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Abstract — Sea surface elevation in the South China Sea is examined in the Topex/Poseidon altimeter data from 1992 to
1995. Sea level anomalies are smoothed along satellite tracks and in time with tidal errors reduced by harmonic analysis.
The smoothed data are sampled every ten days with an along-track separation of about 40 km. The data reveal significant
annual variations in sea level. In winter, low sea level is over the entire deep basin with two local lows centred off Luzon
and the Sunda Shelf. In summer, sea level is high off Luzon and off the Sunda Shelf, and a low off Vietnam separates the
two highs. The boundary between the Vietnam low and Sunda high coincides with the location of a jet leaving the coast of
Vietnam described in earlier studies. Principal component analysis shows that the sea level variation consists mainly of
two modes, corresponding well to the first two modes of the wind stress curl. Mode 1 represents the oscillation in the
southern basin and shows little inter-annual variation. The mode 2 oscillation is weak in the southern basin and is strongest
off central Vietnam. During the winters of 1992-1993 and 1994-1995 and the following summers, the wind stress curl is
weak, and the mode 2 sea level variation in the northern basin is reduced, resulting in weaker winter and summer gyres.
Weakening of the Vietnam low in summer implies diminishing of the eastward jet leaving the coast of Vietnam. The results
are consistent with model simulations. © Elsevier, Paris / Ifremer / Cnrs / Ird
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Résumé — Variations du niveau de la mer de Chine méridionale observées par altimétrie satellitale. Les variations du
niveau de la mer de Chine méridionale sont examinées  partir des données Topex/Poseidon pour la période 1992-1995.
Les anomalies de niveau de la mer sont lissées le long des traces des satellites, 2 la fois dans le temps et dans I’espace, et
en réduisant les erreurs dues a la marée par une analyse harmonique. Les données lissées sont échantillonnées tous les 10 j
avec une distance entre les traces d’environ 40 km. Les variations annuelles du niveau de la mer sont significatives. En
hiver, le niveau est bas dans la région ou le bassin est profond, avec deux minima marqués prés de Luzon et du plateau de
la Sonde. En €t€, la situation est inverse avec deux maxima au large de Luzon et du plateau de la Sonde séparés par un mini-
mum au large du Vietnam. La limite entre le creux au large du Vietnam et la bosse au large du plateau de la Sonde coincide
avec un jet partant de la cote du Vietnam et déja décrit antérieurement. Dans la variabilité annuelle, ’analyse en com-
posantes principales des séries temporelles met en évidence deux modes principaux qui peuvent étre directement reliés aux
deux premiers modes du rotationnel du vent. Le mode 1 représente I’oscillation dans le bassin méridional et montre peu de
variabilité interannuelle. L.e mode 2 a une amplitude faible dans la partie sud du bassin et forte au large du Vietnam. Pen-
dant les hivers 1992-1993 et 1994-1995 et les étés suivants, le rotationnel du vent est faible et le mode 2 est réduit dans la
partie nord du bassin, ce qui affaiblit les circulations hivernales et estivales. L’atténuation du creux au large du Vietnam en
¢€t€ diminue I’intensité du jet dirigé vers ’est & partir de la cOte du Vietnam. Les résultats sont en bon accord avec les
simulations. © Elsevier, Paris / Ifremer / Cnrs / Ird
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1. INTRODUCTION

The South China Sea is the largest marginal sea in the
tropics, covering an area from the equator to 23° N and
from 99° E to 121° E with a maximum depth reaching
5000 m (figure I). Its deep central basin is bordered by
two broad shelf regions with depths of less than 100 m.
The northern one, including the area south of China and
the Gulf of Tonkin, extends from Taiwan southwestward
to 13° N. The southern shelf consists of the Gulf of Thai-
land to the west and the Sunda Shelf between the Malay
Peninsula and Borneo. The Sunda Shelf is connected to
the Java Sea to the south (outside the map in figure 1) and
the Indian Ocean through the Strait of Malacca. On the
east side, the continental slope is steep with practically no
continental shelf. The Philippines and Palawan separate
the South China Sea from the Pacific Ocean with three
deep openings. The widest and deepest is the Luzon
Strait. At a sill depth of about 2000 m, it is the major
pathway of Pacific waters entering the basin. Two nar-
rower and shallower passages to the north and south of
the Palawan Island connect the South China Sea to the
Sulu Sea, but their collective volumetric flux is too small
to affect the water characteristics in the basin.

Circulation in the basin is driven by the southwest mon-
soon in summer and the northeast monsoon in winter.
The resulting summer anticyclonic gyre and the winter
cyclonic gyre as well as the transition between them have
been documented by Wyrtki [19]. Mesoscale features
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Figure 1. Map of the South China Sea with the 100, 1000, 2000,
3000 and 4000 m isobaths shown. The inset gives the geographical
location of the basin.

associated with the two seasonal circulation patterns
include the reversal of a western boundary current off
Vietnam, the appearance of a warm current south of
China in winter [2], and upwelling off Vietnam in sum-
mer [19] and off Luzon in winter [15]. Recent numerical
simulattons have provided much insight to thé annual and
inter-annual variations of circulation and mesoscale fea-
tures. Using a three-dimensional primitive-equation
model driven by the climatological monthly wind field,
Shaw and Chao [14] reproduced circulation patterns sug-
gested by the climatology atlases of Wyrtki [19]: a
cyclonic gyre in winter and an anticyclonic gyre in sum-
mer, both intensifying along the western boundary of the
basin (figure 2). Driven by the northeast monsoon, the
southward jet in winter follows the western boundary
throughout. Under the southwest monsoon, however, the
northward jet in summer moves away from the coast of
Vietnam at 12° N. The sea level field in support of the
surface circulation in summer is high on the southeast
side and low on the west side. In winter, sea level is high
on the west and south sides, and low on the northeast
side. The pressure gradient south of China provides a
driving force for the South China Sea Warm Current in
winter [2]. Other simulations identified upwelling pro-
cesses both in deep and shallow waters [3]. The simulated
circulation patterns generally agree with the earlier obser-
vations in the South China Sea. Extending the model
from seasonal to inter-annual time scales, Chao et al. [4]
further established the relationship between the heat con-
tent of the upper ocean and upwelling. During the 1982-
1983 El Nifio when the monsoon winds were weak, the
circulation of the South China Sea was weak, and a
reduced upwelling rate lead to warming of the upper
ocean in the basin.

The disparity between the summer anticyclonic gyre and
the winter cyclonic gyre warrants discussion. Figure 3
shows the monthly wind stress curl average for the period
1982-1995 for August and December. In August, the
wind stress curl is negative in the south and positive in the
north, with the zero line running from southwest to north-
east. This pattern is essentially reversed in December with
the line of zero curls being farther north. Linear circula-
tion theory [17] would suggest the formation of two gyres
separated by the line of zero wind stress curl in the central
basin in both summer and winter. Both gyres should
intensify along the western boundary of the basin as a
result of the Earth’s f-effect. In summer, the southern
gyre is expected to be anticyclonic and confined to the
south, while a cyclonic gyre occupies most of the northern
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Figure 2. The climatological sea level field (upper panels) and horizontal velocity at 50 m (lower panels) in August and December from the
simulation of Shaw and Chao [14]. The contour interval for sea level is 0.04 m with negative contours in dashed lines. The scale for velocity
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basin. In winter, the area of positive wind stress curls in
the south extends farther north, indicating mostly
cyclonic circulation in the basin; the northern gyre is
expected to be confined near the continental margin.
Because the northeasterly monsoon has fully developed
over the entire basin in December, the downwind coastal
jet over the continental slope on the north and west sides
of the basin could overwhelm the would-be anticyclonic
gyre driven by the wind stress curl. This scenario may
explain the two-gyre system and its disparity in summer

and winter, indicating the importance of wind stress curls
in driving the circulation in the deep basin.

The foregoing climatological description provides the
basis to launch the present investigation. In previous stud-
ies, sea level fields derived from distributed tide gauge
stations or numerical models remain to be verified. Fur-
ther, considerable deviations from climatology occurred
in the early 1990s. With the Southern Oscillation index
remaining negative, the 1990~1995 period has been
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Figure 3. The climatological wind stress curl in August and
December, averaged from the monthly data of Kalnay et al. [9]
between 1982 and 1995. Contour intervals are 0.5 x 107N m
with regions of negative curls shaded.

hailed as the longest El Nifio on record [18]. Chao et al.
[4] have shown that the South China Sea circulation is
generally weaker than normal during El Nifio when the
monsoon winds are reduced. Recent satellite altimeter
data from Topex/Poseidon have given unprecedented spa-
tial and temporal coverage of sea level variations in the

South China Sea. The altimeter data from fall 1992 110
early summer 1995 are analysed below to provide an
independent verification of climatological descriptions
based on hydrography and numerical models, and to bet-
ter clarify the relationship between the circulation pat-
terns and the wind stress curl. Although the data are too
short-term to give a comprehensive description of the
inter-annual variations in the South China Sea, some
year-to-year variations are noted in the data and are con-
sistent with those inferred from model simulation.

Between 1992 and 1995, three episodes of warming in
the sca surface temperature anomaly field in the Equato-
rial Pacific have been identified [7]: warming in 1991-
1992, nearly normal conditions in mid-1992, a second
warming in early 1993, normal conditions again from late
1993 to mid-1994, and a third warm event beginning in
late 1994. The winter monsoon in the South China Sea is
known to weaken during warm events in the Equatorial
Pacific [20]. Thus, circulation in the South China Sea is
expected to be in weakened conditions except in winter
1993-1994 and summer 1994. Winter 19921993 is at
the beginning of a warm event; circulation is probably not
much weakened as in the winter of 1994-1995.

The paper is organized as follows. After describing the
altimeter data and the analysis methods, we first show
several snapshots of the sea level field to characterize the
seasonal patterns and their variations in different years.
Seasonal and inter-annual variations of sea level and the
wind stress curl are then described in terms of empirical
orthogonal modes. The similarities in modal structures of
the altimeter sea level and the wind stress curl are dis-
cussed to suggest the driving mechanism of the South
China Sea circulation.

2. MATERIALS AND METHODS

Sea level anomalies from Topex/Poseidon in the region
from 100° E to 130° E and from 0° N to 30° N are
obtained from the Jet Propulsion Laboratory (JPL). Initial
data processing performed at JPL includes the standard
correction for the atmospheric effects and the removal of
a mean sea surface and the tides [1]. The data used in this
study cover the period from September 23, 1992 to June
21, 1995, corresponding to the 10-day cycles 1-101. The
location of the ground tracks in the vicinity of the South
China Sea is shown in figure 4. The along-track spatial
resolution is about 6 km. After processing, as described
below, time series of sea level anomalies with a common
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Figure 4. Satellite tracks in the South China Sea with the 1000 m
isobath shown.

time basis are obtained. They are sampled every ten days
with an along-track separation of 40 km.

The satellite has a repetitive orbit with a 10-day period,
which gives a Nyquist period of about 20 days. At this
sampling rate, the first six tidal components, M,, S;, N,,
K, O,, and P, alias to 62.11, 58.74,49.53, 173.19, 45.11
and 88.89 days, respectively [16]. In the South China
Sea, semidiurnal tides propagate from the Luzon Strait to
the Gulf of Thailand through amphidromic systems,
while strong diurnal tides are present in the Gulf of
Tonkin and Gulf of Thailand [11]. Thus, tidal aliasing
contributes erroneous oscillations at periods 1.5-2, 3 and
6 months. Although tidal correction has been applied to
the data based on a deep-water tide model developed at
the University of Texas [10], the result is not satisfactory.
Possible tidal aliases are illustrated in the spectrum of sea
level anomalies at three locations in figure 5. In the Gulf
of Thailand (figure S5a), large peaks at 60 days and
180 days are present, and a smaller peak is at 90 days. On
the shelf east of Hainan (figure 5b), the 60-day and 180-
day peaks are lower but still significant. In the deep water
(figure 5c), all three peaks are evident.

Since this study concerns seasonal and inter-annual vari-
ations, aliasing at periods between 1.5 and 2 months can
be eliminated by smoothing, but smoothing cannot elimi-
nate the 3-month and 6-month aliases from diurnal tides.

Spectrum (cm2/(cpd))
o

10° | o !
(a) 5.95°N,104.9°E
10‘2 4; :
360 180 9060
Period (days)
10°

Spectrum (cm2/(cpd))
o

100 . .
(b) 20.6°N,113.4°E
10 ; ; L
360 180 90 60
Period (days)
10°

Spectrum (cm2/(cpd))
o

(C) 9.82°N,112°E

360 180 90 60
Period (days)

Figure 5. Spectra of sea level calculated from raw data (solid
curves) and smoothed data (dashed curves) at selected locations: (a)
in the Gulf of Thailand, (b) on the continental shelf east of Hainan,
and (c) in the central basin. Periods at 360, 180, 90 and 60 days are
marked. )

Therefore, harmonic analysis of the six tidal components
mentioned above is performed on the raw data of 101
cycles. After tides are subtracted, data are spatially
smoothed along satellite tracks and sampled every 40 km.
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The weighting function for spatial smoothing is exp[-2(x/
L)*], where x is distance along a track and L. = 1°. The
data are then smoothed in time using a weighting func-
tion, exp[-Z(t/T)z], where t is time and T = 30 days. The
final data are sampled every ten days. Spectra of the pro-
cessed data are overlaid in figure 5. In the Gulf of Thai-
land, both the 2-month and 6-month peaks are completely
eliminated, indicating that the semi-annual peak in the
Gulf is due to aliasing from diurnal tides. Energy at
90 days is also reduced. On the shelf east of Hainan and
in the deep water (figures 5b, c), the 60-day peak is elim-
inated, while the semi-annual peak and the 90-day peak
are not affected by harmonic analysis. Figure 5 shows
that harmonic analysis discriminates tidal aliasing from
signals fairly well. Comparing the smoothed time series
with the raw data at the three locations (figure 6) indi-
cates that high frequency oscillations and aliases are
effectively reduced, while the seasonal trend is preserved.

After processing, sea level anomalies are examined in
terms of empirical orthogonal functions (EOF), using
principal component analysis [12]. Since standing oscil-
lations associated with the rise and fall of sea level in
summer and winter dominate in the central basin, real
instead of complex principal components are used. Let Z
be a matrix consisting of time series of sea level anoma-
lies in column vectors. Its size is n by m, where n is the
length of each time series and m is the total number of
time series. The principal components are obtained by
finding the eigenvectors of the matrix S = Z Z’/(m-1),
where prime represents complex conjugate transpose. Let
A be a matrix with off-diagonal elements being zero and
diagonal elements being eigenvalues of S. The eigenvalue
problem is S ¢ = ¢ A. Expansion of time series in terms of
the principal components gives Z = e A, where A =¢’Z.
Note that we have formulated the EOF decomposition in
terms of an n x n covariance matrix S, whose elements
are calculated by averaging over space. Therefore, each
column of e, which represents the eigenvector of one
mode, describes the temporal variation of that mode. Spa-
tial dependence is given by the corresponding rows in the
n x m matrix A. The amplitude of A depends on normal-
ization of e. In this paper, each eigenvector in e is normal-
ized to unit length and is nondimensional.

Earlier models have shown that monsoon winds are the
main driving force of the basin circulation. Chao et al. [4]
further suggest the importance of the wind stress curl in
driving the circulation gyres. Therefore, principal compo-
nents of the wind stress curl between 1992 and 1995 are

calculated using monthly wind data from the NCEP/
NCAR Reanalysis Project [9].

3. RESULTS

3.1. Sea level patterns

Figure 7 shows several snapshots of the sea level field
during the three-year period. Panels (a)~(e) cover a one-
year period from the beginning of the northeast monsoon
in October 1992 to a fully developed southwest monsoon
in August 1993, Panels (f)—(h) illustrate deviations from
the summer and winter patterns of 1992-1993. Despite
some year-to-year variations, main features in the sea-
sonal variation of sea level are captured in the sequence
of plots from (a) to (e). In October 1992 (figure 7a), high
sea level is along the coast of China but has not yet
reached the Gulf of Thailand. Of more interest than the
sea level rise on the shelf is a region of low sea level
extending from Vietnam northeastward to the coast of
Luzon in the central basin; a cyclonic gyre is gradually
taking shape. Also, noticeable is a weak low at the edge
of the Sunda Shelf south of this low. In the following
months, high sea level reaches the Gulf of Thailand and
Sunda Shelf as shown in the sea level distribution on
December 2, 1992 (figure 7b). Both lows in the central
basin and on the Sunda Shelf intensify. The Sunda low
remains at the same location while expanding, but the
Vietnam low to the north extends northeastward toward
Luzon. The two lows nearly cover the entire deep basin to
form a fully developed winter sea level field.

The winter pattern persists well into January and decays
afterwards. On April 11, 1993, only a weak low, rem-
nants of the central gyre, remains to the west of Luzon,
while a high appears east of Vietnam (figure 7c). Other-
wise, the sea level field is featureless. Into summer, low
sea level extends northeastward along the coast from the
Gulf of Thailand to the Taiwan Strait (figure 7d). The
high off Vietnam persists, and a stronger high develops
northeast of it. The summer sea level pattern fully devel-
ops in August 1993 (figure 7¢). A weak high replaces the
winter low off Sunda Shelf. A band of low sea level sep-
arates the Sunda high from the high sea level in the north-
ern basin.

Both the winter and summer gyres in the following year
are stronger. In December 1993, low sea level extends

from the Sunda Shelf to the Luzon Strait (figure 7f), sug-
gesting a basin-wide cyclonic gyre as shown in the
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Figure 6. Time series of raw (solid curves) and smoothed (dashed curves) sea level at the locations shown in figure 5. Days are from January
1, 1992.

model. In the summer of 1994 (figure 7g), high sea level strong north-south sea level gradient at 12° N. The sea
in the northern basin is farther north in the Luzon Strait; level field becomes extremely weak in the following win-
low sea level is over most of the northwestern basin. The ter. In December 1994, the Sunda low nearly disappears;
low off Vietnam and the Sunda high form a dipole with a only a Luzon low is present (figure 7h).
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Figure 7. Smoothed sea level fields on (a) October 13, 1992, (b) December 2, 1992, (¢) April 11, 1992, (d) June 10, 1993, (e) August 9, 1993,

(f) December 27, 1993, (g) August 24, 1994, and (h) December 12, 1994. Contour intervals are 10 cm and regions of negative sea level anom-

alies are shaded.

On the continental shelf, the sea level field depicted in the
altimeter data shows many similarities to model simula-
tions and historical observations. Sea level in the altime-
ter data is highest south of China in October. Tide gauge
measurements [8] and numerical model simulations [4]
consistently show that sea level in the northern reaches of
the South China Sea is highest in October. The Septem-
ber-October emergence of the northeast monsoon at

northern latitudes and its expansion equatorward at the
expense of a diminishing southwest monsoon pile up
waters there. In the Gulf of Tonkin and Gulf of Thailand,
high sea level in winter and low sea level in summer are
depicted in figure 2 as well as in Wyrtki’s atlases [19].

In the deeper part of the basin, sea level variations in
figure 7 are consistent with the climatological circulation
described in model simulations and historical observa-
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Figure 7. (contd.)

tions as well. In the climatological data (figure 2), low sea
level is associated with the cyclonic winter gyre in the
central basin, and high sea level with the anticyclonic
summer gyre. The low in winter extends over the entire
basin, while the high in summer is limited to the southern
basin. A low associated with a smaller cyclonic gyre off
Sunda Shelf could also be seen in the monthly simula-
tions [4: figure 14]. An eastward jet marks the northern
boundary of the anticyclonic summer gyre. The sea level
patterns in winter 1993—-1994 and in summer 1994 fit the
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classical description well (figures 7f, g). In winter, the
Luzon low and Sunda low strengthen and merge, forming
the classical basin-wide gyre. In summer, the Luzon high
is confined in the vicinity of the Luzon Strait. The Viet-
nam low and Sunda high form a dipole. The sea level gra-
dients thus formed imply an eastward jet leaving the
coast of Vietnam.

In contrast to the sea level patterns in winter 1993-1994
and in summer 1994, sea level fields in summer 1993
(figure 7e) and in winter 1994-1995 (figure 7h) are much
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weaker, while the winter of 1992-1993 is slightly weaker
(figure 7b). In the time span of our data, the period from
late 1993 to mid-1994 is probably the only sizable inter-
val when the normal climatological condition prevails in
the South China Sea.

3.2. Temporal variations of sea level

Temporal variations in sea level are shown in the space-
time plots along satellite tracks. Variations of sea level off
Vietnam are plotted along track 38 from 5° N, 114° E to
the Gulf of Tonkin in figure 8a (see figure 4 for track
location). Oscillations north of 15° N demonstrate the
annual rise and fall of sea level in the Gulf of Tonkin.
South of this latitude, track 38 is in deeper water.
Between 9° N and 14° N, the highs and lows are associ-
ated with sea level variations in the winter and summer
gyres. In August, sea level anomalies are negative north
of 11° N with a minimum near 13° N and positive
between 9° N and 11° N. The positive and negative
anomalies represent the dipole off Vietnam in summer
(figure 7g). Persistence of negative anomalies between
11°N and 14° N into December demonstrates the forma-
tion of the northern gyre after October. The anomaly
between 11° N and 14° N becomes positive after Decem-
ber, and reaches a maximum in April. The variation cor-
responds well with weakening of the winter gyre and the
formation of a high off Vietnam in April (figure 7c).
Between 9° N and 11° N, positive anomalies in August
become negative after October, following the formation
of a low off Sunda Shelf. Anomalies remain negative to
the south through May, indicating the persistence of the
Sunda low into spring.

Year-to-year variations in sea level anomalies exist along
track 38 (figure 8a). First, the dipole between 9° N and
14° N is stronger in August 1994 than in August 1993,
consistent with figure 7. Large gradients at 12° N in
August 1994 suggest the existence of an eastward jet off
Vietnam. Second, negative anomalies at 10° N are much
weaker and of shorter duration in the winter of 1994-
1995 than in other two winters. Anomalies are negative
from November 1994 through February 1995, while neg-
ative anomalies at 10° N persist for about 6 months in
other two winters. In the winter of 19931994, the anom-
alies not only are the largest but also extend to a latitude
farther north than in the other two winters. Large anoma-
lies in late 1993 and small anomalies in late 1995 are
demonstrated in figure 7. Finally, a high, shown as posi-

tive sea level anomalies at 13° N, is strong in spring 1993
and spring 1995, but missing in April 1994.

Sea level variations across the northern gyre are shown
along track 12 west of Luzon (figure 8b). This track
crosses the northeastern part of the northern gyre. North
of 20° N, the anomalies show high sea level in the fall
and low sea level in the spring on the shelf' south of
China, as expected from figure 7. In the deep water, alter-
nating positive and negative anomalies are profound at
17° N, negative from November to April and positive for
the rest of the year. This variation corresponds to a winter
low and a summer high off Luzon in the northern basin.
Some year-to-year variations exist. During the winter of
1993-1994, large negative anomalies imply a strong
Luzon low. The Sunda low is also strong (figure 8a). In
the winter of 1994-1995, small negative anomalies imply
a weak winter gyre. The sea level field in the early winter
of 1992-1993 seems to be weakened slightly, but nega-
tive anomalies covering a large latitude range persist into
spring 1993.

3.3. Sea level modes

The first three modes of sea level variation contain 65 %,
13 % and 3 % of the total variance, respectively. Modes 1
and 2 together explain 78 % of the variance and will be
discussed further. The spatial dependence of these two
modes given by matrix A is shown in figure 9. Oscilla-
tions associated with mode 1 are in phase over the entire
deep basin from the Sunda Shelf to Luzon and Taiwan.
Large amplitude oscillations in shallow waters on the
west side of the basin are out of phase with the deep
water oscillations. Oscillations in shallow waters are
caused by set-up and set-down of the water level in a
closed basin by wind stress [5], while those in the deep
water are associated with the winter and summer gyres.
The mode 1 contribution to the winter gyre is best repre-
sented in the December sea level shown in figure 71. The
local southern and northern extremes off the Sunda Shelf
and off Luzon are clearly shown. Mode 2 mainly contrib-
utes to oscillations off Vietnam and in the Luzon Strait;
oscillations in these two areas are 180° out of phase. The
mode 2 sea Jevel variation in the southern basin is weak.
A manifestation of the mode 2 structure is in the April sea
level (figure 7c).

Temporal variations of modes 1 and 2 described by eigen-
vectors in matrix e are shown in figure 10. Mode 1 dis-
plays clear annual oscillations with extreme positive and
negative values in August and December of each year.

10
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Figure 8. Temporal and spatial variations of sea level in cm along tracks (a) 38 and (b) 12. Time marks are at the first day of a month. Contour
intervals are 10 cm and regions of negative sea level anomalies are shaded.

Combining with figure 9, mode 1 provides large negative
sea level anomalies around August 1 and large positive
anomalies around December 1 on the western shelves,
indicating the set-down and set-up of sea level by mon-
soon winds. Off Luzon and Sunda Shelf in the deep
basin, mode 1 sea level is lowest in December and high-
est in August, representing the rise and fall of sea level in
summer and winter, respectively. Mode 2 also has an
annual period, but the extreme positive and negative val-
ues are in April and October, respectively. In March—
April, the mode 1 coefficient is small, and mode 2 domi-
nates the sea level field. From figure 9b, mode 2 contrib-
utes negative anomalies to the remnant winter gyre in the
northern basin and positive anomalies off Vietnam in
spring (figure 7c). In fall, mode 2 contributes to the fall of
sea level off Vietnam and the rise of sea level in the
northern basin under the developing northeast monsoon
(figure 7a).

Mode 1 alone would produce the basin-wide winter and
summer gyres; both occupy the entire deep basin. The
presence of mode 2 variation contributes to their dispar-
ity. In late 1993, a negative mode 2 coefficient persists
through December, contributing negative anomalies off
Vietnam. The contribution is of the same sign as the
Sunda low and enhances the low sea level in the winter
gyre (figure 7f). During December in 1992 and 1994, the
coefficient of mode 2 changes rapidly from negative to
positive (figure 10). A positive mode 2 coefficient con-
tributes positive anomalies off the coast of central Viet-
nam and weakens the winter gyre (figures 7b, h). In
August, a negative coefficient of mode 2 contributes neg-
ative anomalies off Vietnam when mode 1 contributes
positive anomalies to the southern basin. A large contri-
bution from mode 2 would produce a strong dipole, con-
sisting of the Sunda high and a Vietnam low. This is the
case in August 1994, when the coefficient of mode 2 is

11



P.T. SHAW et al.

105 110 115

East Longitude

H

120

110
East Longitude

100 118

Figure 9. Spatial structure of the first two sea level modes. Contour
intervals are 30 cm, and negative contours are shaded.

twice that in August 1993. An eastward jet separating
from the coast at 12° N would appear. The dipole in sea
level is clearly shown in figure 7g. Thus, mode 2 contri-
bution strengthens the basin gyre in the winter of 1993-
1994 and produces a dipole circulation off Vietnam in
summer 1994. The mode 2 contribution weakens the

basin gyre in the winter of 1994-1995, while lacking the
mode 2 contribution prevents the formation of a dipole
off central Vietnam in summer 1993.

3.4. Modes of the wind stress curl

The first three modes of the wind stress curl explain
51 %, 23 % and 13 % of the total variance, respectively
(figures 11, 12). Mode 1 essentially consists of positive
values in the south and negative values in the north. Large
negative values are confined near the continental margin
south of China. Contribution of the mode 1 wind stress
curl to the deep basin is mainly south of 13° N in the
southern basin. The second mode contributes to the vari-
ance in the northern basin between 10° N and 18° N,
strongest off central Vietnam. The mode 2 pattern is sim-
ilar to the spatial structure of mode 2 sea level variation.
The coefficients of the first two modes of the wind stress
curl show oscillations on an annual basis; the extremes
agree well with those in the corresponding sea level
modes. The extreme positive and negative coefficients of
mode 1 are in December and August, respectively, corre-
sponding to the reversal of winter and summer monsoons.
A positive coefficient contributes positive curls to the
southern basin and negative curls in the northwest cor-
ner. The mode 2 coefficient has a positive peak in either
fall or early winter, producing positive curls over the
northern basin. In the deep basin, the mode 2 contribution
is generally of the same sign as that from mode 1 in win-
ter and of the opposite sign in summer. Mode 2 contrib-
utes to the asymmetry in the wind stress curl forcing in
these two seasons.

The timing of the mode 2 peak varies from year to year:
August-October in 1992 and 1994 and December in
1993. In 1993, persistence of a positive mode 2 coeffi-
cient through December enhances the curl in the winter
monsoon (figure 13). The early sign changes in mode 2
coefficients in late 1992 and 1994 quickly diminish the
curl in the deep basin. In August, mode 1 contributes neg-
ative curls to the southern basin, and mode 2 provides
positive curls in the northern basin. This is the case in
August 1994, The two form a dipole off Vietnam, as
shown in figure 14. The coefficient of mode 2 is small or
negative in July 1993; the dipole structure off Vietnam is
missing. The mode 2 contribution strengthens the wind
stress curl forcing in the central basin in late 1993 and
strengthens the dipole in the wind stress curl field in sum-
mer 1994.
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Figure 10. Temporal variations of sea level modes 1
and 2. Time marks are at the first day of the month
indicated.

Figure 11. Temporal variations of wind stress curl
modes | and 2. Time marks are at the first day of the
month indicated. The monthly winds are plotted at
the 15" day of each month.
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Figure 12. Spatial structure of the first two modes of the wind
stress curl. Contours intervals are 3 x 107 N m™, and negative con-
tours are shaded.

4. DISCUSSION

An important question concerning the dynamics of circu-
lation in the South China Sea is whether the circulation is
driven by wind stress itself or the curl of wind stress.
Conceptually, a steady wind acting on a two-layer, f-
plane ocean would set up sea level on the downwind side

North Latitude
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North Latitude

120

115
East Longitude

100 110

Figure 13. Monthly wind stress curl (upper panel) and the meridi-
onal geostrophic transport integrated from the eastern boundary in
December 1993. Contour intervals are 2 x 107 N m™ and 4 x 10°
m® 57" in the upper and lower panels, respectively. Negative values
are shaded.

of the basin within one baroclinic Rossby radius of defor-
mation from the side wall [5]. An f-plane model could
explain the setup in sea level by the wind stress in the
southwest corner of the South China Sea and along the
coast of Vietnam in winter. However, a gyre intensifying
along the western boundary requires wind stress curl
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Figure 14. As figure 13 but in August 1994 with contour intervals
1x107 Nm™ and 1 x 10° m*s™! in the upper and lower panels,
respectively.

forcing on a B-plane according to Stommel [17]. The
numerical experiments of Chao et al. [4] affirm the
importance of B in producing the winter circulation gyre.
Without the B-effect, a weak cyclonic gyre appears in the
southern basin where the wind stress curl is positive
locally. Therefore, both the B-effect and the wind stress

curl are essential to produce the basin-wide circulation in
winter. In summer, separation of the coastal jet off Viet-
nam follows essentially the line of zero wind stress curl,
fitting even better the classical gyre theory of Stommel.

The two modes of wind stress curl distribution in
figure 12 are similar to those of sea level in figure 9. The
mode 1 wind stress curl is of the same sign south of 15°
N. Thus, the gyre produced by the mode 1 wind stress
curl would cover the entire deep basin south of that lati-
tude, stronger off Sunda Shelf. The mode 1 sea level is of
the same sign over the entire deep basin with maxima off
the Sunda Shelf and Luzon (figure 9). The southern max-
imum in mode 1 sea level corresponds well to a curl-
driven gyre. The second sea level maximum located west
of the Luzon Strait can not be explained by the wind
stress curl. Strong curls of the opposite sign in the north-
ern basin are mostly in shallow waters near the continen-
tal margin south of China. It is expected that the wind
stress would dominate the curl there. In addition, inflow
of warm Pacific water through the Luzon Strait in late fall
and early winter [13] may contribute to the extreme sea
level off Luzon. Thus, the mode 1 wind stress curl is the
main contributor to the mode 1 sea level variation in the
southern basin. The wind stress curl field associated with
mode 2 shows a maximum off central Vietnam
(figure 12). This maximum corresponds well to the large
mode 2 amplitude in sea level (figure 9). Westward inten-
sification on a B-plane could explain why the maximum
sea level is near the coast of Vietnam. The mode 2 wind
stress curl, which forces a gyre in the central basin,
contributes to the sea level variation off central Vietnam.

Following the common practice in the study of ocean cir-
culation on a B-plane [6], the sea level field from the satel-
lite altimeter is compared to \P, the meridional geostrophic
transport integrated along latitude circles from the eastern
boundary. The geostrophic transport is obtained by sub-
tracting the meridional Ekman transport from the Sverdrup
transport. The latter is calculated from the monthly wind
stress curl, while the Ekman transport is found from the
wind stress. In the calculation, only data in areas where
bottom depth is greater than 1000 m are included. The
comparison is based on the assumption that sea level along
the eastern boundary is zero. This is not the case at lati-
tudes of the Luzon Strait, where inflow and outflow exist.
Thus, interpretation for these latitudes must be cautious.
Wind stress curls in December 1993 and August 1994 are
used. As demonstrated in the previous section, winds in
these two months are strong and are representative of nor-
mal climatology in winter and summer, respectively.
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Figure 13 shows the wind stress curl and the correspond-
ing geostrophic transport integrated along latitude lines in
December 1993. It is negative south of 17° N, latitude of
zero wind stress curl, consistent with a negative sea level
anomaly over the deep basin in figure 7f. Assuming the
geostrophic velocity is uniformly distributed in the upper
250 m of the water column, ¥ = 10’ m® 5™ would give a
sea level rise of 10 cm at 10° N, similar to that in figure 7f.
Note that considering inflow at the Luzon Strait in figure
13 would result in negative ‘¥ north of 18° N both at the
eastern boundary and in the interior to the west and would
give a better comparison there. The wind stress curl and ¥
in August 1994 are shown in figure 14. The dipole struc-
ture in ‘¥ matches that in sea level in figure 7g well.

Because of the small year-to-year variation of the model
1 wind stress curl (figure 11), the reversal in the direction
of the Sunda gyre in winter and summer should be regu-
lar. Contributions to inter-annual variations are mainly
from mode 2. During normal years, a strong positive
mode 2 wind stress curl in the northern basin produces
an expansive sea level depression in late fall and earlier
winter. This sea level depression enhances the cyclonic
northern gyre and strengthens the southward coastal jet
off central Vietnam. As both are cyclonic, the northern
gyre and the southern gyre off Sunda combine to form
the climatological winter circulation over the entire
basin. During years of weak winds, the mode 2 wind
stress curl is either diminishing or negative after October,
and the sea level depression in the central basin is
reduced in size accordingly. Both the northern gyre and
the southward coastal jet off Vietnam are weakened.
During summer in normal years, wind stress curl contri-
butions from the two modes form a dipole, producing a
two-gyre circulation pattern with an eastward jet separat-
ing from the coast off central Vietnam. Without contribu-
tion of the wind stress curl from mode 2, the northern
gyre and the eastward jet diminish. The result obtained
from the altimeter sea level and winds agrees with the
earlier model prediction that weak circulation in the
South China Sea during El Niiio years is due to weak-
ened monsoon winds [4].
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