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ABSTRACT

Upper-layer circulation is investigated by using all available historical temperature profiles combined with
climatological temperature-salinity relationships in the South China Sea. Two cyclonic eddies are revealed: one
is located east of Vietnam (called the East Vietnam eddy) and the other is off northwest Luzon (called the West
Luzon eddy). Both local Ekman pumping and remotely forced basin-scale circulation are important mechanisms
controlling these two eddies. The Luzon Strait transport (relative to 400 db) is estimated to be of the order 3.0
Sv (1 Sv = 1 X 10° m® s!) in the mean, and has a seasonal cycle dominated by the annual signal, with a
maximum (5.3 Sv) in January—February and a minimum (0.2 Sv) in June-July. Pressure gradients are also
examined to explore the dynamics of the intrusion of waters from the Pacific into the South China Sea through

the Luzon Strait.

1. Introduction

The South China Sea is the largest marginal sea in
the Southeast Asian waters. It connectsin the south with
the Sulu and Java Seas through a number of shallow
passages and in the north with the Pacific Ocean through
the deep Luzon Strait (Fig. 1a). Based on early hydro-
graphic observations, sea level records, and ship drifts,
Wyrtki (1961) provided the first picture of the circu-
lation in the South China Sea that contains basically a
cyclonic gyre in winter and an anticyclonic gyrein sum-
mer, as a result of the seasonally reversing monsoon.
Basin-scale models of the South China Sea have suc-
cessfully reproduced this circulation pattern and shown
many interesting features of the western boundary cur-
rents. Among others, Shaw and Chao (1994) demon-
strated that the southward jet in winter follows through-
out the western boundary, but the northward jet in sum-
mer moves away from the coast of Vietnam at about
12°N. In addition, extending the model from seasonal
to interannual timescale, recent simulations (Chao et al.
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1996; Wu et al. 1998) also revealed coherence between
the circulation of the South China Sea and El Nifio—
Southern Oscillation (ENSO).

The basin-scale models, however, neglected, at least
downplayed, the interaction of the South China Seawith
its surrounding waters by closing all the shallow pas-
sages in the Sulu and Java Seas and fixing the depth-
integrated transport in the Luzon Strait to Wyrtki's
(1961) bimonthly estimates. Metzger and Hurlburt
(1996) recently carried out a series numerical experi-
ments with a global model domain, and noted the ex-
istence of a circulation around the Philippines that in-
volves awestward flow in the Luzon Strait, a southward
flow in the Sulu archipelago, and an eastward flow in
the Celebes Sea. Further, they suggested that this cir-
culation is primarily a function of large-scale forcing
over the Pacific and model geometry; the local monsoon
has little effect. But, no observational evidence hasbeen
published.

So far, the only observational source referring to the
circulation of the South China Seaisthe atlases prepared
by Wyrtki (1961), dating back to about four decades
ago. Considering that a lot of data have been available
since then, it seems desirable to provide a more accurate
description of the South China Sea circulation. The ex-
isting hydrographic data coverage is not good enough
to resolve the detailed structure of the circulation, in
particular those related to the narrow western boundary
currents (Qu et al. 2000). This study utilizes al the
available temperature profiles (mainly bottle data and
XBT measurements) that outhumber the hydrographic
data by about an order. Following Meyers et al. (1995),
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FiG. 1. () Bottom topography and (b) station distribution in the South China Sea.

these temperature profiles, along with the climatological
temperature-salinity relationships from Levitus (1982),
can be converted to dynamic heights. Maps of dynamic
height are presented in the following sections to show
the upper-layer circulation of the South China Sea.

2. Data and methods of analysis

Temperature profiles at observed levels recorded on
the CD-ROMs of the World Ocean Atlas 1994 of
NOAA/NESDIS/NODC within the region enclosed by
the 100-m isobath in the South China Sea (3°-25°N,
105°-120°E) and in the northern Philippine Sea (15°-
25°N, 120°-125°E) are used for thisstudy (Fig. 1b). The
primary procedure for quality control of these datain-
cludes removal of profiles with obviously erroneous re-
cords and profiles that do not match the characteristics
of their surroundings (Qu et al. 1999). After al the
necessary editing processes, the dataset provides51 510
temperature profiles extending to 100 m or deeper in
the region studied. The temporal and spatial distribution
of the dataisirregular. In time, they spanned the period
from the 1920s to the beginning of the 1990s, with a
heavily sampled period in 1965-75; no obvious biasin
the density of sampling was apparent toward any month
of the year. In space, the upper ocean was best sampled
in the northern South China Sea, basically north of the
line from 7°N, 109°E to 13°N, 120°E, but lacks enough
samples to gain a meaningful insight to the south.

Temperatures are averaged along pressure surfaces
and converted to dynamic heightsin a0.5° X 0.5° grid
by using the Levitus (1982) climatol ogical temperature—
salinity relationships. Two smoothing processes are ap-
plied. First, we use a three-month-running average, that

is, monthly mean temperature is derived from obser-
vations in three overlapping months (January—Febru-
ary—March, February—March-April, etc.). Second, we
choose variable horizontal radius to include at least five
deep (=400 m) observations at each grid. The mean
dynamic height fields are finally smoothed using Gauss-
ian filter with an e-folding scale of about 150 km.

The standard deviations (STD) in the monthly dy-
namic height fields are generally large as a result of
interannual and mesoscal e variabilities and possibly the
uncertainties in the data as well. The typical values of
the STDs are 6.0 dyn cm at the surface and 3.5 dyn cm
at 100 m. The standard errors, defined as the STDs
divided by the square root of the number of measure-
ments (Meyers et al. 1995), are smaller usually by a
factor of three, based typically on 10 deep (>400 m)
measurements at each grid.

3. Mean state
a. Dynamic height

Thelevel of no motion is chosen at 400 db, the great-
est common depth of the deep-sea observations, or at
the bottom of the ocean where water depth is shallower.
According to Wyrtki (1961), the flow in the Luzon Strait
changes sign at about 300 m in winter and about 400
m in summer. So, we feel that this choice of reference
level should be reasonable for investigating the upper-
layer circulation. Dynamic heights relative to 400 db
are calculated from the monthly mean temperature pro-
files, and these values are then averaged to produce the
annual mean values. Figure 2a illustrates the annual
mean dynamic height at 100 m. It contains basically a
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Fic. 2. (&) Annual mean and (b) standard deviation (STD) of dynamic height (dyn cm) at 100
m (relative to 400 db). Contour intervals are 1 dyn cmin (&) and 0.5 dyn cmin (b). Region with

water depth shallower than 100 m is stippled.

large cyclonic gyre north of the line roughly from 10°N,
110°E to 15°N, 120°E. This large cyclonic gyre has two
cores (<65 dyn cm). One is located west of Luzon
(called West Luzon eddy below) and other is off east
Vietnam (called the East Vietnam eddy below). As can
be seen in the following sections, the existence of these
two eddies is an essential element of the upper-layer
circulation in the northern South China Sea. Circulation
in the southern South China Sea, namely south of the
line from 10°N, 110°E to 15°N, 120°E, is generaly
weak. Poor data coverage (Fig. 1b) there does not allow
further investigation.

The STD of monthly dynamic heights from theannual
mean value is also obtained during the averaging. At
100 m, it (Fig. 2b) consists of two major features. One
isahigh variability core (>2.5 dyn cm) off Luzon. The
other is alow variahility belt (<1.0 dyn cm) along the
continental slope south of China, roughly following the
intrusion path of the North Pacific waters (Qu et al.
2000). The former apparently represents the large sea-
sonal variability of the West Luzon eddy, whilethe latter
could be interpreted as evidence that the seasonally re-
versing monsoon has less effect on the intrusion current
than on the local circulation.

b. Transport

Annual mean depth-integrated dynamic height is pre-
sented in Fig. 3a to show the volume transport of the
upper-layer circulation in the South China Sea. Given
the depth-integrated dynamic heights P at station E and
P at station F, the volume transport between these two
stations, Qg, can be obtained by

Qer = (Pe — Pp)dlf,

where g is the acceleration due to gravity and f isthe
Coriolis parameter.

In the center of the large cyclonic gyre of the northern
South China Sea, depth-integrated dynamic height is
depressed by about 10 m? (Fig. 3a). On the assumption
of geostrophy, this depression implies a basin-scale cir-
culation of the order 4 Sv. In the Luzon Strait, contours
of depth-integrated dynamic height slope slightly to-
ward the west on the northern side, indicative of awest-
ward intrusion of waters from the Pacific into the South
China Sea, commonly referred to as the Luzon Strait
transport (Wyrtki 1961; Nitani 1972). But, its strength
is rather week compared with the northward flow (the
Kuroshio).

The estimate of the Luzon Strait transport is sensitive
to the selection of the cross section, because the property
gradient in the zonal direction is much greater than that
in the meridional direction and so the signal of the in-
trusion current might be contaminated by the fluctuation
of the Kuroshio. According to earlier studies (e.g., Wyrt-
ki 1961; Nitani 1972), however, much of the Kuroshio
returnsto the Pacific before reaching 121°E in the Luzon
Strait. As such, the effect of the Kuroshio is expected
to be less important to the west of that longitude. We
chose a cross section along the western edge of the strait,
with its northern end (station A, 120°E) at the conti-
nental slope southwest of Taiwan and its southern end
(station B, 120.5°E) at the continental slope northwest
of Luzon (Fig. 1a). Depth-integrated dynamic heights
at these two stations are obtained by averaging the data
within their respective 0.5° X 0.5° bins. No further spa-
tial smoothing is applied. The difference of depth-in-
tegrated dynamic height (15.2 m?) between stations A
and B yields a transport estimate of 3.0 Sv through the
Luzon Strait. Directly wind-driven Ekman transport is
relatively weak (about 0.3 Sv), accounting for only
about 10% of the geostrophic component.

The STD of monthly depth-integrated dynamic
heights from the annual mean value (Fig. 3b) demon-
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FiG. 3. Same as Fig. 2 except for depth-integrated (0400 m) dynamic height (m?). Contour
intervals are 2 m?in (a) and 1 m? in (b).

strates essentially the same pattern as those of Fig. 2b,
with its largest amplitude coinciding with the West Lu-
zon eddy and its lowest amplitude along the continental
slope south of China. The details of these variabilities
are investigated below.

4. Seasonal variation

The seasonal variation of dynamic height at 100 m
(Fig. 4) is dominated by the growth and decay of two
cyclonic eddies—the West Luzon eddy and the East
Vietnam eddy. The West Luzon eddy is about several
hundred kilometers offshore between 17° and 19°N
northwest of Luzon. It first appearsin November, reach-
es its maximum strength in January—February, and de-
cays after May—June. The East Vietham eddy, featured
by anarrow belt of low dynamic height east of Vietnam,
is present in summer (June-August), and tends to
strengthen toward the end of the season when prevailing
wind is from the southwest (October—November). In-
terestingly, this cyclonic circulation continues to exist
in winter, until the transition of monsoon from the north-
east to the southwest (March—May).

The existence of the West Luzon eddy in winter and
East Vietnam eddy in summer has been reported, though
differently described, by several earlier studies (cf. Chu
et al. 1998). Among others, Shaw et al. (1996) referred
to the West Luzon eddy as a major upwelling region
northwest of Luzon, whereas He et al. (1996) called
both of them mesoscal e cyclonic circulation. Recent sat-
ellite altimeter data also provided evidence on the al-
ternative appearance of these two eddies. According to
Shaw et al. (1999), sea level off Luzon has largest pos-
itive anomaly in August and largest negative anomaly
in December. Annual oscillation of sea level was also
observed off Vietnam, but the extreme positive and neg-
ative anomalies are in April and October, respectively.
The seasonal variation of dynamic height shown in Fig.

4 is basically consistent with Shaw et al.’s results. But,
we found that there is no anticyclonic circulation west
of Luzon in August, and the East Vietnam eddy appears
to exist even in winter when the prevailing wind isfrom
the northeast. One obvious reason for this differenceis
that hydrographic data include the annual mean field of
dynamic height but satellite altimeter data do not.

Notice that the western boundary current is not well
resolved in Fig. 4, presumably as a result of smoothing.
In particular, as northeastward flow exists over a large
part of the basin in summer, the narrow western bound-
ary current is almost smoothed away. However, careful
examination of the dynamic topography indicates that
there is a southwestward pressure gradient along the
continental slope south of China during all seasons of
the year. This pressure gradient likely providesthe pres-
sure head driving a western boundary current against
friction (Chao et al. 1996; Qu et al. 1998). Wewill return
to this point in section 5c.

5. Forcing mechanisms
a. Local wind

The seasonal forcing in the South China Sea is dom-
inated by two monsoons, summer and winter, every year.
To see the response of the upper-layer circulation to the
monsoonal wind, maps of wind stress curl and its sea-
sonal variability from Hellerman and Rosenstein’'s
(1983) monthly climatology are presented. The annual
mean wind stress curl (Fig. 5a) has a dipole pattern:
anticyclonic curl in the north and cyclonic curl in the
south, with the zero wind stress curl lineroughly located
from about 15°N, 110°E to 20°N, 120°E. The maximum
wind stress curl (>20 X 10-8 N m2) is seen at the
center of the West Luzon eddy. Near the coast of Vi-
etnam, wind stress curl isalso positive, but itsmagnitude
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FiG. 4. Monthly mean dynamic height (dyn cm) at 100 m. Contour interval is 1 dyn cm. Region with water depth shallower than 100 m
is stippled.

(about 5 X 1078 N m~3) is much less than that to the
east.

The STD of monthly wind stress curlsfrom the annual
mean value (Fig. 5b) provides information on the
strength of seasonal variability. In addition to the large
STDs (>15 X 10-8 N m=3) corresponding to the pos-
itive and negative mean wind stress curl cores, high
variability (>20 X 10~ N m~2) is also seen southeast
of Vietnam. Interestingly, despite higher variability of
wind stress curl, seasonal fluctuation of dynamic height
in the East Vietham eddy is considerably weaker than
that in the West Luzon eddy (Figs. 2b and 3b).

Monthly wind stress has a cyclonic curl (>20 X 10-8
N m=23) or, equivalently, an upward Ekman pumping
(>1 X 1075 m s*) centered at the West Luzon eddy
from October through April, with a maximum strength
exceeding 50 X 108 N m~2in December (Fig. 6). This
cyclonic wind stress curl decays during the rest of the
year, in phase with the West Luzon eddy. As upwelling
(the West Luzon eddy) was observed at about 100 km
offshore and not at the coast, despite the prevailing

coastal, upwelling-favorable northeasterly wind in win-
ter, Shaw et al. (1996) speculated that it is not driven
by coastal wind but arisen from remotely forced basin-
wide circulation. We emphasize that wind stress curl or
direct Ekman pumping may play a major role in gen-
erating the West Luzon eddy.

Wind stress curl varies dramatically near the coast of
Vietnam, featured by an anticyclonic curl from Novem-
ber to April and a cyclonic curl from May to October
(Fig. 6), both having a maximum exceeding 30 X 108
N m~2 in magnitude. The presence of the East Vietnam
eddy can be explained at least partly by wind stress curl
from late summer to early fall but not in winter, indic-
ative of strong influence of remotely forced processes.
During the northeast monsoon season, the northeast-to-
southwest oriented zero wind stress curl line separates
the South China Seainto two parts (Fig. 6). In the north-
west, the northeasterly wind produces shoreward Ekman
current. Owing to the constraint of zero transport on the
shore, water is accumulated against the coast, and as a
result a cross-shelf pressure gradient is set up, which
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eventually generates a southwestward flow via geostro-
phy (cf. Qu et a. 1998). On the other hand, the piling
up of water also produces high sea level southwest of
Vietnam, as has already been described in literature
(e.g., Wyrtki 1961; Shaw and Chao 1994; Chao et al.
1996). The high sea level southwest of Vietnam pro-
duces an opposite directed pressure gradient that pre-
vents the western boundary current from flowing to the
farther south but turning eastward off Vietnam.

In summary, the formation of a gyre, whatever cy-
clonic or anticyclonic, seems to be better determined by
wind stress curl in the eastern part than in the western
part of the basin, reflecting the westward intensification
induced by g-effect (Wyrtki 1961; Chao et al. 1996;
Chu et a. 1998). Consequently, the remotely forced
basin-scale circulation islikely to play amore important
role in the formation of the East Vietnam eddy than in
the formation of the West Luzon eddy.

b. Pressure gradient across the Luzon Strait

Pressure gradient across the Luzon Strait, regarded
as the dynamic height difference between stations A

and B (Fig. 1a), determines the Luzon Strait transport
(section 3b). Surface heat flux and the piling up of
water forced by monsoonal wind might be the im-
portant mechanisms that maintain and change this
pressure gradient.

In winter, intense atmospheric cooling (<—200 W
m~2; Oberhuber 1988) reduces the upper ocean tem-
perature and sets down the sea level in the Luzon
Strait. On the other hand, surface water is forced by
northeast wind to flow against the coast of Taiwan,
and this will sets up the sea level at station A (Fig.
7d). This condition is just reversed in summer. The
large degree of cancellation between the effects of
surface heat flux and wind stress induces lower sea
level from January through June and higher sea level
during the rest of the year at station A, with its min-
imum in March-April and maximum in September—
October. For some unclear reasons the seasonal cycle
tends to lag behind in deeper layers, indicative of a
signal of downward propagation. On the southern side
of the strait (station B), the effects of surface heat
flux and wind stress have the same phase, both pro-
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ducing higher sealevel in summer and lower sealevel
in winter (Fig. 7b).

The seasonal variation of depth-integrated dynamic
height difference between stations A and B (Fig. 8a)
shows a strong annual signal, with its minimum of
1.0 m? in June—July and maximum of 26.2 m? in Jan-
uary—February. In the latitude of 20°N, thisresult im-
plies that the Luzon Strait transport has a minimum
transport of 0.2 Sv and a maximum transport of 5.3
Sv in June—-July and January—February, respectively.
Although directly wind driven circulation does not
appear to make a significant contribution to the Luzon
Strait transport, the piling up of water induced by
wind stress might be an important mechanism chang-
ing the pressure gradient that eventually determines
that transport.

c. Pressure gradient along the continental slope
south of China

Qu et al. (2000) revealed that the intrusion of the high
salinity water from the Pacific into the South China Sea

—~rt+
125 105E

contains a pronounced semiannual signal. In particular,
the intrusion has a stronger strength in summer than
prior to and after it, despite the prevailing southwest
monsoon. Apparently, this semiannual signal cannot be
explained by the pressure gradient across the Luzon
strait (Fig. 8a).

Before investigating this problem further, it must be
noted that there is an essential difference between the
intrusion strength referred to by Qu et al. (2000) and
the Luzon Strait transport discussed here. The former
isinferred from water property distributions, and iswell
defined as a narrow western boundary current along the
continental slope south of China. The latter, however,
is a measure of the net transport through the Luzon
Strait, a function of the inflow of the North Pacific wa-
ters and the outflow of the South China Sea waters as
well. For this concern, it might be useful to examine
the pressure gradient along the continental slope south
of China in order to understand the dynamics of the
intrusion.

In a sense of liner dynamics, the intrusion current
along the continental slope south of Chinais primarily
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controlled by the following equations (Godfrey 1989;
Qu et al. 1998):

_1dp

fu = S (1)
1lap

—fu=->=—+F 2

u pay 7 @

where p~1ap/ox represents the cross-shelf pressure gra-
dient, p~*ap/dy is the longshore pressure gradient, and
F, denotes the friction along the continental slope south
of China. On one hand, the intrusion current is geo-
strophic and can be well determined by the cross-shelf
pressure gradient [Eq. (1)]; on the other hand, longshore
pressure gradient provides the pressure head driving the
current against friction [Eq. (2)]. On the longshore av-
erage, the pressure gradient along the continental slope
south of China can be regarded as the dynamic height
difference between stations A and C (Fig. 1a). We use
these two stationsto infer this basinwide longshore pres-
sure gradient, simply because they represent the starting
and ending points of the intrusion current, respectively.
The stations can also be chosen elsewhere at the western
boundary, provided the question of how these stations
are representative is born in mind, but the results are
qualitatively insensitive to the selection of the stations
(not shown).

The depth-integrated dynamic height at station A is
about 16.1 m? higher than that at station C in the mean
(also see Fig. 3a). Its seasonal variation shows a semi-
annual signal of comparable strength with the annual
cycle at station C (Fig. 7c¢), but of only about % in
amplitude of the annual cycle at station A (Fig. 7).
Another interesting result is that the dynamic height at
station C reaches its seasonal minimum in summer, de-
spite intense surface heating (>50 W m~2; Oberhuber
1988). The low sea level off Vietham in summer has
been reported by several earlier studies (e.g., Wyrtki
1961; Shaw and Chao 1994; Chao et al. 1996), mainly
asaresult of southwest monsoon. The shoreward Ekman
transport forced by northeasterly wind produces high
sea level in winter.

The seasonal variation of dynamic height difference
between stations A and C contains a semiannual signa
of comparable strength with that of annual signal (8.5
Vs 7.4 m?), with maxima in August and February and
minima in April and November (Fig. 8b). Surprisingly,
this semiannual signal shows essentially the same phase
as the intrusion strength inferred from water mass dis-
tribution (Qu et al. 2000). It seems preferable to suggest
that longshore pressure gradient is the primary mech-
anism driving the intrusion current against friction at
the continental slope south of China[Eg. (2)]. However,
one must keep in mind that nonlinear effects (e.g., the
advective terms in the momentum equations) could also
be important in the intrusion process. This has to be
investigated further by research.
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6. Summary

Two cyclonic eddies, namely, the West Luzon eddy
and the East Vietnam eddy, are revealed in the upper
layers of the South China Sea. The West Luzon eddy
existsat about 18°N, 118°E from latefall to early spring,
coinciding surprisingly well with a positive wind stress
curl both in location and time. The East Vietnam eddy,
located at about 14°N, 110°E, is seen from late summer
to early fall, when local Ekman pumping is positive,
but also in winter, when local Ekman pumping is neg-
ative. Dynamical consideration suggests that both local
wind stress curl and basin-scale circulation are impor-
tant in the formation of these eddies. But the relative
importance between them seems to decrease toward the
west.

The existence of the two cyclonic eddis provides the
basis for describing the upper-layer circulation in the
South China Sea. In winter, as both eddies are devel-
oped, a basin-wide cyclonic gyre exists over the north-
ern basin. In summer, northeastward flow becomes
widely spread as a result of the prevailing southwest
monsoon, but there is still some indication that anarrow
western boundary current flowsin the opposite direction
along the continental slope south of China. Circulation
in the southern South China Seaisrelatively weak. Poor
data coverage there does not permit further investiga-
tion.

Despite some uncertainty due to the effect of the Ku-
roshio, the annual mean Luzon Strait transport relative
to 400 db is estimated to be of the order 3 Sv. Directly
wind driven Ekman transport is small (0.3 Sv), ac-
counting for only about 10% of the geostrophic com-
ponent. These values are consistent with the earlier es-
timates provided by Metzger and Hurlburt (1996) and
Qu et al. (2000). The seasonal variation of the Luzon
Strait transport is dominated by the annual signal, with
a maximum (about 5.3 Sv) in January—February and a
minimum (about 0.2 Sv) in June-July.

The pressure gradient across the Luzon Strait is stron-
gest in winter, dropping to near zero in summer. This
southward push is geostrophically rotated to the west-
ward Luzon Strait transport. Although directly wind-
driven Ekman drift has little effect on the mean Luzon
Strait transport (Metzger and Hurlburt 1996), the piling
up of water created by monsoonal wind stress is likely
to be an important mechanism determining the seasonal
fluctuation of the pressure gradient across the Luzon
Strait.

The pressure gradient along the continental slope
south of China involves a pronounced semiannual sig-
nal, with maxima in summer and winter and minimain
spring and fall. This seasonal cycle shows aremarkable
agreement in phase with the intrusion strength inferred
from water mass distribution, and thus might be inter-
preted as evidence to explain why the intrusion has a
stronger strength in summer than prior to and after it
(Qu et a. 2000). In the sense of linear dynamics, this
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seems to suggest that longshore pressure gradient is the
primary mechanism driving the intrusion current along
the continental slope south of China.

Finally, we note that in the limitation of XBT mea-
surements the present analysis was restricted only to the
upper 400 m. As such, we fail to resolve the previously
observed two-layer structure that waters in the salinity
maximum (around 130 m) and minimum (around 500
m) layers flow in the opposite direction (Wyrtki 1961;
Qu et a. 2000). Information on deeper currents and
better reference levels are further required. A study us-
ing the results from general circulation models is under

way.
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