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Abstract
The advances in understanding the South China Sea (SCS) western boundary current (SCSwbc)
have been reviewed since the works of Dale (1956) and Wyrtki (1961) in the middle of the 20th
century. The features of the pattern of SCSwbc and the oceanic phenomena associated with it are
focused on. The current is driven mainly by monsoon over the SCS and partially by winds over the
tropical Pacific governed by the island rule. The SCSwbc exhibits strong seasonal variation in its
direction and patterns. In winter, the current is strong and flows southwestward along the South
China shelf and slope from the east of Dongsha Islands to the northern central Vietnamese coast,
then turns to the south along the central and southern Vietnamese coast, and finally partially exits
the SCS through the Karimata Strait. In summer and early fall, the SCSwbc can be divided into
three segments based on their characteristics. The southern segment is stable, flowing northward
from the Karimata Strait up to about 11◦N, where it separates from the coast forming an east-
ward offshore current. The separation of the current from Vietnamese coast induces some striking
features, such as upwelling and cold sea-surface temperature. The middle segment off the central
Vietnamese coast may have a bimodal behavior: northward coastal current and meandering current
in early summer (June–July), and cyclonic gyre in later summer and early fall (August–September).
The northern segment is featured by the summer SCS Warm Current on the South China shelf and
a southwestward subsurface current along the continental slope.

Key words: South China Sea, western boundary current, Vietnam offshore current, upwelling,

subsurface current

1 Introduction

As one of the largest marginal seas in the world,
with an area of about 3.5×106 km2, the South China
Sea (SCS) is featured by a strong current along its
western boundary, called the South China Sea west-
ern boundary current (SCSwbc). The western bound-
ary current is very similar to those in the great open
oceans such as the Pacific and Atlantic Oceans. In
contrast to the circulation in the great open oceans,
however, the SCSwbc is seasonally reversible. In the

middle of the last century, Dale (1956) deduced it from
drift current data, which might be the first record on
this current (Fig. 1). In the monthly schematic sur-
face current charts of the SCS he presented, the west-
ward intensification can be clearly observed. Based on
50 a historical data collected in the Southeast Asian
seas, Wyrtki (1961) gave a general description of the
bimonthly current of the SCS, including the forma-
tion, evolution and decay of the SCSwbc. Figure 2 is
the surface current diagram for February and August
given by Wyrtki (1961). In history, there have been
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different names for the SCSwbc: monsoon current
along the coast of Vietnam (Wyrtki, 1961), coastal
jet off Vietnam (Shaw and Chao, 1994; Chu et al.,
1998), alongshore current off Vietnam (Shaw and
Chao, 1994), western boundary current (along/off the

Chinese and Vietnamese coasts) (Metzger and Hurl-
burt, 1996; Shaw et al., 1998; Fang and Fang, 1998;
Takano et al., 1998; Tangang et al., 2011), Vietnam
coastal jet/current (Chu et al., 1998; Cai et al., 2007),
and South China Sea monsoon jet (Li et al., 2000).

                                  

Fig.1. Surface currents of the South China Sea by Dale (1956). a. January and b. July. The westward
intensification along the Vietnamese coast can be clearly observed.

Fig.2. Surface circulation pattern drawn by Wyrtki (1961). a. February and b. August.

The SCSwbc is a main contributor for the re-
distribution of water properties, momentum, energy
and nutrients in the SCS. The current is mainly wind-
driven and thus has a clear annual cycle corresponding
to monsoon transition(Liu et al., 2001), and it in turn
plays a key role in the seasonal reversal of the upper-
layer current of the SCS (Hu et al., 2000; Du et al.,
2004; Zhou et al., 2010) and significantly influences
the regional climate (e. g., Xie et al., 2003).

Owing to its important role in the SCS circula-
tion, the SCSwbc has been attracting much attention
in the last 30 a. Some details on the feature of SCSwbc
have been revealed through in situ observations, floats,

satellites data, and numerical simulations. However,
the in situ observations in relation with the SCSwbc
can only be found in a limited number of literatures
(e. g., Qiu et al., 1984; Guo et al., 1985; Huang et al.,
1997; Fang et al., 1998; Penjan et al., 2001; Fang et
al., 2002; Du et al., 2004; Dippner et al., 2007; Chen et
al., 2010; Fang et al., 2010). The in situ observations
have been and will still be crucial sources for reveal-
ing new features and verifying the proposed features of
the current, though the observations so far conducted
only provided data in limited areas and time spans.

The most widely used data for the analysis
of the SCSwbc are sea surface height (SSH) from
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TOPEX/Posidon(T/P) altimetry(Shaw et al., 1998;
Ho et al., 2000; Wang et al., 2000; Xie et al., 2003;
Bao et al., 2005; Wang, Wang et al., 2006; Rong et
al., 2007; Cai and He, 2010). These data are some-
times analyzed with the method of empirical orthog-
onal function (EOF) to figure out the temporal and
spatial patterns of surface SCSwbc. Argo floats pass-
ing through this region are also helpful to reveal the
characteristics of SCSwbc (He and Sui, 2010; Zhou et
al., 2010), but the data are sparse.

A numerical simulation is another widely used ap-
proach to study the SCSwbc. The models are mostly
primitive equation models (e. g., Shaw and Chao,
1994; Chao et al., 1995; Chao et al., 1996; Metzger
and Hurlburt, 1996; Chu et al., 1998; Shaw et al., 1998;
Takano et al., 1998; Chu et al., 1999; Chern and Wang,
2003; Qu et al., 2004; Fang et al., 2005; Wang, Fang
et al., 2006; Fang et al., 2009; Tangang et al., 2011).
Idealized and simplified models are usually designed to
study the mechanism of the current for some particu-
lar cases (e. g., Li et al., 1994; Fang et al., 1996; Chao
et al., 2006; Wang ,Chen et al., 2006; Cai et al., 2007).

2 Features of SCSwbc in winter

Since the SCSwbc is mainly driven by winds, it
shows obvious seasonal transition following the rever-
sal of SCS monsoon. To obtain a clear picture of the
pattern of SCSwbc, we will focus on the current pat-
terns in winter and summer, respectively, as the SCS
monsoon is strong in winter and summer.

Wyrtki (1961) illustrated the pattern of SCSwbc
every 2 months based on ship drift data. The winter
circulation can be represented by his February dia-

gram shown in Fig. 2a. It can be seen that the winter
SCSwbc mainly originates from the Luzon Strait and
runs straightforward toward the Karimata Strait. The
interior circulation may enhance the current to some
extent.

Based on the hydrographic observations in Jan-
uary and December 1981 and January and February
1982, Guo et al. (1985) found a strong southwest cur-
rent, and named it the SCS Branch of the Kuroshio.
Fang et al. (2005) extended the concept of the SCS
Branch of the Kuroshio to the SCS Branch of the
Pacific-to-Indian Ocean throughflow in view that the
current continues to flow along the western bound-
ary and exit the SCS toward the Indian Ocean. They
further suggested that the southwestward current ob-
served by Guo et al. (1985) should be a combina-
tion of the SCS Branch of the Pacific-to-Indian Ocean
throughflow with the interior circulation gyre located
in the northern SCS deep basin, which was named
Luzon gyre by Fang et al. (2009). In fact, the win-
ter SCSwbc consists of two components: the western
boundary current of the interior circulation and the
SCS Branch of the Pacific-to-Indian Ocean through-
flow.

More complete structure was revealed in the 1990s
in a number of numerical models (Li et al., 1994;
Shaw and Chao, 1994; Fang et al., 1996; Metzger and
Hurlburt, 1996). Fang et al. (1998) summarized ob-
servational and model results, and presented refined
schematic diagrams for winter and summer circula-
tion as shown in Fig. 3. Shaw et al. (1998) and Li
et al. (2000) used the sea-surface height anomalies
(SSHA) observed by a satellite altimeter to infer the
SCS circulation. Figure 4 is a climatological mean

                                                    

Fig.3. Schematic diagram for the SCS upper layer general circulation by Fang et al. (1998). a. winter and

b. summer.
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Fig.4. Climatological mean sea-surface height anomaly (SSHA) during 1993–2003 by Fang et al. (2006).

a. January and b. July. The anomalous upper layer geostrophic current in off-equatorial is parallel to the

contours of SSHA with higher height on their right side.

SSHA plot for only January and July (the other
months are not shown). The monthly SSHA diagrams
show that the winter SCSwbc develops in middle fall
(October), and terminates in early spring (March) of
the following year. The mature period is from Novem-
ber to February next year, when it runs southwestward
along the South China continental shelf and slope and
turns southward along the Vietnamese coast. On ar-
riving the Sunda shelf, one part of it continues to flow
towards the Java Sea through the Karimata Strait,
where the throughflow volume transport can reach
3.6×106 m3/s (Fang et al., 2010), and the other part
turns eastward and forms a cyclonic gyre (Fig. 3).

Observational evidence for deep SCSwbc in winter
is very limited. The dynamic calculation based on the
hydrographic observation by Guo et al. (1985, their
Fig. 6) shows that the southwestward current near the
South China continental slope can extend to a depth
of about 800 m.

3 Features of SCSwbc in summer

The SCSwbc in summer is generally much weaker
than in winter, but its structure and evolution are
much more complicated. The northward western
boundary current begins in May appearing as a sim-
ple northward current. From June it can be roughly
divided into three segments. The southern segment is
from the Karimata Strait to the turning point of the
Vietnamese coastline at about 11◦N. This segment of
the flow is relative strong and stable, thus can be well
recognized. The middle segment is from the turning

point of the Vietnamese coastline to the mouth of the
Beibu Gulf. This segment of flow is weak and variable.
The northern segment is on/along the South China
shelf and continental slope. There seems no doubt
about the surface flow, while the subsurface flow needs
further clarification. The following are some most dis-
tinguished features.

3.1 Vietnam offshore Current

As mentioned above, the southern segment of
the summer SCSwbc is relative strong and stable. It
starts from the Karimata Strait and flows northward
along the southern Malay Peninsula, then passes by
the mouth of Gulf of Thailand and flows along the
southeastern Vietnamese coast. When this boundary
current reaches the area at 11◦N, it turns to the east
forming an offshore current. This offshore nature can
be seen in Dale’s and Wyrtki’s diagrams (Figs 1b and
2b). This feature was first revealed by the hydro-
graphic observations by Fang et al. (1998) [also see
Fang et al. (2002)]. The offshore current was named
the Southeast Vietnam Offshore Current by Fang et
al. (1998, Fig. 3b). In this review we call it the Viet-
nam Offshore Current (VOC) for short.

The VOC was verified with the satellite observa-
tions by Ho et al. (2000). T/P altimeter measure-
ments from December 1992 to April 1998 show that
a high-variability area of the SSH exists off the cen-
tral Vietnam coast (12◦–13◦N, 110◦–112◦E). The EOF
analysis shows that it has the highest SSH in February
and the lowest SSH in August.

Almost all numerical models can reproduce the
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VOC. The position of the VOC’s separation from
coast, however, varies between 10◦ and 14◦N (Li et
al., 1994; Shaw and Chao, 1994; Chao et al., 1996;
Fang et al., 1996; Chu et al., 1998; Fang, Fang et al.,
1998; 1998; Fang, Guo et al., 1998; Fang and Fang,
1998; Takano et al., 1998). Shaw and Chao (1994) be-
lieved it was caused by the turning of the orientation
of the Vietnamese coastline. Takano et al. (1998) sug-
gested that the wind stress curl distribution played an
important role for the separation. Shaw et al. (1998)
further found that the VOC separates from the Viet-
namese coast along exactly the line of zero curl of wind
stress. The separation and its position have clear in-
terannual variations and are believed to be a result of
the variation of wind stress associated with El Niño
events according to the studies of Xie et al. (2003)
and Wang, Fang et al. (2006). Xie et al. (2003) found
that the cold filament and mid-summer cooling did not
occur in 1998, following the strong 1997/1998 El Niño
event. The numerical simulation by Wang, Fang et
al. (2006) confirms that the VOC and its associated
upwelling vanish in the summer of 1998.

3.2 Upwelling off the southeast Vietnamese co-

ast

Associated with the VOC, strong upwelling
spreading eastward from the Vietnamese coast can be
observed. Wyrtki (1961) found that the sea surface
temperature (SST) off the coast of Vietnam in June
and July shows a drop of more than 1℃. From the nu-
merical simulation Chao et al. (1996) found that the
upwelling begins in August at about 16◦N and extends
southward until October, and its center can be identi-
fied at 150 m. The field hydrographic observations of
Fang, Guo et al. (1998) and Fang et al. (2002) show
that the upwelling extends to below 300 m depth in
the September of 1994. From the observation carried
out in July along the coast of Vietnam, the upwelling
was also well identified by the shallower isohalines and
higher salinity than the nearby areas (Penjan et al.,
2001).

The low SST can also be clearly observed from
satellite images (Kuo et al., 2000; Xie et al., 2003).
Figure 5 displays the climatological mean SST from
June to September derived from the SODA [simple
ocean data assimilation, see Carton and Giese (2008)]
reanalysis. It can be seen that the low SST begins to
appear in June in the nearshore area between 11◦ and
16◦N and spreads eastward in July. In August the
low SST area further extends eastward to approach

the eastern boundary of the SCS, with its center shift-
ing slightly southward. The VOC is a main conveyor
that transports the upwelled cold water eastward. The
cold water can be further transported southward by
the eastern segment of the anticyclonic gyre south of
the VOC (Fig. 3b). It is worth noting that the SST in
the central and southern SCS (roughly south of 16◦N)
reaches the highest temperature in late spring (May)
rather than in summer. The VOC and its associated
upwelling may play an important role in the seasonal
evolution of SST and the overlying atmosphere surface
temperature in this area.

Fig.5. Climatological mean SST for June,

July, August and September from SODA re-

analysis (averaged over 1987–2008).

In the summers following El Niño events, the
upwelling tends to vanish, resulting a basin-wide
warming-up of the SCS. A typical warm event occur-
ring in the summer of 1998 was first reported by Wang
et al. (2002). Fang et al. (2006) evaluated the corre-
lation between the SCS SST and the El Niño index,
and show that the greatest correlation coefficient with
El Niño3.4 index appears off the southeast Vietnamese
coast (their Fig. 13).

3.3 Meander and cyclonic gyre north of VOC–

A bimodal behavior?

In summer the anticyclonic gyre south of the VOC
is stable and is well recognized (Figs 2b and 3b). Liu et
al. (2000) reported that during the cruise conducted
in June–July of 1998 an anticyclonic warm gyre at 100
m layer was found off the southeast coast of Vietnam.
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The warm gyre covers an even larger area at 700 m
layer and extended southwards. At 1 200 m depth,
the central SCS and the western are all controlled by
the warm gyre. The barotropical models of Li et al.
(1994) and Fang et al. (1996) predicted that there also
exists a cyclonic gyre off the coast of central Vietnam
and to the north of the VOC in July. Based on the hy-
drographic observation in September 1994, Fang, Guo
et al. (1998) speculated that a cyclonic circulation
might exist north of the VOC. The cyclonic gyre was
also drawn by Fang, Fang et al. (1998) with a dashed
arrow (Fig. 3b), indicating possible existence of the
structure. Wang, Chen et al. (2006) believed that the
southern anticyclonic gyre and the northern cyclonic
gyre (they called them eddies) were concomitant fea-
tures, and called them a dipole structure, which began
in June and peaked in August or September. The nu-
merical model of Wang, Fang et al. (2006) reproduced
the dipole in August (their Fig. 14f). The dipole has
both interdecadal variability (Wang et al., 2010) and
interannual variability (Chen, Hou et al., 2012).

However, after scrutinizing the climatological
monthly mean SSH maps produced from the SODA
reanalysis (Fig. 6), we found that the southern anti-
cyclonic gyre is strong and stable as revealed by the
previous studies. The cyclonic gyre north of the VOC
cannot be seen in June or July at least in terms of cli-
matological mean. During this period the flow sepa-
rated from the VOC firstly goes northward, and turns
to northwest at about 14◦N, and then turns toward
northeast, forming a meandering flow to the east of
the northward coastal current. This meander becomes
stronger and begins to form a cyclonic eddy in later
summer (August), and then is replaced by a cyclonic
gyre in early fall (September). Meanwhile, the coastal
current is reversed from northward to southward. This
seems to indicate that a bimodal behavior may occur
off the central Vietnamese coast in summer. The cy-
clonic vorticity associated with the velocity shear on
the northern edge of the VOC and the wind stress
curl off the central Vietnamese coast is in favor of the
formation of a cyclonic gyre, while the southwest mon-
soon winds are in favor of the formation of a northward
current. The relative intensity of these two effects
may determine the behavior of the current off the cen-
tral Vietnamese coast. The above characteristics can
also be observed from the climatological monthly mean
SSHA maps derived from satellite altimeter measure-
ments. It is worth to mention that the summer SSHA
maps usually exaggerate the strength of the northward

western boundary current. This is because the sum-
mer SSHA is the difference between summer SSH and
annual mean SSH, while the latter is dominated by
the winter circulation. Therefore, the summer SSHA,
mathematically, is determined mainly by the summer
SSH and the winter SSH. That is, the summer SSHA
cannot well reflect the summer circulation. Instead, it
usually overestimates the strength of the summer west-
ern boundary current due to the strong winter western
boundary current (Li et al., 2000). This is the reason
why we prefer to use SODA SSH results rather than
the altimeter SSHA product in the above analysis.

Fig.6. Climatological mean SSH (in cm)

for June, July, August and September from

SODA reanalysis (averaged over 1987–2008).

In the summers following El Niño events, the
VOC generally diminishes and the structures men-
tioned above also vanish, leaving a simple northward
coastal current along the southern and central Viet-
namese coasts, as seen from the model result of Wang,
Chen et al. (2006, their Fig. 14d) for the summer of
1998.

There may be two reasons for Li et al. (1994)
and Fang et al. (1996) to obtain the northern cyclonic
gyre in July. One possible reason is that the response
of their barotropic models may be too faster with re-
spect to the baroclinic response in the real ocean. This
speculation is supported by the fact that the July cir-
culation pattern obtained from their barotropic mod-
els resembles the September pattern from the SODA
reanalysis. The other reason is that their models are
vertically integrated models, therefore the currents ob-



FANG Guohong et al. Acta Oceanol. Sin., 2012, Vol. 31, No. 5, P. 1-10 7

tained from their models actually include both the sur-
face and subsurface flows, and the latter may have op-
posite directions to the former.

The summer western boundary current in the
southern SCS can reach a depth of about 400 m as
observed from the hydrographic survey in September
1994 (Fang, Guo et al., 1998b). The ADCP cur-
rent observation at 11◦16′N, 110◦46′E in May 2002
by Du et al. (2004) shows that the flows are per-

sistently northward from the surface down to 540 m
(Note that the observational period is in May, when
the northward western boundary current has just es-
tablished and the VOC has not formed yet). Figure 7
shows the climatological mean zonal velocities across
the meridional-vertical section along 111.25◦E for June
through September, obtained from the SODA reanal-
ysis. It can be seen that the currents can reach the
depths of 300 to 400 m.

                                              

                                              

Fig.7. Climatological mean zonal velocity (in cm/s) across the meridional-vertical section along 111.25◦E
for June, July, August and September from SODA reanalysis (averaged over 1987–2008). Positive values

represent eastward velocity.

It is likely that the northward coastal current and
the northward meandering current off the central Viet-
namese coast are mainly upper layer features. Beneath
these features there is possibly a southward subsur-
face current, which originates from the area near the
South China continental slope (see the next subsec-
tion). This subsurface current might join the VOC
and form a subsurface cyclonic gyre off the central
Vietnamese coast in July or even in June. The in situ
observation is necessary in verifying this hypothesis.

3.4 Summer SCS Warm Current and a south-

westward subsurface current

The current southeast of Hainan Island in summer
is northeastward. This can be evidenced by the up-
welling along the east coast of the island. The surface

flows on the South China shelf are generally northeast-
ward and will eventually enter the Taiwan Strait. Fol-
lowing Guan (see Kwan, 1978), this current is called
the summer SCS Warm Current (Fang, Fang et al.,
1998).

The current structure near the South China con-
tinental slope is still not well understood yet. The
earliest works of Dale (1956) and Wyrtki (1961) in-
dicate that the summer currents in this area are to-
ward the northeast (Figs 1b and 2b). Most three-
dimensional numerical models also give northeastward
currents in summer months (from late May to Au-
gust), as seen in the results of SODA reanalysis (Fig.
6). Products based on altimeter measurements also
indicate northeastward currents in summer (e.g., Li et
al., 2000). On the contrary, however, based on the
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hydrographic observation Qiu et al. (1984) found that
the currents near the Dongsha Islands are southwest-
ward, and proposed that these currents originated
from the Kuroshio. Based on current observations
Huang et al. (1997) also found the southwestward cur-
rents along the continental slope north of the Dongsha
Islands. Su (2004) suggested that the western bound-
ary current near the Dongsha Islands are southwest-
ward in all seasons, and called it the Dongsha Current.
Driven by the southwesterly monsoon the summer sur-
face currents in the Luzon Strait contain an eastward
component, as can be verified by the fact that no
satellite-tracked drifters in the Pacific can enter the
SCS in all summer months. Fang et al. (2009) found
that the outward volume transport through the Tai-
wan Strait and the upper layer of the Luzon Strait ex-
ceeds the inward volume transport through the Kari-
mata Strait, and proposed that a subsurface inflow
across the Luzon Strait from the Pacific to the SCS is
required in summer to balance the water loss in the
upper layer of the SCS. It is quite possible that this
subsurface inflow continues to progress southwestward
along the South China continental slope. The model
result of Wang, Chen et al. (2006, their Fig. 3) shows
that the currents at 100 m depth are southwestward in
all seasons and can reach the area off the central Viet-
namese coast. This subsurface current may extend
down to intermediate layer according to the P-vector
computation of Chu and Li (2000, their Fig. 9). It
seems that this southwestward current generally ap-
pears as a subsurface current in summer. It might be
able to ascend to the surface in some areas as sug-
gested by Qiu et al. (1984), but further observational
evidences are needed.

4 Concluding remarks

It is generally believed that the SCSwbc is charac-
terized by a southward (or southwestward) flow in win-
ter and a northward (or northeastward) flow in sum-
mer as shown by Dale (1956) and Wyrtki (1961). The
investigations in the last three decades have revealed
abundant structures of this current. We propose the
following as the most distinguished features.

(1) From October to December the SCSwbc runs
southwestward along the South China continental
shelf and slope and turns southward along the Viet-
namese coast. When it reaches the Sunda Shelf, one
part of it continues to flow towards the Java Sea
through the Karimata Strait, and the other part turns

eastward to form the a cyclonic gyre.
(2) In January and February, the SCSwbc appears

to consist of two segments, which are separated by a
sea-surface height ridge extending eastward roughly
along 13◦N from the Vietnam coast. These two seg-
ments appear to be continuous in the surface layer due
to Ekman drift, while their geostrophic components
may be blocked by the ridge.

(3) The SCSwbc in summer can be roughly di-
vided into three segments. The southern segment is
from the Karimata Strait to the turning point of the
Vietnamese coastline at about 11◦N. It then turns to
the east to form an offshore current called the Vietnam
Offshore Current (VOC). Associated with the VOC,
strong upwelling occurs near the southeast Vietnamese
coast and spreads eastward, which pumps deep cold
water upward to cool the sea surface and the overly-
ing atmosphere.

(4) The middle segment off the central Viet-
namese coast may have a bimodal behavior: a north-
ward coastal current and a meandering current in early
summer (June–July), and a cyclonic gyre in late sum-
mer and early fall (August–September).

(5) The northern segment is featured by the sum-
mer SCS Warm Current on the South China shelf and
a southwestward subsurface current along the conti-
nental slope.

The general circulation in the SCS has great sim-
ilarity to that in the great open oceans but is much
more variable than the latter due to its relative smaller
spatial scale and the more variable forcing of monsoon
(Wang et al., 2009). Further in situ observations are
still required to verify the known features and to re-
veal undiscovered features. In particular, long-term
measurements are required to quantitatively estimate
the volume and property transports of each segment
of the current.
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