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ABSTRACT

The annual cycle characteristics of the SSH in the South China Sea (SCS) are analyzed based on the Sea
Surface Height (SSH) anomaly data from the TOPEX / POSEIDON-ERS altimeter data and the Paralle|
QOcean Climate Model (POCM) prediction. The resulls show that the distributions of the SSH anomalies of
the SCS in Januvary, March and May, are opposite to those in July, September and November respectively;
In January (July) there is the SSH negative (positive) anomaly in the deep water basin and at the Luzon
Strait, while there is positive (negative) anomaly on the most of continental shelves in the west and south of
South China Sea: In March (September) the SSH anomalics are similar to those in January (July), although
theit magnitudes have decreased and a small positive {(negative) anomaly appears in the center of the South
China Sea; The amplitude of the SSH annual cycle reaches its maximum in the Northwest of the Luzon Is-
land; The seasonal variability of the wind stress is dominam in the formation of the SSH seasonal
variability.
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1. Intreduction

The South China Sea (SCS) of Southeast Asia is the largest marginal sea in the Northw-
est Pacific Ocean. It has bottom topography with a mean depth of 1800 m and a maximum
depth more than 5400 m. It covers a region from the equator to 23°N and from 99°E to
121°E. The surface area of the SCS is about 3.5 million square kilometers. The deep central
basin is enclosed by two extended continental shelves with depth shallower than 100 m. The
northern shelf, which also includes the area of South China and Gulf of Tonkin, extends from
Taiwan southwestward to 13°N. On the north shelf, the exchange of water between the SCS
and the East China Sea occurs through the Taiwan Strait, which bhas a sill depth of 60 m. The
southern shelf consists of Gulf of Thailand and Sunda Shelf between Malay Peninsula and
Bruni, The Sunda Shelf is connected to the Java Sea and the Indian Ocean through the Strait
of Malacca, The Philippines and Palawan separate the SCS from the Pacific Ocean on
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the east side, where the continental slope is steep with practically no continental shelf. There
are three openings on the eastern boundary, The widest and deepest is the Luzon Strait, which
is the major pathway of the Pacific water to the deep basin, Two narrowet passages Lo the
north and south of the Palawan Island connect the SCS Lo the Sulu Sea. Since the SCS is in
the region of the East Asian monsoon, the characteristics of circulation in SCS are determined
mainly by the seasonal variability of the monsoon.

The seasonal variability of SSH in the South China Sea has been analyzed by Ho et al,
(2000) using TOPEX / POSEDON (T / P) altimeter measurements along 16 ground tracks,
and it has been pointed out that the SSH images are generally characterized by a sea surface
tilting downward 1o east (west) in winter (summer) and a single high sea level peak centered at
14°N,114°E in spring. But the formation mechanism of the seasonal variability of the SSH has
not been discussed in detail and many isolines of SSH near coast were crossed with coast in
Ho et al, (2000),

According to the SCS monthly mean wind stress curl during the period of 19501992, the
basin scale Sverdrup transport in SCS is caloulated and the basic seasonal features of the
Sverdrup circulation are obtained by Liu et al, (2001a). The distribution patterns of the
Sverdrup circulation anomaly are opposite between the months of each half year, because the
monthly mean wind stress curl anomaly is opposite between the months of each half year, It
suggested that the seasonal variability of the Sverdrup circulation is a cycle with a period of
about one year forced by monsoon in SCS, But the Sverdrup circulation is only a part of the
circulation in the SCS, because, besides the sea surface wind, the surface buoyancy flux and
the kuroshio current also have effects on the SSH and the circulation. In order to understand
the seasonal variability characteristics of the SSH and circulation in the 8CS, the comparison
study between the observational data and output data of OGCM is very important,

In this paper, based on the TOPEX / POSEDON-ERS altimeter data , SSH prediction
from high resolution Parallel Ocean Climate Model (POCM) and the Levitus data, we will
study seasonal changes of the SSH and to understand the SSH anaual cycle formation mech-
anism in the SCS.

2. Data

2.1 Maps of sea surface height anomaly altimeter data products

Maps of Sea Surface Height Anomaly (MSSHA) altimeter data products are generated
using the following data sets: AVISO GDR~M products for TOPEX / POSEIDON (T/ P)
and CERSAT OPRs for ERS altimeter data (35—day repeat orbit periods). The MSSHA al-
timeter products are generated by the CLS Space Oceanography Division as part of the
European Union Environment and Climate project AGORA (ENV4-CT95601 13) and
‘DUACS (ENV4—CT96—0357), The “ Anomaly” means that the data do not include the cli-
mate average of the SSH.

The MSSHA products are available every 10 days with a 0.25° x 0.25° resolution, Data
products are between October 22, 1992 and January 24, 2000 every 10 days and there are data
during the ERS—1 ice monitoring and geodetic missions, ie, no files available between De-
cember 26, 1993 and March 31, 1995. The monthly mean anomalies of the SSH have been
calculated based on the above data from MSSHA in this paper.
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2.2 SSH from POCM simulation

POCM has a horizontal resolution of 0.25° and 20 layers in vertical. The model has a
free surface, which is used to predict the SSH (Semtner, 1992). Because the POCM is a global
OGCM, the SSH prediction in SCS from the POCM could not be affected by the open
boundary conditions, for example the flow in the Luzon strait, Stammer et al. (1996) com-
pared the POCM SSH prediction with the SSH from T/ P altimeter data. He found that the
agreement between the two is reasonable both in the SSH spectral distribution, and in the
SSH amplitude and phase of the annual cycle in the giobal oceans. Li et al. (1998) also con-
cluded that both the SSH rms and the locations of maximum/ minimum core from the
POCM compared well with those from the T / P data respectively. We will use 10—day aver-
aged Sea Surface Height (SSHA) from POCM and T/ P (3 October 1992-9 October 1996) to
study the seasonal variability of the SSH m the SCS in this paper.

3. Annual cycle of the SSH in the SCS

3.1 Seasonal variation

The monthly mean SSHAs from the POCM and the MSSHA have been shown in Fig, 1
and Fig. 2. Comparing both the monthly mean SSHAs, there is almost no difference between
them in pattern and intensity, except in off—coast.

In January, from the POCM (Fig. 1) and the MSSHA (Fig, 2} it is shown that the SSHAs
in the whole basin in winter are negative, and the SSHAs are positive in the shallow shelf.
There is a cyclonic circulation in the whole basin and surrounded by this citculation are the
two cyclonic eddies in the north (115°E, 16°N) and the south (112,5°E, 10°N) of the SCS. The
northern negative center is larger in area than the southern one, The negative anomaly in the
north with a minimum of ~12 ¢m corresponds to the center of Luzon Cold Eddy (Yang and
Liu, 19982, b). The Luzon Cold Eddy is the sirongest in the year, This pattern is similar to the
result from Sverdrup circulation (Liu et al. 2001a) and from observational analysis results of
the T/ P data along orbital by Ho et al, {2000) and the Dynamic Height by Xu et al, (1980}
On the western and southern continental shelves, the SSH anomalies ate positive, which is
clearly due to the Ekman transport nnder northeast wind in winters and the shallow sheif.

In March the SSH anomalies are similar to those in January, although their maximum
have decreased (from POCM result). From MSSHA (Fig. 2), the minimum of the negative
anomaly (—12 ¢m) moved further northeast to the location of 119°E, 18°N, but there is posi-
tive SSHA center appears around 112.5°E, 15°N, This is caused by the change of the wind
stress curl from positive to negative there, which produces an anti—cyclonic circulation in the
center of the SCS and by the increasing of net heat flux in March {Yang et al., 1999). This
presentation of the anti—cyclonic circulation is advantageous to the SST positive anomaly,
because the cold water is suppressed in the center of the anti—cyclonic circulation (Liu et al,,
1997},

In May, the westward—extended subtropical high often controls the SCS, with a clearer
weather and higher solar radiation, The temperature of the upper layer of the SCS increases
dramatically (Yang and Liu, 1998b). The SSH anomalies start to become positive in the deep
water basin, which is similar to the Sverdrup circulation in spring (Liu et al, 2000} and the
SSH in May from Ho et al, (2000), A maximum SSH positive anomaly is 6 cm and located at
115°E, 15°N from both the POCM and MSSHA. However, the SSH anomalies in the
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Fig. 1. The monthly averaged SSHA in the SCS from POCM simulation.
southern and northern SCS and on its western continental shelf become negative from posi-
tive in winter. This suggests that the Ekman transport towards these regions disappears be-

cause the winter monsoon no longer exists.
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Fig. 2. The monthly averaged SSHA in the SCS from MSSHA (observational data).

In July the summer monsoon is the dominant wind over the SCS. In contrast to January,
the positive SSH anomalies are larger in the deep basin with a maximum value reaching 10 ¢cm

in the west and northwest of the Luzon Island from MSSHA data and POCM simulation
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data (Fig. 1 and Fig. 2). On the continental shelves, the SSH anomalies are negative, There is
another maximum of the SSHA, which is located around 110°E, 8°N from the POCM
simulation result, and there are still two maxima of the SSHA, which is located in the same
places as that from MSSHA but it does not exist in Ho et al. (2000), Corresponding to two
positive anomaly centers of the SSH there is an anti—cyclonic circulation anomaly with basin
scale, Those positive anomaly maxima of SSH are due to the negative centers of the wind
stress curl anomaly, and similar pattern of SSHA was found in Xu et al, (1980). In contrast to
January, on the western and southern continental shelves, the SSH anomalies are negative
and it is positive in the east of the SCS from the POCM prediction and MSSHA observation,
which is clearly due to the Ekman transport under southwesterly. It means that the sea sur-
face wind curl and its Ekman transport are dominant control fact in the formation of the $SH
pattern in July.

In September the SSH anomalies are similar to those in July, but opposite to those in
March, There are positive anomalies in the deep basin with maximum values reaching 12 cm
from both data and it is located northwest of the Luzon Island. The two maxima centers of
the SSHA and the anti—cyclonic circulation with the basin scale still subsist. As the SCS east-
ern boundary consists of several straits, the summer monsoon cannot generate as much water
mass accumulation along the eastern boundary as that along the western boundary during the
winter monsoon. However, from Fig. 1 and Fig, 2 it is obvious that there are positive SSHAs
in southeast of the SCS. It also shows that there is a maximum mass accumulation at the
western side of the Luzon Island, which is similar to the analysis result of Ho et al. (2000) in
September,

In November, the monsoon again changes its direction, The distribution of the SSHA is
opposite to that in May, There appear negative anomalies in the deep basin, with a minimum
of =10 ¢cm (POCM) or —8 cm (MSSHA), but the negative anomalies area is smaller from the
MSSHA than that from the POCM, In the north and south of these negative SSH anomalies,
there are positive SSH anomalies in the SCS, whose pattern is similar to the Sverdrup circula-
tion in fall (Liv et al., 2001a) and S8SH image in middle SCS from Ho et al. (2000). The S5H
anomalies in November are again determined by its surface wind stress curl distribution over
the SCS, becanse there is positive wind stress curl in the deep basin during November,

To conclude, the distributions of the SSH anomalies in January, March and May are op-
posite to those in July, September and November respectively. During the winter monsoon,
water mass transport against the west coast of the SCS is stronger than that against the east-
ern coast in summer monsoon, In the deep water basin, the strongest seasonal variation in the
SSH anomalies appears near the northwest of the Luzon Island (116°E, 18°N), which is the
lowest (< —12 cm) in January and March, and the highest (>10 ¢m) in July and September,
and another stronger seasonal variation of the SSH appears near 112.5°E, 10°N, in which the
SSHA is about—10 cm in winter and above 8 cm in July and September.

1.2 The SSH oscillation

In order to further study the characteristics of the SSH seasonal variability, we compared
the SSHA at 116°E and 18°N, where the maximum SSH variability is observed, with the SCS
area averaged SSHA from October 1992 to October 1996 (Fig. 3). The comparison of the two
anomalies indicates: (a) The time series of the SSHA and its running mean at 116°E and 18°N
are almost the same in phase with the area averaged time series of the SSHA in all of the SCS,
although some small difference exists in their amplitudes. (b) The SSH oscillation has a main
period of one year. For the most part of SCS, the SSH anomalies are negative from
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Fig. 3. Time series of the SSH at 116°E and 18°N (solid line) and area averaged SSH over entire
SCS (dashed line). The corresponding running mean is three—point (about 30 days) sleck average.

November to next May, the anomalies change to positive during the rest of the cycle,
4. The annual cycle formation mechanism of the SSH in the SCS

To further examine the formation techanism of the SSHA, the total steric height
(0~1000 m) is caleulated (Liu et al,, 2001b) using the Levitus data (1982). The seasonal anom-
alies are calculated and shown in Fig 4a,

Based on the Levitus data analysis, the mean depth of the upper boundary of the
thermocline is about 50 m (Shi et al., 2001; Liu et al,, 2000), and its depth is shallower than 50
m in the northwest (southeast) of the SCS during summer (winter). The seasonal variation
maximum of the mixed layer depth is about 20 m in the SCS. We support that the mean depth
of the mixed layer is the effective depth of the surface buoyancy flux forcing, Then the anoma-
lies of the surface steric height are calculated using the Levitus data for the upper 50 m
(Levitus 50) (Liu et al,, 2001b),

In the seasonal variation of total steric height (0—1000 m), there also exists wind effect
and others except the buoyancy flux. The smallness of the SCS ocean basin, however, does
make the annual variability in the SCS different from that in large oceans. With the wave
speeds of 40 cm s™ to 10 cm 5™, the planetary wave crosses the SCS {of about 1000 km) in 1
to 4 months, This short thermocline adjustment time implies that the forced planetary wave
response degenerates into a quasi—sieady response in seasonal mean (Liv et al, 2001b), there-
fore, in the lowest order, the baroclinic fields are in the quasi—sieady baroclinic Sverdrup bal-
ance, It means when Ekman pumping is positive (negative), the thermocline rises (sinks) and
the temperature under 50 m decreases (increases), then the steric height under 50 m would de-
crease (inctease) and the negative (positive) anomaly of the steric height under 50 m would
appears. Therefore the difference between total steric height and Levitus 50 can reflect the ef-
fect of the Ekman pumping, and can be as the dynamic height by wind. The most striking
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Fig. 4. Steric height anomaly (cm) from Levitus T& S(1982). (a) the total, (b) dynamic steric height
anomaly.

feature in Fig. 4 is the agreement of the spatial patterns between the dynamic steric height
anomaly fieids and the total steric height anomaly in all of the seasons, especially in the cen-
tral SCS. The summer and fall patterns look like the inverses of the winter and spring patterns
respectively. The dynamic steric height amplitude (Fig. 4b) is almost similar to the total (Fig.
4a); then the wind effect is very important in the seasonal variation of the SSH in the SCS,

The discussion above leads to an important conclusion; the observed annual cycle of dy-
namic SSH with its implied upper oceanic circulation represents the response of baroclinic
planetary waves 1o the Fkman pumping, which can be understood from the seasonal evolu-
tion of the upper ocean Sverdrup flow (Liu et al,, 2001a).

5. Conclusions

The above analysis leads us to conclude that:

1) The SSH variability has a clear seasonal cycle in the 8CS. The distributions of the S8H
anomalies in January, March and May are opposite to those in July, September and No-
vember respectively, In January (July) SSH anomalies are negative (positive) in the deep
basin and at the Luzon Strait, while they are positive (negative) on most of the continental
shelves in the west and south of the South China Sea, In March (September) the SSH
anomalies are similar to that in January (July). Some small positive (negative) anomalies
appear in the middle of the South China Sea. The sign of the SSH anomalies changes from
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negalive (positive) to positive (negative) in May (November), while the SSH anomalies in
the northern and southern parts of the deep basin and on the west coast continental shelf
change from positive (negalive) to negative (positive),

2) There are two variation centers in SSH anomalies in the SCS, while the strongest seasonal
variability in the SSH anomalies is near 116°E, 18°N and the other is near 112.5°E, 10°N.

3) The time series of the SSHA and its running mean at (116°E, 18°N) are almost the same in
phase with the area averaged time series of the SSHA in all of the SCS, although some
small difference exists in their amplitudes.

4} Because the seasonal mean SSH and the wind curl are in the Sverdrup balance, the forced
response is dominant in seasonal mean of SSH. In the formation of the SSHA seasonal va-
riation the wind effect is very important,
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