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Abstract The Finite Volume Community Ocean Model
(FVCOM) was adapted to the Northern South China Sea
(NSCS) to investigate the seasonality of coastal circula-
tion, as well as along-shelf and cross-shelf transport. In fall
and winter, southwestward current dominates the NSCS
shelf, while the current’s direction shifts to northeast in
summer. The circulation pattern in spring is more
complicated: both southwestward and northeastward
currents are detected on the NSCS shelf. The mean shelf
circulation pattern in winter does not show the permanent
counter-wind South China Sea Warm Current (SCSWC)
along the 100-200 m isobaths. Meanwhile, the model
results indicate a northeastward current flowing along 50—
100 m isobaths in spring. Southwestward along-shelf
transport varies from 0.30-1.93 Sv in fall and winter, and it
redirects to northeast in summer ranging from 0.44—1.09
Sv. Onshore transport is mainly through the shelf break
segment southeast of the Pearl River Estuary.

Keywords Northern South China Sea, coastal ocean,
seasonal circulation, along-shelf and cross-shelf transport,
Ocean model, FVCOM

1 Introduction

The Northern South China Sea (NSCS) is a marginal sea in
the northwestern Pacific. It has a broad shelf extending
from the Beibu Gulf to the southwest of Taiwan Strait (Fig.
1). The NSCS is dominated by the East Asian Monsoon
system (Hu et al., 2000). In summer season the weak
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southwesterly wind dominates while in winter strong
northeasterly wind prevails in the NSCS. The circulation
on the NSCS shelf is forced by monsoons, tides, buoyancy
forcing, topography, and open ocean processes such as
Kuroshio through the Luzon Strait (Hu et al., 2000; Wang
et al., 2014). Large river plumes, significant along-shelf
and cross-shelf transport, upwelling and downwelling also
greatly influence the current fields (Shu et al., 2018).

The shelf circulation pattern in the NSCS dominated by
the above-mentioned physical processes contribute sig-
nificantly to the transport of low-salinity water, sediment,
and contaminants, and also impact the ecological environ-
ment in the shelf sea of NSCS (Chen et al., 2001; Su, 2004;
Li et al.,, 2015; Meng et al., 2017). For example, the
upwelling intensity in the coastal region associated with
the alongshore currents in the NSCS (Wang et al., 2014) is
able to influence the dissolved organic carbon (DOC)
biogeochemistry (Alvarez-Salgado et al., 2001; Hill and
Wheeler, 2002). The dynamics of dissolved inorganic
nitrogen (DIN), dissolved inorganic phosphorus (DIP), and
silicate (Si(OH)4) on the NSCS shelf are controlled by the
complicated hydrodynamic environment including large
river plume and coastal upwelling (Han et al., 2012). Meng
et al. (2017) also stated that the seasonal dynamics of the
DOC in the NSCS shelf were primarily dominated by the
regional circulation and cross-shelf transport. The spatial
pattern of circulation over the NSCS shelf is mainly related
to the NSCS shelf’s topography that involves a wide shelf,
a narrow strait (Qiongzhou Strait), and a large shallow gulf
of Beibu Gulf (Shu et al., 2011a; Wang et al., 2014). While
the upper layer circulation on the basin scale in the South
China Sea (SCS) shows distinct seasonality due to
monsoon activities (Wyrtki, 1961; Hu et al., 2000; Shu
et al., 2018). Moreover, the Pearl River also contributes to
the NSCS circulation (Su, 2004; Shu et al., 2011b, 2014).



Yang DING et al. Numerical modeling of the

23°N

22°N

21°N

20°N

XRRK
TATAYAVi
O

2

19°N

o
4
S
KKl
X

XK
O
X0
0
0
TV
R

0

4
X
ox

CRK

ROER

18°N

17°N

16°N
108°E

seasonal circulation in the coastal ocean 91

VAVLLTLS

X
R

TAVAVAVAVAVAVLS o ch
RORRRREERS
IATAA

RN

pAAY:

AAAN

SRR
‘«é‘i

112°E 116°E

Fig. 1 (a) Map and model mesh (blue triangles) of the Northern South China Sea with depth contours (black lines) and locations of
coastal tide gauge stations (blue dots): SW (Shanwei), HK (Hong Kong), ZP (Zhapo), DH (Donghai), BH (Beihai), and NR (Nanrong);
tidal current stations (blue triangles); The red dots indicate the Pearl River, the Red River, and six smaller rivers along the northern coast of
the Beibu Gulf. Thick black line denotes the 200 m isobath; Red lines denote cross-shelf transects where temperature, salinity and velocity
are sampled. (b) Model domain with blue lines indicating the open boundaries. (c) Enlarged view of the tidal elevation and tidal current

stations for the area with blue dashed lines in (a).

The freshwater discharge from the Pearl River ranges from
~4x10* m*/s during winter to 2x10* m*/s during summer
(Wong et al., 2003; Chen et al., 2016). The Pearl River
Estuary (PRE) links the river with the shelf in the NSCS.
Under the northeasterly monsoon in winter and autumn,
the freshwater around the PRE expands southwest along
the coast, while the larger river plume spreads both
southwestward and northeastward over the inner shelf
when the monsoon turns to southwest (Shi et al., 2002; Su,
2004; Zu and Gan, 2015; Chen et al.,, 2017). The
interactions between circulation around the PRE and the
shelf circulation were intensively investigated by previous
studies (Zu and Gan, 2015; Chen et al., 2016; Chen et al.,
2017).

The Guangdong Coastal Current (GCC) and South
China Sea Warm Current (SCSWC) dominate the coastal
circulation system on the NSCS shelf (Hu et al., 2000,
Wang et al., 2014; Ji et al., 2015). Previous studies reveal
that the GCC flows westward in winter and eastward in
summer (Fang et al., 1998; Hu et al., 2000; Su, 2004).
Based on field measurements and numerical model, Bao et
al. (2005) and Ding et al. (2017) conclude that the GCC
west of the PRE flows southwest due to southwesterly
monsoon wind. The SCSWC is northeastward over the
shelf break off Guangdong and featured by counter-wind
direction in winter (Guan and Chen, 1964; Qiu et al., 1985;
Guan and Fang, 2006; Chiang et al., 2008). Numerous
studies paid much attention to the characteristics and
formation mechanism of the SCSWC in winter season

since it was proposed (Liu and Su, 1993; Wang et al., 2011,
Xie et al., 2015; Zhang et al., 2017). However, recent
measurements based on eight current mooring stations
over the NSCS in the 20062007 and 20092010 winters
challenged the existence of the permanent SCSWC during
wintertime (Li et al., 2014). Therefore, the permanent
SCSWC during winter and its dynamic mechanism are still
under debate.

Previous studies show that circulation in the Beibu Gulf
is characterized by significant seasonal variation (Chern et
al., 2010; Ding et al., 2013; Gao et al., 2017). In fall and
winter, the cyclonic circulation dominates the entire gulf
under northeasterly monsoon (Gao et al., 2017). The
summer circulation pattern in the Beibu Gulf'is still unclear
mainly due to its complicated mechanisms (Gao et al.,
2017). Several studies mentioned that the circulation in
summer is anti-cyclonic (Wu et al., 1998; Sun et al., 2001),
while other investigations argued that cyclonic circulation
also exists in the Beibu Gulf during the summer season
(Xia et al., 2001; Wu et al., 2008; Ding et al., 2013). The
inconsistency between previous studies might due to the
tides, water stratification, and interannual variations of
southwesterly monsoon and fresh water discharge from the
Red River (Ding et al., 2013; Gao et al., 2017).

A large number of field and model studies have
contributed to the understanding of the seasonality of
circulation in the SCS (Xu et al., 1982; Shaw and Chao,
1994; Wu et al., 1998; Cai et al., 2002; Xue et al., 2004,
Xie et al., 2015; Liu and Gan, 2017). These studies
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revealed the characteristics and driving forces of the
circulation in the SCS and provided a remarkable SCS
circulation pattern. We note that previous studies focused
on the SCS circulation pattern mainly on the basin scale.
Many studies investigated the deep ocean circulation of the
SCS and interactions between the SCS and northwestern
Pacific. There are some studies focused on the hydro-
dynamics over the shelf region of the NSCS based on
numerical models. However, these studies paid more
attention to the upwelling circulation along the coastal
region on the NSCS shelf (Gan et al., 2009a, b, 2010, 2013,
2015; Wang et al., 2012, 2014; Lin et al., 2016). One
should be aware that the water properties over continental
shelves are distinctly different from that in the open ocean
as continental shelves are featured by water mixing.
Consequently, the circulation over the shelf region is
influenced by both coastal and deep oceanic processes. For
the NSCS, a broad continental shelf exists and the
circulation over the shelf is rather complicated due to
combined effects from topography, monsoon, freshwater
discharge, extreme weather process (i.e., typhoons), and
the deep ocean exchange process. A quantitive description
and basic understanding of the circulation over the NSCS
shelf can provide important information for the studies
regarding biogeochemistry and ecosystems in the NSCS.
Moreover, direct current measurements in the shallow
waters of NSCS are rather rare, which hinders our
understanding of the shelf dynamics in this region.
Although more field observations needed to be carried
out in the NSCS, our study try to explore the NSCS shelf
circulation based on a regional ocean model, which
provides valuable reference for the understanding the
NSCS shelf circulation.

In this study, an 18-year (from 1995 to 2012) circulation
hindcast based on a regional circulation model is
performed to overcome the limitation of observations.
We aim to obtain the seasonal variation of three-
dimensional circulation and its spatial pattern in coastal
NSCS. Shelf hydrodynamics and interaction between deep
ocean and shallow shelf are comprehensively discussed
herein. This paper is structured as follows. Section 2
describes the detailed information regarding ocean model
configuration and model validation. Section 3 illustrates
the seasonal pattern of circulation over the NSCS shelf and
its three-dimensional characteristics. The along-shelf and
cross-shelf transports are estimated in Section 4, which is
followed by the conclusions in Section 5.

2 Ocean model
2.1 Model configuration
The coastal circulation simulation in this paper was

performed based on the Finite Volume Community
Ocean Model (FVCOM, version 3.2). Detailed references

about this ocean model can be found in Chen et al. (2003,
2007a). FVCOM is a free-surface, hydrostatic, unstruc-
tured-grid, primitive-equation model that has been exten-
sively adopted in regional studies (Lai et al., 2015; Ding et
al., 2017; Xuan et al., 2017).

The model domain encompasses the NSCS shelf
extending from 16°N to 23°N and from 105°E to 120°E
(Fig. 1). The horizontal resolution ranges from 5 km along
the coast to 30 km near the open boundaries. Vertically
there are 30 terrain-following levels in total. Smagorinsky
turbulent closure scheme and Mellor and Yamada level 2.5
(MY-2.5) are specified to resolve horizontal and vertical
mixing, respectively (Smagorinsky, 1963; Mellor and
Yamada, 1982). Detailed model parameters used in the
simulation are shown in Table 1. A combination of
bathymetry data obtained from sea chart of China coastal
sea and topography derived from DBDBS5 was adopted for
the model depth. Driving forces of the model included real-
time tidal forcing, fresh-water discharge, wind, air
pressure, surface net heat flux and short-wave radiation,
precipitation and evaporation, and open boundary condi-
tions. We adopted reanalysis data of daily sea surface
height (SSH), velocity, temperature, and salinity from the
global HYCOM model (Bleck, 2002; Chassignet et al.,

Table 1 Model parameters used in the mode simulations

Model parameters Values
Number of nodes 14,711
Number of triangles 28,577
External time step 8.0s

Internal time step 80.0s

Horizontal diffusion Smagorinsky eddy
parameterization method

(Smagorinsky, 1963)

Mellor and Yamada
level 2.5 turbulent closure
model (Mellor and Yamada,

Vertical diffusion

1982)
Horizontal mixing coefficient 0.1
(background value)
Horizontal Prandtl number 0.1
Vertical mixing coefficient (background value) 1.000E-5
Vertical Prandtl number 1.0
Bottom friction parametrization Logarithmic

bottom friction

Bottom roughness length scale 0.001
The attenuation depth for longer wavelength 1.40
component of the shortwave irradiance
The attenuation depth for shorter wavelength 6.30
component of the shortwave irradiance
Fraction of the total flux associated with the 0.78
longerwavelength irradiance
Minimum bottom roughness value 0.0025
(background value)
Number of CPU for parallelization 64
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2007) from 1992 to 2012 to provide the lateral open
boundary conditions for the model. Tidal forcing based on
eight tidal constituents (M», S,, N», K, Oy, Qq, My, MS,)
obtained from TPXO 7.2 (Egbert and Erofeeva, 2002) was
also applied along the open boundaries. In our simulations,
clamped condition is used for the lateral open boundary
conditions for zeta, u, v, temp and salinity. In FVCOM, the
velocity is placed on the center of a triangle and scalar
variables are placed on the vertex of a triangle. Therefore,
we interpolated the HYCOM results to the center (e.g.,
current speed) and vertexes (sea level, temperature, and
salinity) of the triangle mesh along the open boundary.

At the solid boundary, river discharge from Pearl River,
the Red River, and six small rivers (Nanliu River, Dafeng
River, Qinhe River, Maoling River, Fangcheng River and
Beilun River, locations see Fig. 1) were included in the
simulations. The monthly freshwater flux was obtained
from Chen et al. (2012), Ding et al. (2013), and Gao et al.
(2013). For the surface forcing, the hourly data were
derived from National Center for Environmental Predic-
tion (NCEP) Climate Forecast System Reanalysis (CFSR).
A nudging method was applied to constrain the model
simulated sea surface temperature (SST) and SSH. The
assimilated sea surface temperature data were obtained
from the satellite-derived SST data (NOAA High-resolu-
tion Blended Analysis of Daily SST, Reynolds et al.,
2007). SSH was nudged back to the climatology derived
from TOPEX/POSEIDON (T/P). The time period of the
daily-mean SST and T/P data used for nudging ranges from
October 1, 1992 to December 31, 2012. It should be kept in
mind that the shelf region is characterized by strong tide
and the T/P data is less accurate in shallow region than that
in deep ocean. Therefore, SSH nudging was only applied
to the region with depth > 1000 m. The initial conditions
(i.e., temperature and salinity) were obtained from the
HYCOM on October 1st, 1992. The simulation period was
from October 1Ist, 1992 to December 31st, 2012. Since we
initialized SSH and currents as zero, our simulations from
1992 to 1994 were treated as spin-up period and model
results were analyzed from 1995 to 2012 (18 years). The
time step was 8 seconds for barotropic mode and 80
seconds for the baroclinic mode, respectively.

2.2 Model-data comparison

2.2.1 in-situ measurements

The observed SSH at stations Zhapo (ZP, time range:
1975-1997), Beihai (BH, time range: 1975-1997),
Shanwei (SW, time range: 1975-1997), and Hong Kong
(HK, time range: 1962-2012) were downloaded from
University of Hawaii Sea Level Center (UHSLC). The
SSH at stations Donghai (DH, time range: 2006-03-01—
2006-03-31), Nanrong (NR, 2007-08-01-2007-08-30),
and Yangpu (YP, time range: 2010-03-01-2010-03-31)

were provided by Ocean University of China (OUC).
These observed SSH data are at hourly intervals. Data
within one month’s duration in different years were
selected for comparison. It should be noted that nearly
all the sea level data observed at the tide stations in the
NSCS obtained from UHSLC are before year 1997. The
long-time observations of sea level elevations from 1995 to
2012 are only available at station HK.

Direct long-term current observations were relatively
limited in the NSCS. We only collected data from two
current stations in this region. The current observations at
station C1 and C2 were conducted on December 23, 2010
by OUC northwest of Hainan Island using Electromagnetic
current meter for 30 hours. Besides, we digitized the field
measurements of Zhang (2014) in different seasons to
further calibrate our simulation results. Since the direct
tidal current measurements are limited, we further obtained
the tidal current ellipses data from the 1/30° China Sea tide
model of the Oregon State University Tidal Inversion
Software (OTIS model, Egbert and Erofeeva, 2002). The
tidal current ellipse parameters of four main tidal
constituents (M,, S,, K;, and O;) from the OTIS model
are used to validate our model results.

To validate the model-simulated temperature and
salinity, the climatology mean temperature and salinity
field from SCS Physical Oceanographic Dataset
(SCSPOD14, Zeng et al., 2016a) were adopted. The
SCSPOD14 is comprises of monthly mean temperature
and salinity built upon the World Ocean Database (WOD),
Array for Real-time Geostrophic Oceanography (Argo)
floats, and observed data from the South China Sea (SCS)
Institute of Oceanography (SCSIO) for the period 1919—
2014. The SCSPOD14 dataset focused on the region of the
South China Sea, and the reliability of this dataset was
confirmed by comparison with the World Ocean Atlas
(WOA), and it has been used to study the hydrography in
the SCS (Zeng et al., 2016b; Zeng and Wang, 2017).

2.2.2  Tidal elevations comparison

Figure 2 shows the comparison between observed and
simulated hourly tidal elevations at seven tidal stations in
the NSCS, whose locations are marked in Fig. 1. The
simulated hourly time series of tidal elevations agreed well
with the observations. The model captured the semi-
diurnal (ZP, SW, DH, HK) and diurnal cycles (BH, NR,
YP) of the tidal oscillations. The spring neap tides during
one month at different stations were also resolved in the
model simulation. The correlation coefficients between
simulation and observations are higher than 0.89 except at
station SW. However, differences between model-simu-
lated and observed tidal elevations can be noted. The
model overestimated the tidal amplitude at station BH, and
YP and underestimated the amplitude at station ZP, DH,
and HK. The discrepancies can be mainly attributed to the
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Fig. 2 Comparisons of simulated and observed hourly tidal elevations along the NSCS coast. The correlation coefficients (above with

95% confidence level) for each station are also shown in the figure.
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Fig. 4 Comparisons of tidal current ellipses for the four main tidal constituents between NSCS model and OTIS model.

suggested that semi-diurnal tidal currents dominated the
NSCS shelf east of the Qiongzhou Strait while diurnal tidal
currents prevailed the Beibu Gulf. The spatial distribution
of tidal current ellipses was also in accordance with
previous study of tidal currents in the SCS (Zu et al., 2008).

2.2.4 Daily mean sea level comparison

The model’s fidelity in reproducing the daily mean sea
level variations was examined by comparing the simulated
long-time sea level time series at stations HK, SW, ZP, and
BH with observations (Fig. 5). Direct comparisons indicate
that the model is capable of capturing the low frequency
sea level fluctuations throughout the course of simulation.
The correlation coefficients between the two are 0.85 at
HK, 0.77 at SW, 0.85 at ZP and 0.67 at BH (above 95%
confidence level). The yearly cycle of the sea level
elevations is also well reproduced by the model.

2.2.5 Seasonal mean currents comparison

Seasonal mean velocity vectors were computed by
averaging the observed data over different seasons. We
averaged the model results over the 18-year period at the
mooring locations. Figure 6 shows the comparison
between model-simulated and observed surface currents
in the NSCS in different seasons. The root-mean-square
errors (RMS) for the u and v component are also shown in
the figure. The comparison indicates that the NSCS model
generally captures the seasonal mean surface currents at
the current stations. Both the observations and model
results reveal southwestward currents in non-summer
season, and northeastward currents in summer. The

magnitude and direction differences may be attributed to
the inaccurate surface forcing, topography, lateral open
boundary condition and inaccurate parameterization used
in the model. It should also be aware that the current
observations are not repeated every year and the observa-
tional period lasted only for about one month, which
further results in discrepancy for the seasonal mean current
comparison. Generally, the comparison provides us the
confidence that the NSCS model is able to resolve the
seasonal mean circulation pattern over the NSCS shelf.

2.2.6 Temperature and salinity comparison

Figures 7 and 8 show the comparison between simulated
and observed climatological monthly mean temperature
and salinity over the NSCS shelf (depth <200 m),
respectively. Model-simulated bimonthly distributions of
the climatological temperature and salinity at 20 m and
50 m over the NSCS shelf indicate that the NSCS model
generally captures the seasonal evolution of the tempera-
ture and salinity. Both model results and observations
show the northward intrusion of warm and saline water
into the Beibu Gulf in winter and spring (January, March,
and May in Figs. 7 and 8). The gradient of salinity in the
northeast-southwest direction during winter and spring can
also be noted both in the observations and simulation. In
July, coastal upwelling induced by the predominant
southwesterly monsoon became highly intensified and
cold and saline water existed in the coastal region northeast
of the Hainan Island and east of PRE (July in Figs. 7 and
8). In September, simulated temperature and salinity
captured the cold and saline water mass in the southern
region of the Beibu Gulf presented in the observations
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level) are also indicated.

(September in Figs. 7 and 8). Additionally, both observed
and simulated temperature in November indicate the
southwestward alongshore movement of the cold water
in coastal region east of the PRE. There are also
mismatches in temperature and salinity between the
simulation and observations. The surface forcing, fresh-
water discharge and uncertainties in the open boundary
condition may lead to the difference between simulation
and observations.

3 Seasonal mean circulation on the NSCS
shelf
3.1 Mean circulation field

The seasonal variation SSH distribution is shown in Fig. 9.

The climatology seasonal mean surface wind from NCEP/
CFSR are also embedded in the figure. Northeasterly
monsoon prevailed over the NSCS in winter (Fig. 9(a)),
and the SSH increased southwestward to the Beibu Gulf
due to Ekman transport. The highest SSH could reach more
than 0.84 m. Similar SSH pattern could be observed in
autumn due to similar wind fields (Fig. 9(d)). During
summer, southwesterly monsoon dominates the NSCS and
transports water northeastward, inducing low SSH over the
NSCS (Fig. 9(c)). Low SSH cores formed northeast of
Hainan and east of the PRE, where upwelling was strong
under southwesterly monsoon (Hu and Wang, 2016).
Climatological wind pattern during spring shows that
southeasterly wind dominated the Beibu Gulf and the
coastal region west of PRE while weak northeasterly wind
prevailed in the east of the PRE (Fig. 9(b)). The
northwestern coast of the Beibu Gulf and coastal region
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west of the PRE were characterized by high SSH in spring.
A high SSH band in the northeast of the Hainan Island
extending northeastward along the 100 m isobath could
also be noted.

Currents at 10 m and 50 m depths along with their
respective standard deviations over the NSCS shelf are
displayed in Fig. 10 and Fig. 11. The circulation at 10 m
during winter is featured by southwestward currents in
coastal NSCS (Fig. 10(a)). Under the northeasterly
monsoon, southwestward down wind currents extended
from southwest of Taiwan Strait to the east of the
Qiongzhou Strait with 10-25 cm/s. The southwestward
coastal currents diverted to the east of the Qiongzhou
Strait. One branch flowed westward into the Beibu Gulf
through the Qiongzhou Strait and the other turned
southward along the southern coast of the Hainan Island
with enhanced velocity. Weak northwestward currents
existed on the NSCS outer shelf, transporting surface water
in the continental slope region onto the shelf. The main
dynamic feature in the sub-surface circulation of the Beibu
Gulf in winter is the gulf-scale cyclonic gyre. The
circulation pattern in the Beibu Gulf during winter agrees
well with previous studies (Ding et al., 2013; Gao et al,,
2013, 2017). The circulation pattern at S0 m depth in the
NSCS during winter also features southwestward currents
along the shelf (Fig. 11(a)). Strong currents existed east of
PRE and make a cyclonic meandering mainly due to
topography. Unlike the circulation pattern at 10 m depth,
no northwestward onshore currents are observed at 50 m
depth. The currents at 50 m depth generally flow

southwestward across the shelf. The standard deviations
of the velocity field maximized around the shelf break area,
where southwestward propagating cyclonic and anti-
cyclonic eddies and cross-shelf exchange often occur
(Wang et al., 2008). Moreover, the boundary effects may
also cause the large standard deviations.

The southwestward coastal currents at 10 m prevailed in
the west segment of the NSCS (Fig. 10(b)). The south-
westward coastal currents starting from the east of the PRE
gradually strengthened westward and maximized to north-
east of the Hainan Island. The northeastward current with
magnitude of 5-10 cm/s flowed along the 50-100 m
isobaths. This was in accordance with the high SSH band
shown in Fig. 9(b). To the south of this northeastward
current was the southwestward current along the shelf
break. In the east segment of the NSCS shelf (east of the
PRE), northeastward and eastward currents were domi-
nant. The mean circulation pattern in the Beibu Gulf for
spring is also featured by cyclonic circulation. A small
enclosed cyclonic gyre was located in the northern head of
the gulf and a stretched unclosed cyclonic gyre occupied
the southern gulf, which was consistent with Gao et al.
(2017). The mean circulation at 50 m depth over the NSCS
shelf for spring is similar to that at 10 m depth with reduced
velocity magnitude (Fig. 11(b)).

The simulated mean circulation pattern in summer is
almost out of phase with that in winter (Fig. 10(c) and Fig.
11(c)). One of the most striking features is the strong
northeastward currents over the NSCS shelf. From the
surface circulation pattern (Fig.10(c)) we can see that the
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Fig. 7 Comparison of observed (SCSPOD14) and mode-simulated bimonthly temperature at 20 m and 50 m depth over the NSCS shelf

(<200 m depth).

strongest northeastward current exists southeast of the
Hainan Island with magnitude exceeding 30 cm/s. The
width of the northeastward current is large in the cross-
shelf direction. It extended from the near shore region to
the outer shelf in the NSCS. Part of the northeastward
current veered cyclonically after passing the Hainan Island
and meets the weak southwestward coastal current, giving
rise to a small cyclonic eddy in the coastal region east of
the Qiongzhou Strait. This cyclonic eddy east of the
Qiongzhou strait during summer has been evidenced and
discussed in previous studies (Bao et al., 2005; Song et al.,
2012). The mean circulation was rather complex within the
Beibu Gulf during summer. Anti-cyclonic circulation

existed in the central gulf. In the southern gulf the
southward alongshore current along the west coast of the
gulf could be observed. The circulation at 50 m showed
similar patterns to that at 10 m (Fig. 11(c)). However, to the
south of the northeastward current, a southwestward
current could be noted along the 200-m isobath.

In autumn, the mean circulation (Fig. 10(d) and Fig. 11
(d)) was similar to that in winter mentioned above,
including the southwestward current along the NSCS
shelf, bifurcation of the coastal current east of the
Qiongzhou Strait, northwestward onshore current at sur-
face layer, and the cyclonic gulf-scale gyre in the Beibu
Gulf. We also noted that the intensity of the cyclonic gyre



Yang DING et al. Numerical modeling of the seasonal circulation in the coastal ocean 99

SCSPOD14 S (psu) 20 m Model S (psu) 20 m

23°N
22°N
21°N
20°N
19°N
18°N
17°N
16°N
23°N
22°N
21°N
20°N
19°N
18°N
17°N
16°N
23°N
22°N
21°N
20°N
19°N
18°N
17°N
16°N
23°N
22°N
21°N
20°N
19°N
18°N
17°N
16°N
23°N
22°N
21°N
20°N
19°N
18°N
17°N
16°N
23°N
22°N
21°N
20°N
19°N
18°N
17°N
16°N

108°E  112°E  116°E 108°E  112°E  116°E

SCSPODI14 S (psu) 50 m

Model S (psu) 50 m

345

34.0

335

33.0

325

32.0

345

34.0

335

33.0

325

32.0

345

34.0

335

33.0

o ' 325

b

108°E

.

108°E

32.0

112°E  116°E 112°E  116°E

Fig. 8 Comparison of observed (SCSPOD14) and mode-simulated salinity at 20 m and 50 m depth over the NSCS shelf (<200 m

depth).

in the Beibu Gulf was stronger in autumn than that in
winter, which is also evidenced by the review study of Gao
et al. (2017).

3.2 Vertical structure of velocity and thermohaline distribu-
tion

Seasonal mean along-shelf and cross-shelf velocity,
temperature, and salinity were examined along three
cross-shelf transects in the NSCS (Figs. 12—-15). The
three cross-shelf transects locate offshore of station SW
(Tr1), south of the PRE (Tr2), and offshore region of
station ZP (Tr3; locations see Fig. 1). The model-simulated
currents were projected to the normal and tangential

directions for each transect to represent the along-shelf and
cross-shelf velocities. Southwestward along-shelf and
southeastward cross-shelf velocity were indicated by
positive values in the figures.

3.2.1 Winter

In winter, similar temperature structures along Trl, Tr2,
and Tr3 can be observed (Fig. 12, column 1). The water
was well mixed in coastal regions with water shallower
than 50 m, mainly due to wind monsoon and strong tidal
forcing. The salinity along the three transects during winter
distributed homogeneously in a vertical direction (Fig. 12,
column 2). However, cross-shelf salinity gradient can be
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noted along all transects. The shelf water was fresher near
the coastal region than offshore. The distinctive cross-shelf
salinity gradient could be observed along transect Tr2.
Low-salinity water from the PRE was trapped near the
coastal region west of Guangdong under the winter
monsoon, which induced the prominent cross-shelf salinity
gradient along transect Tr3.

Distributions of along-shelf velocity along three trans-
ects indicated the consistent southwestward current over
the NSCS shelf (Fig. 12, column 3). The southwestward
current intensified along the NSCS shelf from Tr1 down to
Tr3. Northeastward current was detected in the offshore
region of Trl and bottom layer of Tr3 with less than
10 cm/s. The southwestward current was limited in the
regions with depth shallower than 100 m along transect
Trl. Along transect Tr2 and Tr3, the southwestward
current extended to the offshore region more than 200 km
away from the coast. Strong southwestward currents
reaching 20 cm/s distributed nearshore and over the shelf
break along transects Tr2 and Tr3, and the southwestward
current over the outer shelf area with depth 50-100 m was
weak with magnitude of 5-10 cm/s.

Cross-shelf velocities along three transects illustrated
onshore current in the upper layer (depth <50 m) and
offshore current in the lower layer. The magnitude of the
cross-shelf current ( < 10 cm/s) was weaker than the along-
shelf current.

Front. Earth Sci. 2020, 14(1): 90-109

3.2.2 Spring

In spring similar temperature structure along the three
transects could be observed. The vertical distributions of
temperature and salinity along the transects showed that
the water was more stratified compared to that during
winter (Fig. 13, column 1). The temperature gradient in the
cross-shelf direction was smaller compared to that in
winter. Over the inner shelf (4 <50 m), the temperature
difference between surface and bottom layer ranged from
1°C to 4°C.

Salinity distributions along the transects showed that
freshwater moved seaward in the upper layer (Fig. 13,
column 2). The vertical salinity gradient in the coastal
region was larger than that in winter. As the southwestward
alongshore current prevailed west of Guangdong in spring
(Fig. 10(b)), low-salinity water was transported westward
along the coast, and the salinity front along the transect Tr3
dispersed more offshore than that along the transect Tr2.

The northeastward along-shelf velocity with magnitude
of 5-10 cm/s dominated transect Trl east of the PRE,
indicating the northeastward current prevailed over the east
segment of the NSCS shelf (Fig. 13, column 3). Along
transects Tr2 and Tr3, the southwestward along shelf
current prevailed over the coastal area with depth
shallower than 50 m and also offshore regions with
depth deeper than 100 m. A predominant feature over the
west segment of the NSCS shelf (Tr2 and Tr3) was the
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Fig. 13 Same as Fig. 12, but for spring.
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weak northeastward current along the 50-100 m isobaths.
This current was different from the SCSWC that was
considered to be flowing along 100-200 m isobaths. The
southwestward current peaked at ~50 km offshore.

The cross-shelf velocity in spring (Fig. 13, column 4)
was similar to that in winter. Onshore flow in the upper
layer and offshore flow in the lower layer was prevalent
along transect Trl, Tr2, and Tr3. However, the onshore
flow was rather weak with velocity less than 5 cm/s and
was limited within the upper layer (depth <20 m).

3.2.3 Summer

Temperature and salinity structures in summer indicated
substantial water stratification through the entire shelf even
in coastal areas (Fig. 14, column 1 and 2). This is due to
increased heat flux and decreased mixing process induced
by winds. The temperature difference in the vertical
direction went up compared to that in spring mainly due to
enhanced surface heating in summer. SST exceeded 29°C
along all the transects. The temperature difference between
the surface and bottom layers reached 4°C in coastal region
and more than 9°C in offshore region. Intensified
upwelling over the NSCS shelf can be found in the
temperature structure along the three transects. Bottom
cold water was uplifted onshore and in the coastal region

Temperature (°C) Salinity (psu)

under the upwelling favorable monsoon wind during
summer.

Salinity along the transects show that freshwater spread
offshore under southwesterly monsoon, which was
especially conspicuous along transects Tr2 and Tr3
(Fig. 14, column 2). This could be attributed to the river
plume south of the Pearl River extending offshore to the
mid-shelf (Tr2) under southwesterly wind. The salinity
gradient decreased offshore along all the four transects.
The tilted salinity front was found along transect Tr3,
where the upper layer of the front moved offshore while
the lower layer of the front moved onshore. It can also be
noted that the salinity gradient in the vertical direction
during summer was larger than that during winter and
spring, which further intensified the stratification of the
water column.

Along-shelf velocity indicates that northeastward cur-
rent was prevalent over the NSCS shelf (Fig. 14, column
3). Southwestward coastal current is limited in near shore
area with depth shallower than 10 m. Moreover, south-
westward current is also evidenced in the shelf break area.
Strong northeastward current occurs in the upper layer and
gradually decreased with depth.

Mean cross-shelf velocity panels (Fig. 14, column 4)
show that offshore flow is most obvious along transect Trl
at the east segment of the NSCS shelf. The offshore flow
occupies most of the water column along Tr1 while it only
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Fig. 14 Same as Fig. 12, but for summer.
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occurs in the surface layer in the other three transects.
Onshore flow can be observed in the bottom (Trl) or the
lower layer (Tr2, Tr3) over the shelf.

3.2.4 Autumn

Mean temperature transects during autumn (Fig. 15,
column 1) exhibit similar pattern to spring and summer.
The thermal stratification is still remarkable over the NSCS
shelf. Increasing temperature from north to south can also
be observed from the cross-shelf temperature structure.
Mean salinity structures along the cross shelf transects in
autumn are similar to that in spring. Low-salinity water is
mainly confined along the coastal region with the recovery
of the northeasterly wind in autumn.

Along-shelf velocity (Fig. 15, column 3) and cross-shelf
velocity (Fig. 15, column 4) in autumn show very similar
pattern to that in winter. Southwestward currents are
evidenced along the entire shelf. Cross-shelf velocity is
characterized by onshore flow in the upper layer and
offshore flow in the lower layer, which also shows similar
pattern to that in winter.

It is important to note that the winter mean circulation
pattern over the NSCS shelf does not support the existence
of the permanent counter-wind South China Sea Warm
Current (SCSWC) flowing northeastward along the 100—
200 m isobaths. It is interesting that previous observational
study based on long-term direct current measurements did

Temperature (°C) Salinity (psu)
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not observed the permanent SCSWC during wintertime (Li
et al., 2014).

4 Seasonal along- and cross-shelf transport

Quantifying the water transport in along-shelf and cross-
shelf directions and their seasonal variability in the NSCS
is essential for investigating the heat flux, freshwater, and
nutrients transport, which are crucial to the coastal
circulation and ecosystem over the NSCS shelf. In
addition, examining the cross-shelf transport is vital to
understand the material exchange between the shelf and
open oceans. In this section we aim to estimate the seasonal
mean along- and cross-shelf transport in the NSCS based
on the model hindcast results. The 200 m isobath is defined
to be the boundary between shelf sea and slope area (black
line in Fig. 1). Six cross-shelf transects from south of
Taiwan Strait to southeast of the Hainan Island were
selected (Fig. 16 red lines). These cross-shelf transects start
from the coastline and extend offshore until the 200 m
isobath. The currents were projected to the normal and
tangential directions for each transect. The velocity in the
normal direction was used to calculate the volume
transport across each transect.

The seasonal along-shelf and cross-shelf transport with
their standard deviations (SDs) are calculated based on the
18-year model simulation (Fig. 16). In winter (Fig. 16(a)),
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Fig. 15 Same as Fig. 12, but for autumn.
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the mean along-shelf transport featured a gradual down-
stream increment over the NSCS shelf, increasing from
0.65 Sv along the easternmost transect (Tr0) to 1.73 Sv
along the transect west of the PRE (Tr3). However, there
was a reduction of transport from 1.73 Sv along the
transect west of the PRE (Tr3) to 1.31 Sv along the transect
southeast the Hainan Island (Tr4). The westward transport
across the Qiongzhou Strait is estimated to be 0.06 Sv,
which is comparable to the transport value of 0.02—0.048
Sv from Yan et al. (2008) and 0.055 Sv from Chen et al.
(2007b) based on observations. Based on observed
currents during 2006-2007, Fang et al. (2015) estimated
the southwestward along-shelf transport crossing a transect
near Tr2 to be 2.0 Sv in winter. Our estimation through Tr2
is 1.32 Sv with standard deviation of 0.66 Sv, which
matches the observed value. In the western segment of the
NSCS shelf, the SDs along transect Tr0O and Tr1 are of the
same order of magnitude to the mean transport. The cross-
shelf sea level gradient induced by the Kuroshio intrusion
southwest of Taiwan Island may be responsible for the
along-shelf flow reversals during winter (Yang et al., 2002;
Xue et al., 2004; Yang, 2007). The along-shelf transport is
balanced by cross-shelf transport. Thus, the winter mean
cross-shelf transport is shoreward across segments of the
200 m isobaths (Sg2 and Sg3) with onshore transport value
reaching 1.21 Sv (0.80 Sv for Sg2, 0.41 Sv for Sg3). The
offshore transport is about 0.49 Sv, which mainly occur

along the easternmost segment (Sg1, 0.13 Sv) and western
segment (Sg4, 0.36 Sv) of the 200 m isobath.

In spring (Fig. 16(b)), the mean along-shelf transport is
northeastward in the eastern segment of the NSCS shelf
along Tr0 and Trl, while is southwestward in the western
segment along Tr2, Tr3, and Tr4. The southwestward
transport ranges from 0.41 Sv across Tr4 to 0.66 Sv across
Tr3. The transport through Tr2 in our model is 0.55 Sv with
standard deviation of 0.47 Sv, which is smaller compared
with the observed value of 2.1 Sv (Fang et al., 2015). This
may be due to interannual variability of the transport. The
westward transport across the Qiongzhou Strait is about
0.03 Sv estimated in our model results. Based on observed
current data, Zhu et al. (2014) estimated the westward
transport across the Qiongzhou Strait to be 0.065 Sv, which
is of the same order to the transport value calculated in our
model. The SDs are comparable to the values of the along-
shelf mean transport values across all the transects. Spring
is a transitional period of monsoons and local winds
influence the shelf circulation in the NSCS. Therefore,
flow reversals usually occur during spring and induce large
SDs for the along-shelf transport. In the cross-shelf
direction, the mean cross-shelf transport pattern is similar
to that in winter, when onshore water movement mainly
occurs across the 200 m isobath south of the PRE (Sg2 and
Sg3). The onshore transport across the 200 m is about 0.96
Sv (0.10 Sv for Sg1, 0.75 Sv for Sg2, and 0.11 Sv for Sg3),
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and the offshore transport is estimated to be 0.22 Sv across
Sg4.

The mean along-shelf transport in summer (Fig. 16(c)) is
opposite to that in winter. Along-shelf transport over the
NSCS shelf range from 0.44 Sv across transect southeast of
Hainan (Tr4) to 1.09 Sv across transect east of the PRE
(Tr1). SDs of the western segment of the NSCS shelf (Tr2,
Tr3, and Tr4) are comparable to the mean values of along-
shelf transport, suggesting the highly fluctuated north-
eastward along-shelf current in the western NSCS shelf
during summer. Such variability of along-shelf current in
summer may be related to local winds (southwesterly or
southeasterly wind), spreading of the Pearl River plume,
and frequent typhoons. It should be noted that Fang et al.
(2015) calculated the transport through a section very near
Tr2 to be northeastward with mean value of 1.4 Sv during
summer, which is larger than our estimation (0.55 Sv with
standard deviation 0.61 Sv). The disagreement may be due
to the interannual variation of the shelf circulation. The
model-estimated transport across the Qiongzhou Strait in
summer is about 0.01 Sv eastward. The current structure in
the Qiongzhou Strait during summer is still under debate,
and transport in the strait remains controversial. Based on
limited and short-term observations, Shi et al. (2002)
calculated the summer transport in the Qiongzhou Strait to
be 0.1-0.2 Sv westward. However, Chen (2013) proposed
that the transport in the strait during summer ranged from
0.05 Sv westward to 0.05 Sv eastward based on a
numerical model. Cross-shelf transport values feature
small means and large SDs except across transect Sg2
southeast of the PRE, where the SDs are of the same order
with the mean cross-shelf transport value. Similar to winter
and spring, relatively large onshore transport of 0.54 Sv in
summer also occurs across the 200 m segment southeast of
the PRE (Sg2).

The mean along-shelf and cross-shelf transport in
autumn (Fig. 16(d)) show similar pattern to that in winter.
The gradual downstream increment of the mean along-
shelf transport can be noted, increasing from 0.30 Sv
across transect Tr0 south of the Taiwan Strait to 1.93 Sv
across transect Tr3 west of the PRE. The mean along-shelf
transport values in autumn are larger than that in winter
across the transects over the west segment of the NSCS
shelf (Tr2, Tr3, and Tr4). Our estimation of transport
through Tr2 (1.45 Sv) is larger than the observed value (0.9
Sv) by Fang et al. (2015) It should also be noted that the
mean cross-shelf transport values in autumn are larger than
the other three seasons. A total of 1.63 Sv of the slope
water is transported onto the shelf sea across the 200 m
isobaths (0.22 Sv for Sg1, 0.93 Sv for Sg2, and 0.48 Sv for
Sg3). Offshore transport of 0.42 Sv mainly occurs across
Sg4.

It is worth noting that the cross-shelf transport across the
segment of 200 m isobath south of the PRE (Sg2 and Sg3)
is shoreward in all seasons except in summer at Sg3 with
small seaward mean and large SDs. This suggests that

these areas are imported sites for shelf water import.
Offshore cross-shelf transport across 200 m isobath mainly
occurs at the region southeast of the Hainan Island (Sg4). It
should also be noted that in the cross-shelf direction the
SDs are of the same order of magnitude to the mean cross-
shelf transport values during each season, and even larger
than the mean values in summer. This suggests that the
interactions between shelf region and slope sea in the
NSCS are highly variable. The water exchange between
shelf and deep sea may be influenced by local variable
wind and also mesoscale eddies that propagate south-
westward along the continental slope in the NSCS (Wang
et al., 2003; Wang et al., 2008; Fang et al., 2015; Zhang et
al., 2016).

More extensive model-data comparisons may be
required in future research, as the observed data used in
the current study is relatively inadequate. The clear
mismatch in the currents, temperature, and salinity
between the NSCS model and observations can be noted,
which will be further reduced by using higher model
resolution and method of assimilation of observed profiles
of temperature and salinity from in-situ CTDs and also
Argo floats.

5 Summary

To study the seasonal mean circulation over the NSCS
shelf, a regional ocean model focusing on the NSCS based
on FVCOM was established. Model-data comparisons
show that the NSCS model generally resolves the seasonal
variations of the NSCS shelf circulation.

The 18-year model hindcast results from 1995-2012
were utilized to examine the characteristics of the seasonal
mean circulation and the three-dimensional structures over
the NSCS shelf. The mean circulation over the NSCS
features prominent seasonal variability corresponding to
the monsoon. Southwestward currents dominate the NSCS
shelf in winter and autumn while northeastward currents
prevail in summer. The circulation pattern in spring is more
complex than the other seasons. The most obvious feature
of the circulation pattern in the Beibu Gulf is the
persistence of a gulf-scale cyclonic gyre, although this
cyclonic gyre is significantly weakened and mainly
confined in the southern gulf during summer. Cross-shelf
velocity during winter (summer) is characterized by
onshore (offshore) flow in the upper layer and offshore
(onshore) in the lower layer. However, our model results
indicate a northeastward current flowing along 50-100 m
isobaths in spring. This current should be focused on in
future studies based on both observations and numerical
models.

The along-shelf and cross-shelf transport in different
seasons were also quantified.

The along-shelf transport increases southwestward over
the NSCS shelf in winter and autumn. The cross-shelf
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transport features high variability, with standard deviations
comparable or even larger than the mean values. Maximum
cross-shelf onshore transport is noted around the shelf
break segment south of the PRE, suggesting this area is the
major site for onshore intrusion of slope water.
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