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Chinese large fishery farms are also located in strong upwelling
areas of NCSCS. Therefore, it is of great significance to
understand the summer upwelling of NCSCS. Based on the
Chinese Marine General Survey in 1959~1960, Guan & Cheng [8]
have made a preliminary analysis on the summer upwelling of
NCSCS. They pointed out that three upwelling areas exist in the
coast of NCSCS, which are separately in the east of Hainan
Island, Shantou Coast and the east of the Leizhou Peninsula.
Moreover, Zeng[9], Yu [10], Han & Ma [11], Han et al. [12],
analyzed the local upwellings located in the east of Guangdong
coast, Qizhou Archipelagoes, and the east of Hainan Islands
respectively according to the different hydrological observational
data. Afterwards, Li [4,13] and Hong & Li [5] made further
studies to the summer upwelling of NCSCS based on the
historical survey data over 20 years, and their results indicated
the summer upwelling is a common phenomenon in the NCSCS
and the spatial extent of upwelling is a basin-scale in the NCSCS.

Abstract
Summer upwelling system in the northern continental shelf of the
South China Sea (NCSCS) is investigated with the Pathfinder,
Advanced Very High Resolution Radiometer (AVHRR) Sea
Surface Temperature (SST), and a three-dimensional, baroclinic,
non-linear, numerical model forced by QuikSCAT winds. The
AVHRR observation and modelling results have shown the
upwelling is a regular phenomenon during summer in the NCSCS.
Continental shelf upwelling characteristics are clearly found in
the surface and subsurface water, such as low temperature, high
salinity and high potential density. They respectively locate in the
east of the Hainan Island, the east of the Leizhou Peninsula and
the southeast of the Zhanjiang Bay (Qiongdong Upwelling), and
the inshore areas from the Shantou Coast to the Nanri Islands of
Fujian Coast (Yuedong Upwelling). The centra of the upwelling
are mostly located in 111°10′E、19°45′N between the Qinglan
Bay and the Qizhou Archipelagoes of eastern Hainan Island,
110°15′E、18°25′N near the Lingshui Bay, 116°45′E、22°50′N
of the Shantou Coast and 118°E、23°40′N near the Taiwan
Shoal. It is also found that the upwelling areas and centra from
modelling results are in agreement with the AVHRR SST.
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Introduction
The South China Sea (SCS) is a large semi-enclosed tropical
marginal sea in the northwest Pacific Ocean with a total area of
3.5 million km2 and an average depth of over 2000 m (Figure 1).
It is connected with the East China Sea to the northeast, the
Pacific Ocean and the Sulu Sea to the east, and the Java Sea and
the Indian Ocean to the southwest [1]. Its main body is a broad
continental shelf with depth shallower than 200m and isobath
parallel to the coastline on the whole [2]. SCS climate is part of
the East Asian monsoon system [2, 6]. In this study, seasons
always refer to those for the Northern Hemisphere; summer, for
example, refers to June, July and August. In winter the SCS is
dominated by the strong northeasterly monsoon, whereas in
summer the winds reverse the direction to the southwest (Figure
2). From spring to summer, SST in some areas of NCSCS does
not increase monotonically with solar radiation, but begins to
decrease after the onset of the southwest monsoon, resulting in a
pronounced low temperature in summer SST.
The summer upwelling is one of the most outstanding features in
the NCSCS (shown in Figure 1) from previous literatures [4-18],
such as the description by Wyrtki [6] and Niina & Emery [7].
Upwelling is one of the most important processes in the marine
system, because the strong upwelling areas are usually connected
with the famous fisheries in the world, such as the Peru
upwelling [18], which is the largest fisheries in the world. Many

Figure 1. Topography (in meters) of the South China Sea and open
boundary locations. Four open boundary positions are respectively
located in the A, B, C, D. The area in red rectangle is the NCSCS.

On the other hand, with the prevalent research via numerical
modelling and satellite data since the 1980s, many scientists have
discussed the SCS summer upwelling and the general circulation,
when a primary understanding has been achieved. For example,
Guo et al. [15] established a two-dimensional model to study the
coastal upwelling according to the survey data between
1959～1990. Zhuang et al. [16] analysed on the SST and wind
derived from remote sensing satellite data in the summer of 2000.
Their results show that there exist obvious upwelling in the east
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of Guangdong coast in summer and the upwelling intensity is
closely related to the local wind fields.

coastline and meeting the resolution requirement in the desired
regions;
(3) A second order turbulence closure scheme [20] is imbedded
in the model to calculate vertical mixing coefficients; and the
horizontal mixing coefficients are parameterized by
SMAGORINSKY’s scheme [21];
(4) The horizontal time difference is explicit whereas the vertical
difference is implicit. The latter eliminates time constraint for the
vertical coordinate and can make vertical resolution in the surface
and bottom boundary layers come true;
(5) The model has a free surface and a time-split algorithm. The
external model is two-dimensional and uses a short time step
based on the CFL condition and the external wave speed. The
internal model is three-dimensional and uses a long time step
based on the CFL condition and the internal wave speed;
(6) The complete thermodynamics have been implemented in the
model;
(7) ECOMSED also includes the transport modules of suspended
sediments, dissolved tracers and neutrally-buoyant particles in
estuarine and coastal ocean systems.
Governing Equations
Based on the two simplifying approximations, hydrodynamic
assumption that assumed the weight of the fluid identically
balances the pressure, and the Boussinesq approximation that
assumed density differences are neglected unless the differences
are multiplied by gravity, the basic governing equations describe
the velocity and surface elevation fields, and the temperature and
salinity fields, which form the basis of the circulation model. In
the system of horizontal orthogonal curvilinear coordinate and σcoordinate, ξ=ξ(x,y), η=η(x,y), σ=(z-ζ)/(H+ζ), The basic
governing equations are as follows.
Continuity Equation:
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Figure 2. Wind fields derived from QuikSCAT in typical seasons.

However, there were few three-dimensional numerical studies on
the summer upwelling in the previous research, and most of the
models were usually forced by the monotonous or hypothetical
winds. The high spatial and temporal resolution wind data were
seldom adopted to simulate the coastal upwelling of NCSCS. In
this study, a three-dimensional, baroclinic, non-linear ocean
model based on the ECOMSED was used to study the summer
upwelling of NCSCS. The model adopted the realistic bottom
topography and sea surface heat flux, and especially high spatial
and temporal resolution QuikSCAT scatterometer wind data were
firstly used in this research, which has been successfully applied
to simulate the structure and variation of the southern Benguela
upwelling system [17, 18]. At the same time we also consider the
main boundary currents of the calculating area such as the
Taiwan Warm Current, the Kuroshio and so on. In this study our
main aim is to identify and characterize the potential upwelling
areas and upwelling centra in the NCSCS by the objective
analysis on satellite observation data and the numerical model.
The paper is organized as follows. Firstly, the numerical model
and main simulation parameters are introduced. Secondly, the
findings of the summer upwelling of NCSCS are discussed,
which includes two parts: the AVHRR SST is addressed to
provide the essential background and evidence of summer
upwelling in the NCSCS; and then the modelling results are
discussed regarding upwelling physical characteristics, such as
low temperature, high salinity and high density in surface and
sublayer water. Some conclusions are given in the end.
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Model Approach
Ocean Model
The model ECOMSED is originated from the ECOM (Estuarine,
Coastal and Ocean Model) based on the Princeton Ocean Model
(POM) by the Blumberg and Mellor [19]. Present version has
been developed to a stable and reliable three-dimensional,
baroclinic, non-linear, hydrodynamic model, especially reliable
for the coastal ocean and estuarine. The main characteristics of
ECOMSED are as follows:
(1) ECOMSED adopts σ-coordinate in the vertical direction,
which can accommodate realistic irregular bottom topography;
(2) The horizontal orthogonal curvilinear coordinate and an
“Arakawa C” differencing scheme are used in the ECOMSED,
greatly increasing the model efficiency in treating irregularly
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State Equation:

ρ total = ρ total (θ , S )

Figure 3 shows the climatological summer AVHRR SST
distributions in the NCSCS, which are derived from the Jet
Propulsion Laboratory (JPL) of NASA [16]. Low temperature
can be observed clearly in both QUA and YUA, mainly located
in the east and northeast of the Hainan Island, the east of the
Leizhou Peninsula and southeast of the Zhanjiang Bay, and the
eastern coast of Guangdong and Fujian, as well as the Taiwan
Shoal near the west of the Penghu Archipelagoes. The strong
upwellings mainly lie in the coast from southern Sanya to the
west of the Qizhou Archipelagoes, where the SST is general
1~2℃ lower than the offshore SST. Along the Guangdong and
Fujian coast the strong upweling areas are mostly located in the
inshore from Hongkong to the Nanri Islands. Particularly along
the Shantou and Xiamen Coast large area upwellings occur with
a range of 150~200 km and the SST of 2~3℃ lower than the
offshore SST. Additionally, there is obvious that of the ‘crescent
moon shape’ low temperature band locates in the Taiwan shoal
near the west of the Penghu Archipelagoes, where the SST is
2~3℃ lower than that of the offshore. Therefore it can be found
that the summer upwelling in the NCSCS is a regular
phenomenon from the analysis of the climatological AVHRR
SST, but not a special phenomenon in a specific year as we know
before.

(6)

Here D=H+η, η is the water surface elevation and H is the
distance from the datum plane to the bottom. Thus the σ ranges
from σ=0 (z=η) to σ= -1 (z= -H). In the above equations u and v
are the velocity components in the ξ1 and ξ2 direction
respectively. θ is potential temperature, S is salinity; f is the
Coriolis parameter; g is the gravitational acceleration. The
vertical mixing coefficients KM and KH are obtained by a second
order turbulence closure scheme [20]. Similarly, the horizontal
mixing coefficients AM and AH for both momentum and
heat/salinity are parameterized by the SMAGORINSKY’s
scheme [21]. The ρ0 and ρ respectively represent the reference
density and the disturbance density in situ which meet the
relation of ρtotal = ρ + ρ0 .
Parameters and Open Boundary Conditions
The simulation domain in this study is between 99°00′E ~
124°00′E in longitude and 0°00′N~25°00′N in latitude. The
horizontal grid resolution is 10′×10′, and 25 sigma levels are
defined in the vertical direction. The baroclinic time-step is 20
min and the barotropic time-step is 30s. In addition, the realistic
topography (Figure 1), heat flux, and the boundary currents are
adopted in the simulations. At the same time, as the most
important factor, the real time QuikSCAT winds derived from the
SeaWinds scatterometer are used in the model. The SeaWinds
instrument is an active microwave radar designed to measure the
electromagnetic backscatter from the wind roughened ocean
surface, which was launched on 19 June 1999 onboard the
QuikSCAT satellite. The initial temperature and salinity are
obtained from WOA01 [3]. The positions of open boundaries set
in this study can be found in Figure 1, and the monthly mean
throughflows through open boundaries are shown in the Table 1
based on the observation data and the previous research results [6,
22].
Boundaries
Month
A
B
C
D
Jan
-3.125
27.375
-23.625
-0.625
Feb
-2.250
29.000
-26.000
-0.750
Mar
-0.750
31.000
-29.000
-1.250
Apr
0.750
32.375
-31.500
-1.625
May
2.250
33.125
-33.500
-1.875
Jun
3.000
32.625
-33.500
-2.125
Jul
3.000
30.875
-31.500
-2.375
Aug
2.125
29.875
-29.625
-2.375
Sep
0.375
29.625
-27.875
-2.125
Oct
-1.250
28.500
-25.500
-1.750
Nov
-2.750
26.500
-22.500
-1.250
Dec
-3.375
26.125
-21.875
-0.875

Figure 3. Climatological summer AVHRR SST in the NCSCS.

Modelling Results of Summer Upwelling
Low temperature and high salinity are the typical physical
characteristics in the upwelling center, The closed curves
composed by low temperature or high isohaline and coastline can
be used to confirm the upwelling centre position [9,12]. Figure 4
(a)-(d) show the horizontal distribution of temperature, salinity
and density at 5m-layer and 15m-layer. Two strong upwelling
areas exist in the NCSCS. One locates in the eastern coast and
northeast of the Hainan Island as well as the east of the Leizhou
Peninsula and southeast of the Zhanjiang Bay (Qiongdong
Upwelling), and the other one is at the Shantou coast and the
eastern coast of Guangdong as well as Fujian coast (Yuedong
Upwelling) respectively. As in Figure 4 (a)-(d), the typical
continential upwelling characteristics, low temperature, high
salinity and high potential density are all represented very clearly.
The centra of Qiongdong Upwelling mostly lie in
111°10′E、19°45′N between the Qinglan Bay and the Qizhou
Archipelagoes, and 110°15′E、18°25′N near the Lingshui Bay.
The Yuedong Upwelling centra are mainly located in
116°45′E、22°50′N and 118°E、23°40′N near the Shantou Coast
and the Taiwan Shoal. The 5m-layer temperature of Qiongdong
Upwelling Areas is about 28℃, 1.5℃ lower than that of the
offshore water at the same latitude, and the 15m-layer
temperature is 24℃, 3.5℃ lower than that of the offshore and the
salinity is 34, 0.2 higher than that of the offshore water. In
Yuedong Upwelling Areas, the other strong upwelling area, the

Table 1. Monthly throughflows through open boundaries (106 m3/s)

Simulation Scheme
Firstly, with the climatological monthly mean data (WOA01) as
the initial temperature and salinity fields, the model is
diagnostically run from January for 12 months driven by
climatological winds from the static condition. The diagnostical
fields of January mean are obtained as the hotstart conditions for
further computation. Then, the model is prognostically run for 5
years, periodically forced by the climatological daily QuikSCAT
wind data. The simulation results have illustrated that the total
integral kinetic energy has a periodical change. So the simulated
5th year’s monthly mean data is used to analyze the upwelling of
NCSCS.
Results and Discussion
SST from Satellite Observation
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5m-layer center temperature is about 28℃, 1.2~1.5℃ lower than
that of the offshore water at the same latitude, and the 15m-layer
temperature is 25℃, 3~3.5℃ lower than that of the offshore
water and the salinity is higher than that of the offshore water
obviously.

Figure 4. Modelling results of summer upwelling in the NCSCS.
(a). Temperature of 5m-layer (b). Temperature of 15m-layer
(c). Salinity of 15m-layer (d). Potential density of 15m-layer

Summary and Conclusion
In this study the summer upwelling in the NCSCS is investigated
using a three-dimensional, baroclinic, non-linear, prognostic
numerical model forced by the QuikSCAT winds. On the other
hand satellite remote sensing data are applied to study the
summer upwelling of the NCSCS. The modelling results show
the typical summer upwelling characteristics in the surface and
subsurface water. The upwelling centra shown from modelling
results are consistent with the satellite observations. The
conclusions obtained from this study are as follows.
(1) The summer upwelling is a regular phenomenon in the
NCSCS. The typical continental shelf upwelling characteristics
are clearly shown in the surface and subsurface water, such as
low temperature, high salinity and high potential density.
(2) There are two strong upwelling areas in the NCSCS, QUA
and YUA, respectively located in the eastern coast and northeast
of the Hainan Island as well as the east of the Leizhou Peninsula
and southeast of the Zhanjiang Bay (Qiongdong Upwelling), and
the Shantou and the eastern coast of Guangdong as well as the
Fujian coast (Yuedong Upwelling).
(3) The upwelling centra of QUA are mostly located in
111°10′E、19°45′N between the Qinglan Bay and the Qizhou
Archipelagoes and 110°15′E、18°25′N near the Lingshui Bay.
Those of YUA are mainly located in 116°45′E、22°50′N and
118°E、23°40′N near the Shantou Coast and the Taiwan Shoal.
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