in estuary/shelf/basin/open oceans of different subscales. The numerical implementations of the
CMOMS consider regional ocean circulation dynamics by adopting the physically sensible computational
domain, regionally validated atmospheric and lateral (both mechanical and thermodynamic) forcings, and
numerically and physically adaptable OBCs.
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Figure 5. Time series of transports (Sv) in the NEC (black) across meridional sec-
tion along 135°E between 8°N and 20°N, the Kuroshio (blue) across zonal section
along 20°N, and the Mindanao Current (red) across zonal section along 8°N from
the coast to 135°E from the model. The westward current in the NEC, the north-
ward current in the Kuroshio, and the southward current in the Mindanao Current
in the upper 400 m are used to calculate their respective transports. Their annual

The time series of the domain-
averaged surface elevation, kinetic
energy (KE), salinity, and potential tem-
perature (Figure 2) show that the
ocean reaches a statistical equilibrium
within ~5 years. The fact that the
dynamic and thermodynamic fields in
the model are able to reach an equilib-
rium state also suggests that the
model is reasonably well implemented
and that the OBCs perform stably. We
used average values of model variables
in the last 5 years of the 50 year inte-
gration for the analyses in our study.

3. General Physical
Characteristics

3.1. Circulation and Variability
The seasonal circulation, forced by
both the East Asian monsoon wind

mean values and standard deviations are also shown. forcing and the intrusive currents over

the unique topography of the CS, is
shown by surface velocity vectors in Figure 3 and by satellite remotely sensed absolute dynamic topogra-
phy (ADT) distributed by the AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic) by
model result in Figure 4. The AVISO data are averaged from 1993 to 2012.

The northeasterly and southwesterly monsoonal wind-forced circulation in the CS is mainly shaped by
Ekman transport in the shallow shelf regions and by circular motion excited by seasonally opposite wind
stress curls in the deep basin (Figure 3). These are relatively well known [e.g., Qu, 2000; Xue et al., 2004; Gan
et al, 2006, 20093; Liu and Gan, 2015]. However, the effects of external forcing from adjacent oceans and
the interaction of the external forcing with the wind-forced currents in the CS are not as well understood.

Our results show that the exchange flows around the periphery of the CS associate largely with the current
system in the tropical WPO. The surface North Equatorial Current (NEC) flows westward between 8°N and
18°N, and it bifurcates east of the Philippines at ~11°N at the surface in summer (June, July, and August),
and at ~14°N in winter (December, January, and February), as shown by seasonal velocity fields (Figure 3)
and ADT (Figure 4). The annual mean transport of the NEC is ~59 Sv (Figure 5). Large variation of mean NEC
transport has been estimated to be ranged from ~57 Sv [Qiu and Lukas, 1996] to ~40 Sv [Qu et al., 1998].
All the previous estimates were derived geostrophically from the spatiotemporally limited hydrographic
measurements or were from numerical model-based results. On average, the northward and southward
bifurcation of the NEC form the northward Kuroshio of ~23 Sv and the southward Mindanao Current of
~35 Sy, respectively (Figure 5). These two values, obtained from the CMOMS, are close to the transport esti-
mates by Qiu and Lukas [1996], but Kuroshio transport is larger than the recent field measurement by Lien
et al. [2014]. Our transports presented here were integrated upward from the depth of 400 m similar to Qiu
and Lukas [1996]. It should be noted that Kuroshio transport varies greatly in space and time [Jan et al,, 2015], as
a result of inter-annual variability and variable local forcing along its path. The seasonal phases of NEC, Kuroshio,
and Mindanao Current are similar to those described in Qu et al. [1998], Yaremchuk and Qu [2004], and Qu et al.
[2012]. As a result of decreasing transport in the NEC and the northward shifting NEC from summer to winter,
smaller Kuroshio transport (Figure 5) but stronger westward intrusions of Kuroshio occur in winter (also see sec-
tion 5). These intrusions include the Kuroshio entering the SCS through the LS [Qu et al, 2000] and into the ECS
along the edge of the ECS shelf [Liu and Gan, 2012].

Over the CS, the SCS exhibits a basin-wide cyclonic (anticyclonic) circulation with a distinct low (high) ADT
that is centered in the deep basin (h > 200 m) in winter (summer) (Figure 4). In the shelf seas (ECS and YS),
the ADT increases southward along the shelf and it manifests as an intrinsic northward pressure gradient
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This decrease indicates relatively weak seasonality far from the shelf regions. We associate the large ampli-
tude (> 0.08 m) west of the Luzon Island with the seasonal western Luzon eddy [Wang and Gan, 2014].
Similarly, we link A > 0.04 m east of Vietnam to the variation of the seasonal eddy arising from recirculation
in the coastal current separation [Gan and Qu, 2008].

The negative cophase (p < 0) in broad region of the CS, small positive p in the shelf waters, and positive p
east of the central Vietnam indicate sequentially the temporal variation of SLA in these regions (Figures 6a
and 6b). Combined with the time series of SLA in Figure 6c, these findings show that the seasonal SLA sig-
nals in the central basin (e.g., station SCS) and in the outer ECS shelf (e.g., ECS station) occur ~3-4 months
(p between —90° and —120°) before that in the coastal waters in the ECS and SCS where p ~ 0 (e.g., station
NSCS), while the SLA signals off the Vietnamese coast occur ~3-4 months after those in the coastal waters.

The time series of SLA and wind stress curl in Figure 6c suggest that the pumping by local wind stress curl
mainly induces the SLA in the basin and east of the central Vietnam, where wind stress curl and the associ-
ated response in the current [Gan and Qu, 2008] correlate negatively with SLA. In the shallow coastal waters,
the wind-forced coastal upwelling/downwelling process plays a dominant role [Gan et al.,, 2009a; Liu and
Gan, 2014] and the effect of wind stress curl is small.
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Figure 7. Mean sea surface temperatures (SSTs, °C) from the MODIS data (averaged from 2002 to 2013) and the model for winter and
summer. The black solid line marks the 200 m isobath.

3.2. Hydrography and Tides

3.2.1. Thermal Characteristics

The seasonal sea surface temperature (SST) distribution in Figure 7 and the time series of SSTs in the differ-
ent seas obtained from CMOMS and satellite remote sensing MODIS (Moderate Resolution Imaging Spec-
troradiometer, averaged from 2002 to 2013) data in Figure 8a show the spatiotemporal thermal
characteristics in the CS. These thermal fields reflect the interaction between atmospheric and oceanic ther-
mal forcing, and the heat transport facilitated by the oceanic circulation.

The SST in the CS is characterized by a distinct southward gradient that is much stronger in winter. The
amplitude of the seasonal SST variation increases northward and the maximum seasonal SST difference
ranges from 5°C in the SCS to 20°C in the BHS (Figure 8a). The gradient and the seasonal amplitude reflect
mainly the spatial variation of the air-sea heat flux in the CS.

Along the coast of the CS, heat advection driven by the strong coastal currents attenuates the meridional
SST gradient. As a result, surface isotherms align with the coastline, and there is a strong cross-shelf thermal
gradient along the China shelf seas in winter, which might have contributed to the northward flowing
TWWC because of a thermal-wind effect.

The model satisfactorily captured the observed variable water masses in the CS. Taking the SCS as an
example, the T-S diagram (Figure 8b) shows that there is a large variation of the water masses as a
result of the physical transport from different sources. These sources involve the land-sea interaction
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results (dashed lines) in the North Pacific Ocean (NPO), SCS, ECS, and BHS-YS; (b) T-S diagram in the SCS (west of 121°E, 1°N-24°N but
excluding Sulu Sea) from WOA13 and CMOMS. The water masses in the SCS include: Continental Shelf Waters (CSW) [Rojana-Anawat et al.,
2000], Tropical Surface Waters (TSW) [Qu et al., 1999], Kuroshio Branch Waters (KBW) [Jan et al., 2006], North Pacific Tropical Waters (NPTW)
[Qu et al., 2000], North Pacific Intermediate Waters (NPIW) [Qu et al., 2000], Subsurface Kuroshio Branch Waters (SB-KBW) [Jan et al., 2006],
and Deep Waters (DW) [Dippner and Loick-Wilde, 2011].

in the coastal waters and the three-dimensional water exchange between the SCS basin and the adja-
cent seas. The low S and high T Continental Shelf Waters result mainly from the Mekong River dis-
charge into the Gulf of Thailand and adjacent shelves [Rojana-Anawat et al., 2000] and from discharge
off the Pearl River Estuary [Gan et al., 2009b]. The waters with 28°C < T< 30°C and S < 32 psu are the
water masses in the Gulf of Thailand. The waters with 22°C < T<26°C and S < 32 psu, shown in the
CMOMS but not in the WOA13 data, are the shelf waters near the Pearl River Estuary. The Continental
Shelf Waters are generally ~10 m thick but thicker in winter. In the basin away from the shelf region in
the northern SCS, the water mass in the upper 100 m is the saltier and warmer Kuroshio Branch Waters
from the Kuroshio intrusion through the LS, particularly during winter [Jan and Chao, 2003]. The south-
ern SCS basin is occupied by warmer Tropical Surface Waters [Qu et al., 1999], which originate in the
northern Pacific Ocean, neighboring the intertropical convergence zone and transport into the SCS by
the Kuroshio intrusion. The North Pacific Tropical Waters, situated at depths between 120 and 150 m,
originate in the northern Pacific Ocean at about 20°N, 140°E-160°W with a salinity maximum (34.75-
35.25 psu) because of excessive evaporation in the upper layer of the SCS basin [Qu et al., 1999]. In the
subsurface layer of the northern SCS, the Subsurface Kuroshio Branch Waters occupy the depths
between 100 and 200 m throughout the year [e.g., Jan et al., 2006]. The North Pacific Intermediate
Waters are confined to a thin layer between 480 and 500 m. These waters originate in the northern
Pacific subtropical gyre and advect into the SCS through the LS [e.g., Qu et al., 2000]. There is little data
for the deep basin of the SCS. Following Dippner and Loick-Wilde [2011], we define the Deep Waters as
having a temperature of ~2.5°C and salinity of 34.6 psu. These Deep Waters form the second salinity
maxima in the SCS.

3.2.2. Tides

Tidal mixing plays an important role in determining the hydrography and circulation, by enhancing mixing
in the ocean due to internal tides and waves [e.g., Jan et al., 2007]. Amplification of tidal effect occurs in the
shallow shelf regions such as in the BHS, YS, and ECS.
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The simulated tidal amplitudes and phases (Figure 9) agree well with those from the ITM [Egbert et al.,
1994]. In particular, both CMOMS and the ITM results show the resonance of K; tide in the SCS, as in Zu
et al. [2008], and the amplification of the M, tide in the ECS. The results show that there are amphidromic
points of the M, and K; tides in the YS, as in Guo and Yanagi [1998]. In contrast to the barotropic tides in
the ITM, our results also demonstrate the existence of fluctuations that have a wavelength of ~100 km in
the WPO, particularly near the LS and east of Philippine Islands, similar to those identified by Niwa and
Hibiya [2001]. These regions with complex bottom bathymetry have long been recognized as the typical
sources of internal tide formation and are the places where the barotropic tidal energy dissipates in the
stratified ocean [Jan et al., 2007]. The overall effect of tidal forcing on the circulation in the CS and its hydro-
graphic features are complex and we will study it in a separate paper.

The simulated and observed results in Figures 4-9 are reasonably consistent. Together with the consistency
between the model and observations of the circulation fields that will be described later, the results suggest
that the model is able to realistically capture the circulation and forcing conditions in the CS, which estab-
lishes a level of confidence in the dynamic and thermodynamic capability of the model.

4. Vertically Varied Circulation

The circulations vary greatly across the individual seas of the CS, at different depths of the water column
and during different seasons. In addition to monsoonal wind forcing, time-dependent and spatially variable
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lateral flows into and out of the CS through the straits (or the continental slope in case of the ECS) shape
the three-dimensional circulation and transport in the CS.

4.1. Layered Circulation

The time-dependent, three-dimensional circulation in the CS is seen in the seasonal layer-integrated stream
function (i) in the upper, middle, and deep layers in Figure 10. The corresponding relative vorticity in the
upper ocean is shown in Figure 11 and the time series of depth-dependent horizontally averaged vorticity
in the individual seas is shown in Figure 12. By inspecting the results in Figure 12, we selected three layers
in the SCS with water depths h < 750, 750-1500, and >1500 m for Figure 10.

4.1.1. Upper Layer (0-750 m)

In the WPO, the NEC and the Kuroshio, which are the major currents adjacent to the CS, exhibit a strong sea-
sonality, as indicated by i in Figure 10. In winter, a weakened NEC bifurcates at the farther northern latitude
than that in summer. This bifurcation, in turn, weakens the Kuroshio and enhances the westward intrusion
of the Kuroshio into the SCS through the LS in winter [e.g., Qu et al., 2000; Gan et al., 2006]. This seasonal
variation of the Kuroshio’s intensity is also shown in Figure 11 by the vorticity gradient across the flow east
of the LS and off the ECS, and by the corresponding ADT in Figure 4.

Over the ECS shelf, negative cross-shelf gradient of % where x* is a cross-shelf seaward coordinate, repre-
sents the alongshore shelf transport. Relatively strong transport occurs in the TWS and in the Tsushima
Strait. There exists a net northward transport over the ECS, similar to that observed by Guan and Fang
[2006]. The negative and positive vorticity bands near the coast south of the Changjiang Estuary (Figure 11)
indicate that there is a wind-driven and buoyancy-driven (from Changjiang River discharge) southward jet.
This jet extends along the entire coast in winter, but is mainly restricted to the region near the estuary in
summer. The vorticity bands over the mid-ECS shelf reflect the cross-shelf variation of wind-driven along

shelf current.

In the SCS during winter, the circulation in the upper layer is cyclonic and spans the entire basin with a
stronger intensity in the northern part of the SCS basin (Figure 10). This circulation trait results from the
forcing of the northeasterly monsoon wind stress, positive wind stress curl (Figure 3), and stronger winter
Kuroshio intrusion along the continental slope around the SCS (also see Section 5) [e.g., Qu, 2000; Gan
et al.,, 2006]. During summer, a southwestward current along the northern slope and an eastward returning
current at ~13°N form a cyclonic circulation in the northern part of the basin and a weak anticyclonic cir-
culation in the southern part of the basin. The basin dipole wind stress curl (Figure 3) and the recirculation
of a coastal jet separation to the east of Vietnam [Gan and Qu, 2008] jointly govern the circulation in
summer.

The half-basin circulation pattern in both seasons produces a larger transport exiting the SCS through the
Mindoro Strait than through the Karimata Strait and TWS (also see section 5). This indicates that the LS
inflow exits the SCS mainly via the Mindoro Strait, the main pathway of the South China Sea throughflow
(SCSTF) [Qu et al., 2006].

4.1.2. Middle Layer (750-1500 m)

In the middle layer, the current in the WPO is generally weak and the signature of the Kuroshio shows only
in the anticyclonic recirculation off the southern Japan (Figure 10). During both seasons, the circulation in
the middle layer of the SCS is anticyclonic, although not as circular as that in the upper layer. The seasonal-
ity of circulation is also much weaker than that in the upper layer.

4.1.3. Deep Layer (>1500 m)

In the deep layer, a cyclonic circulation prevails in the SCS during both winter and summer, as Lan et al.
[2013] have also found. The cyclonic circulation is present in the layer, in spite of the existence of a weak
anticyclonic circulation in the deepest central basin during winter. The cyclonic circulation is stronger in
summer than in winter, unlike in the upper layer where it is stronger in winter. The seasonality correlates
well with the time of the deep intrusion through the LS (see section 5).

4.2. Rotating Circulation

The seasonal variation of three-dimensional circulation (C) in the individual seas of the CS is further demon-
strated by the time series of domain-averaged vorticity in the water column (Figures 12a-12c). According to
Stoke’s theorem,
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Figure 10. Transport (Sv) stream function in the upper layer (<750 m), middle layer (750-1500 m), and deep layer (>1500 m) in the (left
column) winter and (right column) summer, respectively. The upper and lower scale bars are for the western Pacific (east of the 200 m iso-
bath) and the CS (with different contour intervals and background color contours), respectively. The pink line in the upper layer is the

200 m isobath and grey line to the east of the ECS is the shore-side boundary of Kuroshio.

Cc= 1;\7 -dI=45¢ds, (M

where V is the velocity vector, ( is the relative vertical vorticity normal to S, which is the area of a specific
sea for C. We exclude the shelf at h <100 m in the SCS to rule out the influence of shelf circulation [Gan
et al., 2009a], and at h > 100 m in the ECS to rule out the influence of the Kuroshio [Liu and Gan, 2012]. The
areas of the SCS, ECS, and YS are defined in Figure 12d. Results from equation (1) in Figure 12 represent the
circulation pattern in the specific sea of the CS. Figure 13 illustrates the rotating currents by vorticity and
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directed eastward, northward, and northward in the PRE, ECS, and YS lines, respectively. The locations of the PRE, ECS, and YS lines are
marked in Figure 12.

the slope/shelf currents normal to the cross-shelf transects across the Pearl River Estuary (PRE), ECS, and YS
lines in the respective seas.

4.2.1. South China Sea Basin

The time series of domain-averaged vorticity in the water column presents clearly a three-layer alternating
cyclonical-anticyclonical-cyclonical circulation (CACC) in the upper-middle-lower layers of the water column in
the SCS (Figure 12a). This result further illustrates the nature of the seasonal circulation shown in Figure 10.

In the upper layer, vorticity input from the wind stress curl (Figure 3) and positive horizontal shear vorticity
on the seaside of the slope current (Figures 11 and 13a and 13b) jointly form the cyclonic circulation (Figure
12a). The slope current and thus the basin circulation are much stronger in winter (Figures 13a and 13b). As
a result, a thicker (thinner) upper layer occurs in winter (summer) partly because of the conservation of
potential vorticity in the first order.

In the middle layer, the basin circulation is anticyclonic for the entire year, but is relatively strong in late
spring and early summer (Figure 12a). There exists a very weak current in the northern slope below the
upper layer in winter (Figure 13a). This current, however, reverses direction between 1000 and 1500 m and
strengthens in summer when the slope current in the upper layer weakens. The prevailing outflow in this
layer of the LS (see section 5) attributes largely to the middle layer anticyclonic circulation.

GAN ET AL.
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In the deep layer, the basin-averaged circulation is cyclonic (Figure 12a). The deep layer circulation strengthens
from July to early fall. In general, a relatively strong circulation occupies the depths between 2000 and 3000 m.

The three-layer CACC structure and its dynamics control in the SCS were recently reported by Gan et al.
[2016]. Besides the vorticity imparted by wind stress curl, their analyses of vorticity balance suggested that
the input of planetary vorticity flux by the inflow-outflow-inflow in the LS, after being offset by the vorticity
induced by the interaction between baroclinic flow and basin topography or the Joint Effect of Baroclinicity
and Bottom Relief (JEBAR), formed the three-layer CACC.

4.2.2. East China Sea Shelf

In the ECS shelf, positive vorticity prevails in the entire water column throughout the year (Figure 12b). The
magnitude of this positive vorticity decreases from the upper layer (<30 m) to the middle layer (30-70 m)
in the ECS, but it intensifies in the bottom layer (70-100 m) of the deep offshore waters. In winter, the wind
and buoyancy forcing from the Changjiang River discharge induces the southward ECS coastal jet (Figure
13¢). The jet forms a strong horizontal shear in the coastal waters. This coastal jet weakens seaward and it
encounters the northward TWWC at the water depth of ~40 m (Figure 13c). Thus, we attribute the presence
of the positive vorticity in winter mainly to the positive shear vorticity seaside of the southward jet and to
the shearing flow between the jet and northward TWWC.

In summer, the shear vorticity, which arises from the shoreward decrease in the northward wind-driven
alongshore velocity, contributes to the positive vorticity (Figure 13d). The northward shelf current has a
multicore structure, which is induced by the variable slope of shelf topography [Liu and Gan, 2014, 2015].
The multicore shelf current leads to variable, but mainly positive vorticities between the no-slip coast and
jet, and between the jets themselves. The prevailing positive wind stress curl in summer (Figure 3) also con-
tributes to the cyclonic circulation in summer, even though the curl is relatively weak.

Overall, the shelf current over the ECS flows cyclonically due to the cross-shelf variation of the along-shelf
current. In the middle layer, the weaker alongshore current and the velocity shear, and the formation of
negative vorticity due to horizontal variable current form the relatively weak positive vorticity (Figures 13c
and 13d). On the other hand, the shore-side shear in the Kuroshio contributes to the larger positive vorticity
in the deep layer.

4.2.3. Yellow Sea

The mean circulations in the upper (<~40 m) and lower layers (>~40 m) of the YS are cyclonic and anticy-
clonic, respectively (Figure 12c). In winter, the northward intrusive Yellow Sea Warm Current (YSWC) [e.g.,
Isobe, 2008] flows along the central topographic trough (Figure 13e). The shears in YSWC and in a south-
ward returning Yellow Sea Coastal Current (YSCC) at a water depth of ~40 m along the west coast generate
the cyclonic circulation in the western YS. Likewise, the YSWC and a southward current along the deep east-
ern coast (or West Korea Current; WKC) yield the anticyclonic circulation in the eastern YS. Naimie et al.
[2001] also observed the same circulation pattern in the YS. The cyclonic circulation in the western YS is
stronger than the anticyclonic one in the eastern YS, which produces a weak cyclonic average circulation in
the YS. In the lower layer during winter, the YSCC is weak and the shears in the intrusive YSWC and WKC
generate the anticyclonic deep circulation.

In summer, a northward WKC and a southward YSCC (Figure 13f) form the stronger cyclonic circulation in
the upper layer (Figure 12c). The offshore weakening of the strong southward YSCC or positive shear vortic-
ity contributes largely to the cyclonic circulation in the upper layer. We attribute the negative vorticity in
the lower layer mainly to the velocity shear between the YSCC and the coast.

These results suggest that the seasonal circulation in the YS is jointly forced by intrusion of the external cur-
rent and the monsoonal wind-forced coastal currents. It is worth noting that, according to our numerical
experiment, the tidal forcing plays an important role in shaping the YS circulation.

The results in Figures 12 and 13 illustrate the overall rotating circulation patterns and the spatiotemporal
characteristics of the currents associated with these patterns in the SCS, ECS and YS.

5. Forced by Exchanging Flows With Adjacent Seas

The forcing by the time-dependent, three-dimensional water exchanges between the CS and the adjacent
oceans shapes critically the circulation characteristics described in the previous sections, in addition to the
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Figure 14. Time series of depth-integrated transport (Sv) and depth-dependent mass flux (10° m? s~ ") through the straits around the CS and across the shore-side boundary (SSB, light
green line) of the Kuroshio in the ECS. 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 con-
tours in the CS domain represent the annual mean transport stream function in the upper 750 m. The positive value refers to northward flows in the 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.

monsoonal wind forcing. Currently we are still largely uncertain about the transport magnitudes and phases
of the inflows/outflows in these exchanges. We also do not know how these inflows/outflows are spatio-
temporally linked with each other and with the circulation in the CS. In fact, the uncertainties about these
exchanges often have led to different interpretations and speculations of the circulation and the forcing
process in the CS. We present the time-dependent, three-dimensional water exchanges between the CS
and adjacent seas in Figure 14, and discuss strong coherences among these exchanges and between the
exchanges with the circulation characteristics in the CS.

The transports for the water exchange between the CS and adjacent seas and their coherences can be
described as follows. A ~—5.5 Sv (annually and water-column-integrated transport) westward transport
intrudes into the SCS basin through the LS from the WPO. Conveyed by the slope in the SCS, a ~1.2 Sv of
the intrusive transport exits the basin through the TWS in the north, and a ~1.16 Sv exits through the Kari-
mata Strait and a ~3.2 Sv through the Mindoro Strait in the south. In the YS and ECS, a ~—1.2 Sv shoreward
transport across the slope off the ECS and a ~1.2 Sv northward transport in the TWS form a ~2.4 Sv north-
ward transport through the Tsushima Strait. Obviously, the total transports in these exchange flows are con-
strained by the mass balances in each individual sea, and in the entire CS as well. These linked transports
interact with the wind-forced currents and shape the CS circulation.

The exchanging flows show strong seasonality around the periphery of the CS. In the SCS, the transports in
the four straits exhibit concurrently a strong annual U-shaped (or inverted U-shaped) temporal variation,
with weaker inflows/outflows in summer and stronger ones during the other seasons. We associate the U-
shaped variation of the transports predominantly with the variable strength of the Kuroshio separation at
the entrance of the LS extrinsically [e.g., Qu, 2000; Gan et al., 2006; Wu and Hsin, 2012; Hsin et al., 2012] and
with the interaction between the transports and the SCS circulation intrinsically [Gan et al., 2016].

Unlike the annual U-shaped temporal variation in the South China Sea and in the TWS, the transports in
shoreward intrusion along the SSB of Kuroshio and Tsushima Strait have distinct semiannual variation and
they reach the largest and smallest values in late fall and early spring, respectively. They are relatively strong
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in the second half of the year. This semiannual variation reflects the combined effect of the seasonal varia-
tions of transports crossing the TWS and the SSB of the Kuroshio. The northward transport in the TWS dur-
ing winter mainly occurs in the deep waters east of the strait due to the northward Kuroshio intrusion.
However, the TWS transport during summer is primarily driven by the southwesterly wind.

The transports that cross the straits and the slope are vertically variable. The transports in the deeper layer
are much weaker than the ones in the upper layer. In the LS, the prominent sandwich structure of inflow-
outflow-inflow is evident in the upper-middle-lower layers. Although the complete mechanism governing
the three-layer structure is still unclear, it is conceivable that this sandwich structure is responsible for the
alternating three-layer CACC spinning circulation in the SCS (Figures 10 and 12). We estimate that the trans-
ports in the upper, middle, and lower layers of the LS are ~—5.9, 1.4, and —0.9 Sv. A ~3.2 Sv outward trans-
port in the Mindoro Strait mainly occurs in the upper 400 m while there is a weak inflow of ~0.1 Sv in the
deep channels southwest of the main Mindoro Strait channel. Because the inflow from the LS is in the upper
and lower layers of the SCS basin, we expect that a downward mass flux from the upper layer and an
upward mass flux from the deep layer compensate for the outflow in the middle layer of the LS. Thus, in
the domain-averaged scale, little of the deep intrusive water would have reached the upper layer, although
the strong upward motions might have occurred in isolated locations in the SCS, subject to the influence of
local topography, eddy, waves, and other local processes. We believe that the deep transport, such as the
one in the LS, plays an important role in maintaining the three-dimensional SCS circulation.

The shoreward transport crossing the SSB of the Kuroshio off the ECS (light green line in Figure 14) is mainly
found in the upper (~1.0 Sv) and lower (~0.7 Sv) layers, which accounts for the portions of the Kuroshio
intrusion in the ECS (west of 127°E) and the deep channel to the southwest of Japan, respectively. The ECS
portion is mainly observed off the northeast coast of Taiwan and in the central ECS. The net seaward trans-
port at a depth of ~250 m along the SSB in Figure 14 accounts for the outflow southwest of Japan as the
Kuroshio loops around the region.

6. Summary and Conclusion

Ocean circulation in the CS is intrinsically driven by seasonal monsoonal winds over the linked shelf and
basin topography, and extrinsically driven by the flow exchange through the straits and over the continen-
tal slope that borders the eastern CS. The transports of these exchange flow are coherently linked, because
of the constraint of the total mass conservation in the CS. Meanwhile, the transports also interact with the
intrinsic circulation to characterize the CS circulation. Among the seas that make up the CS, the circulations
in the SCS and ECS are linked by the transport through the TWS. There are very few studies that coherently
link different forcing processes with the circulations in the CS. As a result, our understanding of the overall
CS circulation is piecewise and builds on the knowledge of the circulation in each isolated sea.

Based on observational evidence and synthesized results from previous studies in the CS, we developed a
three-dimensional model to investigate the circulations in the CS in response to intrinsic and extrinsic forc-
ings. This new CS circulation model considers regional ocean circulation dynamics and adopts a physically
sensible computational domain. The model also considers regionally validated mechanical and thermody-
namic forcings from atmospheric and lateral fluxes and from tides. Furthermore, the model uses numerically
and physically adaptable OBCs and subscale parameterization to the CS. The model is comprehensively vali-
dated by measurements, synthesized results derived from previous studies and more importantly by scien-
tific reasoning of the coherent circulation in the CS.

The seasonal circulation in the upper layer of the CS varies with the East Asian monsoonal winds and varia-
tion in the exchange flows. In the upper layer of the SCS, circulation is cyclonic during winter. This cyclonic
circulation remains in the northern half of the SCS basin during summer while anticyclonic circulation occu-
pies the southern half of the basin. The shelf circulation in the ECS is characterized by the northeastward
and southwestward currents in summer and winter, respectively. Throughout the year, the circulation is
bounded by a strong coastal current inshore and by the northward flowing Kuroshio offshore. The circula-
tion in the YS is regulated by seasonally reversing coastal currents in the western and eastern coasts, and
by variable northward intrusive current along the central topographic trough of the basin.
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The circulation varies more dramatically in the shelf regions (water depth <200 m) of the CS as a result of
seasonally reversing shelf current. We attribute the circulation variability over the shelf mainly to the mon-
soonal wind-driven Ekman transport and that in the SCS basin to local wind stress curl pumping and the
current separation along the west coast.

As a result of the time-dependent, three-dimensional circulation and the atmospheric heat fluxes, the ther-
mal field in the upper ocean of the CS exhibits a strong seasonality. The meridional thermal gradient is
strongest in winter and increases northward in the CS. A variety of water masses are observed in the SCS
and their origins are related to terrestrial input, local waters and waters from adjacent open oceans.

The circulation in the CS is three dimensional and varies vertically. We found a three-layer CACC in the SCS,
a cyclonically rotating flow in the entire water column of the ECS, and cyclonic and anticyclonic circulation
patterns in the upper and lower layers of the YS, respectively. These rotating layered circulations prevail
throughout the year, but their intensities vary seasonally. The three-layer CACC in the SCS is linked to the
inflow-outflow-inflow of the three-layer transport in the LS. The horizontal variation of the shelf flow is
responsible for the cyclonically rotating flow in the ECS. The seasonally and vertically variable intrusive cur-
rent at the central trough, and the coastal currents to its west and east, shape the two-layer circulation in
the YS. These time-dependent, three-dimensional circulations in the CS are comprehensively demonstrated
in the spatiotemporal fields of velocity, ADT, the transport stream function and vorticity fields.

Circulation in the CS is closely linked with external transports. These transports interact with interior circula-
tion in the CS and vary coherently with the overall circulation. In the SCS, the inflow in the LS mainly exits
as outflow in the Mindoro Strait, following the main route of the SCSTF. The outflow in the LS associated
with the anticyclonic circulation in the middle layer of the SCS basin is the major exporting conduit of the
SCS water to the adjacent WPO. The prevailing net northward transport in the TWS throughout the year
connects the circulations in the SCS and the ECS, and it interacts with the Kuroshio shoreward transport
and the Tsushima Strait transport, and with the monsoonal wind-forced shelf current. Together they shape
the seasonal shelf circulation in the ECS.

Based on a newly developed ocean circulation model, this study delineated the key kinematic characteristics
of the CS circulation. Our results of transports, flow exchanges, and general circulation jointly depict that
these characteristics are coherently related to the intrinsic circulation of the wind-forced current over the
unique shelf and basin topography of the CS and to the extrinsic forcing of the inflow/outflow across
the straits and slope around the periphery of the CS. The underlying dynamics associated with these interac-
tively intrinsic and extrinsic forcing processes in the CS circulation will be presented in our companion paper.
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