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Abstract. Sea surface heights from the TOPEX/Poseidon altimeter are assimilated 
into a three-dimensional primitive equation model to derive the circulation in the 
South China Sea. With data assimilation the model resolves not only the basin- 
wide circulation but also a dipole off Vietnam and a low/high feature near the 
Luzon Strait. Mesoscale features are missing in the simulation without data 
assimilation because of poor resolution in the wind field and inadequate knowledge 
of the transport through the Luzon Strait. Compared to the case without data 
assimilation, data assimilation reduces the root mean square error between the 
simulated and observed sea surface heights by a factor of 2-3. Circulation derived 
from data assimilation under climatological conditions is contrasted with that 
during E1 Nifio. In the normal winter of 1993-1994, flow at 50 m depth is strong 
and cyclonic. Flow at 900 m depth is cyclonic as well. The deep cyclone persists 
into the following summer. During the 1994-1995 E1 Nifio winter, features in the 
flow field at 50 m depth either weaken or disappear, and circulation at 900 m depth 
is anticyclonic. In the summer of 1995 the dipole and the eastward jet off Vietnam 
at 50 m depth are missing, and the anticyclonic circulation at 900 m depth persists. 
Temperature at 65 m shows significant warming from fall 1994 to summer 1995. A 
weakened flow field and warming in the upper ocean are consistent with findings 
from earlier E1 Nifio events. 

1. Introduction 

The South China Sea is the largest marginal sea in 
southeast Asia with an approximate area of 3.6 million 
km 2 (Figure 1). The western shelf area from China 
to the Sunda Shelf is generally shallower than 100 m, 
while depths in the central and eastern basin are be- 
tween 1000 and 5000 m. The Pacific intermediate wa- 

ter enters the deep basin through the Luzon Strait at a 
sill depth of -•2000 m [Nitani, 1972]. The East Asian 
monsoon winds, from northeast in winter and south- 
west in summer, drive the general circulation of the 
South China Sea. The circulation consists of a cyclonic 
gyre in winter and a smaller anticyclonic gyre in sum- 
mer, both intensifying along the western boundary of 
the basin [Wyrtki, 1961]. 
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Numerical models have provided much information 
on the basin-wide circulation in recent years. The sea 
surface elevation and the flow field driven by monthly 
averaged climatological winds in the simulation of Shaw 
and Chao [1994] compared favorably with the surface 
hydrography of Wyrtki [1961] and the ship drift charts 
of Levitus [1982]. Reversal of currents south of China 
in winter was simulated by Chao et al. [1995]. Chao et 
al. [1996a] studied upwelling in the basin using artifi- 
cial tracers in a numerical model and identified isolated 

upwelling areas off Luzon and Vietnam. Chao et al. 
[1996b] modeled the interannual variations of the basin- 
wide circulation and found warming of the upper ocean 
during E1 Nifio in the 1980s. Using daily winds and sea 
surface temperature derived from the National Centers 
for Environmental Prediction (NCEP)/National Center 
for Atmospheric Research (NCAR) 40 year reanalysis 
project [Kalnay et al., 1996], Wu et al. [1998] found 
similar weakening in the flow field during E1 Nifio in 
the early 1990s. 

Some mesoscale features in the South China Sea were 

identified from observations. Intrusion of the Kuroshio 

water and upwelling off Luzon were studied using data 
from hydrographic measurements [Shaw, 1989; Shaw et 
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Figure 1. Map of the South China Sea with the 100, 1000, 2000, 3000, and 4000 m isobaths 
shown. The small insert in the upper left gives the geographical location of the basin. Open 
boundaries are marked by A, B, C, and D. 

al., 1996]. A localized warm pool off Vietnam in spring 
was observed in the air-dropped expendable bathyther- 
mograph (AXBT) data [Chu et al., 1998]. Annual and 
interannual variations of mesoscale features in the basin 

were described using sea surface height (SSH) data from 
the TOPEX/Poseidon (T/P) altimeter [Shaw et al., 
1999]. These mesoscale features are generally not well 
resolved in numerical models. For example, a low in 
SSH west of Luzon in winter was missing in the numer- 
ical simulation of Wu et al. [1998]. The model discrep- 
ancy is likely due to poor resolution in the wind field 
(2.5 ø ) and uncertainties in transport estimates through 
open boundaries. 

Circumventing the need for better observations, as- 
similating the T/P altimeter data into the model of 
Shaw and Chao [1994] is probably the most promising 

method for improving the present description of the cir- 
culation in the South China Sea. Assimilating the al- 
timeter data gives a realistic four-dimensional descrip- 
tion of the circulation within a dynamical framework. 
Recent reviews of data assimilation techniques are given 
by Ghil and Malanotte-Rizzoli [1991] and Haines [1994]. 
In relatively simple dynamical models, sophisticated 
methods such as the extended Kalman filter [e.g., Ghil 
and Malanotte-Rizzoli, 1991] and the adjoint method 
[e.g., Talagrand and Courtier, 1987] are frequently em- 
ployed. These methods are computationally intensive 
in general. From a practical point of view we have cho- 
sen simply to insert the altimeter data into the three- 
dimensional primitive equation model. 

Since the SSH is a prognostic variable in the model 
of Shaw and Chao [1994], the assimilation scheme can 
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modify the model SSH using the altimeter data without 
changing the subsurface properties. It is hoped that the 
numerical model will transmit information downward 

in some physical or dynamical manner [Holland and 
Malanotte-Rizzoli, 1989]. However, direct replacement 
of the SSH by the observed values hardly affects the 
circulation in our test runs. Fischer et el. [1997] found 
that direct insertion of SSH affects the barotropic flow 
only, and the injected SSH information is quickly lost 
in a few time steps. We encountered similar problems 
and came to the conclusion that a sustainable assimila- 

tion of altimeter data requires projecting SSH changes 
downward to modify the subsurface mass field. 

Earlier studies have demonstrated the importance of 
a projection scheme to propagate surface information 
to lower layers [Hurlburr et el., 1990]. This procedure 
is perhaps one of the most diffcult problems inherent 
in using altimeter data. One method is statistical in- 
ference, which uses some statistical relationships to de- 
rive changes in subsurface properties from sea surface 
variations. Mellor and Ezer [1991] and Ezer and Mel- 
lot [1994] used this method to assimilate observational 
data in the Gulf Stream with some success. Statistical 
inference does not work in the South China Sea because 

few subsurface observations are available for calculating 
the correlation coefficients. 

In this paper a dynamical inference method is used 
to project the T/P altimeter SSH to changes in sub- 
surface water properties. This method, first proposed 
by Haines [1991], enforces conservation of subsurface 
potential vorticity when the SSH is modified. Thus, 
surface currents are driven by changes in surface poten- 
tial vorticity. Cooper and Haines [1996] further extrap- 
olated changes in surface heights to those in subsur- 
face water properties, assuming adiabatic vertical dis- 
placement in the water column when the surface SSH 
is changed. They successfully assimilated the SSH data 
into a 21-level, eddy-resolving, Cox-Bryan general cir- 
culation model. In this paper changes in subsurface 
properties were calculated on the basis of the method 
of Cooper and Haines [1996]. These values were then 
incorporated in the model of Shaw and Chao [1994] us- 
ing a NewtonJan relaxation scheme. In this way the 
SSH data are incorporated into the model slowly and 
steadily, avoiding the initialization shock commonly en- 
countered in direct insertion techniques. This approach 
is attractive because it is easy to implement and is com- 
putationally efficient in a three-dimensional primitive 
equation model. 

The model is driven by daily winds spanning a 4 year 
period from January 1, 1993, to December 31, 1996. 
The assimilated model result in 1993 is compared to 
those obtained from the concurrent T/P altimeter data 
and model simulation without data assimilation. The 

seasonal and interannual variations of the horizontal ve- 

locity and temperature fields are described. 

2. Description of Data and the 
Numerical Model 

2.1. Altimeter Data 

The T/P satellite altimeter has been operating since 
September 1992. With an absolute accuracy of 4 cm 
it is the most accurate altimeter system ever launched. 
The altimeter data used here were provided by the Jet 
Propulsion Laboratory (JPL). Initial data processing 
performed at JPL includes the standard correction for 
atmospheric effects and the removal of a mean sea sur- 
face and tides [Callahan, 1994]. The data repeat every 
9 days and 22 hours with a spatial resolution of -•6 km 
along each track. Aliases from the first six dominant 
tidal components were reduced by harmonic analysis 
[Shaw et el., 1999]. Data were smoothed using the suc- 
cessive correction method of Barnes [Daley, 1991]. The 
spatial weighting function is exp[-2(x/L)2], where x 
is distance along the track and L - 1ø; the temporal 
weighting function is exp[-2(t/T)2], where T - 30 days. 
The choice of T is a tradeoff between low-pass filter- 
ing of tidal aliases and retaining oscillations at periods 
longer than 62 days. This timescale is for data process- 
ing only and is different from the relaxation timescale of 
nudging. The smoothed data were interpolated into the 
model grid (0.4 ø) with a sampling interval of 10 days. 
The analysis of the altimeter data is described in detail 
by Shaw et el. [1999]. 

2.2. Numerical Model 

The model of Shaw and Chao [1994] solves the 
three-dimensional momentum, temperature, and salin- 
ity equations with Boussinesq and hydrostatic approxi- 
mations. It is similar to the general circulation model of 
$emtner [1974] except for the addition of a free sea sur- 
ikce. The integration domain is from 2 ø to 24øN and 
from 99 ø to 124øE. The horizontal resolution is 0.4 ø, 
and there are 21 vertical layers. Time steps are 2160 s 
for the internal mode and 21.6 s for the external mode. 

Open boundaries, marked by A, B, C, and D in Figure 
1, are at the Taiwan Strait, the Sunda Shelf, and east 
of Luzon Strait as those used by Shaw and Chao [1994]. 
The external mode velocity normal to the boundary U 
is specified by Ub, Wyrtki's [1961] bimonthly transports 
(Table 1) divided by the water depth. On the shallow 
Sunda Shelf and Taiwan Strait, boundaries A and D, 
U - Ub, and the gradient of SSH normal to the bound- 
ary is set to zero. At the two deep boundaries B and C 
east of the Luzon Strait the SSH is prescribed using the 
altimeter data, and a correction term is added to U•. If 
•Jm is the model-derived SSH and Oobs is the altimeter 
SSH, the expression for U is 

U - U• + eCo Vm - H ' (1) 
where Co -- (gH) •/• is the phase speed of surface gray- 
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Table 1. Bimonthly Transport in 106 m 3 S --1 Through 
the Open Boundaries 

Month Boundary 

A B C D 

February -3.0 27.0 -24.5 0.5 
April 0.0 37.5 -37.5 0.0 
June 3.0 32.0 -34.0 -1.0 

August 3.0 28.0 -30.5 -0.5 
October -1.0 27.5 -27.0 0.5 

December -3.5 24.5 -21.5 0.5 

Values are from Wyrtki's [1961] transport estimates 
slightly adjusted to compensate for the dosing of the nar- 
row passages to the Sulu Sea. Positive and negative values 
represent inflow and outflow, respectively. 

ther, vertical projection in shallow waters may lead to 
outcropping of isopycnals. 

The displacement Ah is calculated as follows. At 
each assimilation step, adjusting model SSH (r/m) to 
altimeter SSH (r/ohs) results in a surface pressure change 
Aps = Psg(r/obs- r/m), where Ps is the mean density 
of sea water at the surface and g is the gravitational 
constant. The process of removing light water at the 
surface and adding dense water at the bottom produces 
a pressure change Apb = Ahg(pb - ps), where p, is the 
water density at the bottom. To calculate the vertical 
displacement, it is necessary to assume that pressure 
at the bottom is not changed by the adjustment, i.e., 
Ap• = -Aps, or 

5n - - Vm). (2) 
Ps - P, 

ity waves, e = 0.1 is an empirical constant, and H is 
the water depth. The positive (negative) sign is used 
in the northern (southern) boundary. The correction 
term prevents anomalous buildup of SSH near the open 
boundary and keeps the transport at the observational 
level. This approach follows that of Chao et al. [1996b], 
except the more accurate altimeter SSH data are used 
instead of Wyrtki's bimonthly estimates. Calculations 
are not sensitive to the specification of the velocity V 
tangential to the open boundary. For outflow, V is dic- 
tated by advection. For inflow the value upstream of 
the open boundary is set to zero. A detailed descrip- 
tion of the model has been given by Shaw and Chao 
[1994] and Chao et al. [1996b]. 

After being initialized by the January temperature 
and salinity fields of Levitus [1982] the model is spun up 
by climatological forcing for 1 year. The model is then 
forced by the NCEP/NCAR daily wind and sea surface 
temperature (SST) fields beginning on January 1, 1992. 
Assimilation of the altimeter SSH begins in October 
1992, when T/P altimeter data become available. The 
simulation continues to the end of 1996. The 4 year 
period from January 1, 1993, to December 31, 1996, is 
used for analysis. 

3. Data Assimilation Scheme 

The vertical projection method of Cooper and Haines 
[1996] requires vertical displacements of all isopycnal 
surfaces in a water column by the same amount Ah 
when the SSH is changed. Since the vertical displace- 
ment is the same, water properties and potential vor- 
ticity are not modified except at the surface and bot- 
tom. For Ah > 0 (Ah < 0), continuity is maintained 
by removing (adding) light water of thickness Ah at 
the surface and adding (removing) the same amount 
of dense water at the bottom. The procedure is ap- 
plied only in regions with water depths >1000 m. The 
altimeter data in shallower waters are less reliable; fur- 

The associated changes in temperature and salinity are 

OT 

AT- •z Ah (3) 
OS 

AS- •z Ah (4) 
The vertical derivatives in the above equations are 
culated using cubic splines. A convective adjustment 
follows to remove unstable stratifications. 

In this study, AT and AS are incorporated in the 
temperature and salinity equations using a NewtonJan 
relaxation scheme [Anthes, 1974]. The nudging algo- 
rithm to update the model variable a"•(t) to aa(t) at 
time t using the observed value aøbs(t0) at time to is 

c•a(t) = c•m(t) + Kt•(t)[c•øbS(to) -- c•m(t)], (5) 

where K, the nudging coefficient, determines how fast 
the model results are modified toward the observed 

value. R(t) is a Guassian function given by 

R(t): exp[-(t - t0)2/r2], (6) 

which ramps down from 1 at the time of data injec- 
tion with an e-folding timescale r = 2 days. Holland 
and Malanotte-Rizzoli [1989] tested this Gaussian de- 
pendence and found that a value of 2 days is most ef- 
fective. The value of K needs to be large enough to 
make an impact while being small enough to avoid ex- 
citation of gravity waves. Haltinet and Williams [1980] 
suggested that the timescale for K should be smaller 
than the dominant timescale contained in observations. 

Tuning leads to K = 0.015 in temperature and salinity 
equations. The corresponding relaxation time is 2 days, 
which are much shorter than the dominant timescales 
in the smoothed satellite data. 

Updating only the mass field would result in dynami- 
cally unbalanced velocity fields. Using a two-layer prim- 
itive equation model, Smedstad and Fox [1994] showed 
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the importance of geostrophic correction in data assimi- 
lation. Forbes and Brown [1996] demonstrated improve- 
ments in performance when assimilation is accompanied 
by a geostrophic correction in the momentum equations. 
In this paper the barotropic velocities (u and v) are 
modified in the momentum equations as 

0u = (physics) g •T]øbs 

8v _ (physics) + g (8) 

where (physics) represents all conventional terms lead- 
ing to acceleration, • is the nudging coefficient, and 
f is the Coriolis parameter. The terms containing 
differences between the observed and the model SSH 

gradients are formulated from the geostrophic rela- 
tion. Following Forbes and Brown [1996], we use • = 

ß 3 x 10 -5 s -1, which gives a timescale of •9 hours. A 
shorter timescale than that in the density equation en- 
sures faster adjustment in the barotropic flow field. The 
result is not sensitive to the choice of •. 

4. Sea Surface Topography 
4.1. Altimeter SSIt 

The T/P altimeter SSH data in regions deeper than 
1000 m are shown in Figure 2 for selected months over 
a 1 year period in 1993. The February plot shows frag- 
ments of the winter low with a weak high developing off 
central Vietnam. Weakening of the low and strength- 
ening of the high continue in April. The summer circu- 
lation begins to develop at the onset of the southwest 
monsoon; a high appears off Vietnam and another high 
extends from Luzon westward in June. A fully devel- 
oped summer circulation pattern is shown on August 
8. The high to the north retreats to the coast of Lu- 
zon, while the high off Vietnam and a newly developed 
low to its north form a dipole. The low off Vietnam 
becomes stronger in October. A fully developed winter 
pattern appears in December, when low SSHs extend 
from southeast Vietnam to Luzon with maximum de- 

pressions off Luzon and Vietnam. 
Variations in the altimeter SSH in the early 1990s 

have been described by Shaw et al. [1999]. Low SSHs 
over the central basin in winter correspond to a cyclonic 
basin-wide gyre, while the high off Vietnam in sum- 
mer indicates a smaller anticyclonic gyre in the south- 
ern basin. In addition to these large-scale features, the 
altimeter data show mesoscale patterns of several hun- 
dred kilometers in size. Most noticeable are sea level 

variations off Luzon and southeast Vietnam. The SSH 

off Luzon is highest in August and lowest in December. 
Off Vietnam the SSH is low in December, and high in 
the early half of the year. A dipole structure appears 
from August to October. These features are in regions 
of strong upwelling [•hao et al., 1996a] and are not 

resolved in charts derived from historical hydrographic 
observations. 

4.2. Control Experiment 

In the control experiment the model was forced by 
the observed daily wind stress from NCEP/NCAR re- 
analysis data [Kalnay et al., 1996] without assimilation 
of the altimeter data. The seasonal patterns in Figure 
3 are similar to those by Wu et al. [1998]; only a brief 
description is presented below. In February the SSHs 
are generally low in the deep basin with the lowest SSH 
in the northeast and slightly higher SSH in the central 
basin. The latter develops into a high off Vietnam in 
April. In June, low SSHs are over shelves to the north 
and west, and high SSHs are over the deep basin on 
the southeast side. Low SSHs expand from the Gulf of 
Tonkin into the deep water south of Hainan in August 
and are over the deeper part of the northern basin by 
October. Low SSHs are over the entire deepwater basin 
in December with the lowest SSHs off Vietnam. 

The general features in Figure 3 are consistent with 
Wyrtki's [1961] climatological atlas, but deviate from 
those in Figure 2 derived from satellite altimeter data 
in 1993. The winter low in the basin is present in both 
Figures 2 and 3, but mesoscale features in the SSH field. 
For example, the highs and lows off Luzon and cen- 
tral Vietnam, are not well resolved, especially when the 
basin circulation is weak. The discrepancy is likely due 
to the poor resolution in the wind field. Smoothing and 
coarse sampling at 2.5 ø resolution in the NCEP/NCAR 
data set could not possibly resolve these mesoscale fea- 
tures. 

4.3. Experiment With Data Assimilation 

The data assimilation experiment is the same as the 
control experiment, except that the T/P altimeter data 
were assimilated into the model every 10 days. Fig- 
ure 4 shows selected snapshots of assimilated SSH pat- 
terns. Assimilating the altimeter data produces a high 
extending from the coast of Vietnam eastward as well 
as a low off Luzon in February; both are missing in 
the control experiment but exist in the altimeter SSH 
field. The two features persist into April. In June the 
high off Luzon in Figure 2c is well simulated as is the 
weaker high off Vietnam. The dipole off Vietnam and 
the high off Luzon in the summer circulation pattern in 
Figure 2d are reproduced in Figure 4d. The October 
SSH demonstrates the development of a more compact 
low off Vietnam than in the case of no data assimila- 

tion. In December, two local minima off Vietnam and 
Luzon in the altimeter SSH in Figure 2f are shown in 
Figure 4f. In the meantime, only a low is present in the 
southwest corner of the deep basin in Figure 3f. 

Data assimilation could resolve highs and lows off Lu- 
zon and Vietnam with spatial scales of several hundred 
kilometers, but the range of sea level variation in the 
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data assimilation experiment is smaller than that con- 
tained in the T/P altimeter SSH. It is likely that poor 
resolution in wind fields in the South China Sea re- 

duces both the intensity and spatial variability of winds 
[Wu et al., 1998]. Overall, model simulation with data 
assimilation has improved the SSH field considerably 
compared to the control experiment without data as- 
similation. 

Quantitatively, the improvement in model simulation 
can be measured by the root mean square (RMS) er- 
ror between the model-simulated SSH (T/m) and the ob- 
served T/P altimeter ssH i (Vob)' 

Vob) RMS- ( Z/N-•(r//m - ' • N ' 

where N is the number of grid points in the assimila- 
tion domain (• 1000 m). Figure 5 shows a profound 
annum cycle in the RMS errors in the control exper- 
iment (marked by "W"). Peak RMS errors appear in 
January-February and in July-August. The error is 
smaller in transition months (March-April and October- 
November). It seems that large RMS errors occur in 
months when the wind-driven currents are strong. How- 
ever, currents are stronger in winter than in summer, 
but the RMS error is larger in summer than in win- 
ter. Factors other than winds may also contribute to 
the RMS error. Figure 5 shows that the RMS error is 
reduce by a factor of 2-3 in the experiment with data 
assimilation (marked by "A"). Since the observed SSH 
field is incorporated through temperature and salinity 
variations, smaller RMS values also demonstrate that 

10 
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Figure 5. The RMS error in 1993 between the T/P sea 
surface height (SSH) and model-produced SSH using 
(a) Wyrtki's [1961] transport estimates without data 
assimilation (thin solid line W), (b) radiation boundary 
conditions without data assimilation (thick solid line 
R), and (c) Wyrtki's estimates with data assimilation 
(dash line A). 

the dynamical approach of projecting sea level informa- 
tion onto the vertical density structure is successful. 

As mentioned earlier, depth-integrated transports at 
the open boundaries are fixed to Wyrtki's [1961] bi- 
monthly estimates. Specification of the boundary trans- 
port is a potential source of the RMS error. To test this 
idea, we conducted an experiment without data assimi- 
lation but using a different open boundary condition for 
the transport. Instead of Wyrtki's transport estimates, 
vanishing normal gradients of the barotopic flow are 
used in the Luzon Strait, Taiwan Strait, and the Sunda 
Shelf. The resulting RMS error in Figure 5 (marked by 
"R") is reduced by 30% from the control experiment in 
summer with little change in other months, suggesting 
large uncertainties in Wyrtki's transport estimates in 
summer. 

5. Circulation Patterns 

5.1. Surface Circulation 

Figure 6 shows the circulation pattern in the exper- 
iment with data assimilation at a depth of 50 m. The 
choice of 50 m follows Shaw and Chao [1994]; currents 
at this depth are representative of the surface circu- 
lation of the basin but are not overwhelmed by surface 
Ekman flow. At the development stage of the winter cir- 
culation in October 1993 a boundary current is evident 
along the coastline from Hainan southward to -•7øN, 
where it turns eastward and northward along Borneo 
and Palawan. The low in SSH off Vietnam in Figure 
2e appears as a cyclonic gym off Vietnam centered at 
14øN, 112øE, consistent with Wyrtki's [1961] observa- 
tions in October. Currents in the northeastern basin 

are weak. By December 1993 the boundary current 
strengthens and extends from Hong Kong southward to 
the Sunda Shelf. The cyclonic gyre is strongest south- 
east of Vietnam and over the Sunda Shelf, where the 
bottom outflow from the Gulf of Thailand is entrained. 

In the Luzon Strait, surface water enters the South 
China Sea. In April 1994 a cyclonic gym is present 
south of 14øN. In August a tight anticyclone/cyclone 
pair appears southeast of Vietnam centered by a strong 
eastward jet leaving the coast of Vietnam between 10 ø 
and 12øN. The western boundary current is southward 
from China to 12øN and northward and into the Gulf of 

Thailand south 12øN. An eastward jet leaving the coast 
of Vietnam in summer has been repeatedly reported in 
historical observations [Wyrtki, 1961], in altimeter SSH 
[Shaw et al., 1999], and in numerical simulations [Shaw 
and Chao, 1994]. Trajectories of Argos drifters released 
recently confirm the existence of such a two-gyre system 
off Vietnam in summer (J.-H. Hu, personal communi- 
cation, 1999). 

The flow fields obtained from the experiment with- 
out data assimilation are shown in Figure 7. In Octo- 
ber 1993 the western boundary current off China and 
northern Vietnam is similar to that in Figure 6a but 
weakens significantly over the Sunda Shelf, and the cy- 
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Figure 6. Velocity field at 50 m from the experiment with data assimilation on (a) October 17, 
1993, (b) December 26, 1993, (c) April 20, 1994, and (d) August 28, 1994. The velocity scales 
are in cm s -1. 

clonic gyre off central Vietnam is missing. Data assimi- 
lation has little effect on the western boundary currents 
in December, but inflow from the Luzon Strait is much 
weaker without data assimilation. Large differences be- 
tween the two experiments appear in April 1994. The 
cyclonic gyre in Figure 6c is completely missing (Fig- 

ure 7c). In August strong flow on the Sunda Shelf is 
present in both experiments, but the boundary current 
vanishes north of 12øN in Figure 7d. The tight anticy- 
clone/cyclone pair southeast of Vietnam and the east- 
ward jet are also missing in Figure 7d. 

Beyond the seasonal timescale, circulation of the 
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Figure 7. Same as Figure 6 but from the experiment without data assimilation. 

South China Sea demonstrates interannual variations. 

Figure 8, from the experiment with data assimilation, 
shows the velocity field at 50 m depth in December 
1994 and August 1995. This period is known as an 
E1 Nifio year in the tropical Pacific [Goddard and Gra- 
ham, 1997]. In December 1994 the western boundary 
current is southward along the coast of China and Viet- 

nam throughout as in December 1993 (Figure 6b) but 
is much weaker. In the summer of 1995 following the 
E1 Nifio winter, currents south of Hainan and in the 
Gulf of Thailand in Figure 8b are similar to those in 
Figure 6d. However, the eastward jet off Vietnam and 
the anticyclonic gyre south of it are missing. Weakened 
circulation under a weak East Asian monsoon during 
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Figure 8. Same as Figure 6 but on (a) December 26, 
1994, and (b) August 28, 1995, from the experiment 
with data assimilation. 

E1 Nifio has been reported both in previous numerical 
experiments [Chao et al., 1996b; Wu et al., 1998] and 
in observations [Shaw et al., 1999]. 

5.2. Circulation at 900 m 

Currents at 900 m (Figure 9) represent circulation at 
intermediate depths (from 600 to 1200 m). In Decem- 
ber 1993 circulation at 900 m depth is cyclonic. The 

gyre, centered at 12øN, 113øE, occupies nearly the en- 
tire western half of the deep basin. The deep current 
along the coast of Vietnam is in the same direction as 
the surface flow. Except for the flow out of the basin in 
the Luzon Strait and the anticyclonic flow off Palawan, 
currents are weak in the eastern basin. The cyclonic 
circulation in the southern basin persists into summer, 
producing a southward flow along the coast of Vietnam 
in the opposite direction of the surface current (Figure 
9b). The outflow in the Luzon Strait seems to exist in 
all seasons. Using pH, alkalinity, and total CO2 data, 
Chen and Huang [1996] suggested that South China Sea 
waters flow out of Luzon Strait at depths between 350 
and 1350 m. A cyclonic gyre in winter and the year- 
round outflow at 900 m depth are also given by Chao et 
al. [1996a], but their summer circulation is anticyclonic 
at 900 m depth [see Chao et al., 1996a, Figure 3]. It is 
likely that year-to-year variations are present at 900 m. 

The flow field in December 1994 (Figure 9c) shows 
drastic changes in the circulation pattern from that in 
1993. Flow becomes northward off Vietnam with a 

strong current toward northwest off southwest Luzon. 
The gyre is in the opposite sense of rotation from the 
previous year. Otherwise, the southwestward flow off 
Palawan and northern Borneo and the outflow in the 

Luzon Strait are similar to those in the previous win- 
ter. In August 1995 (Figure 9d), currents at 900 m east 
of Vietnam are in a direction opposite to that in Figure 
9b. Flow in the Luzon Strait is also weaker than a year 
earlier. Note that the surface circulation is weak from 

late 1994 to summer 1995. It seems that the strong sur- 
face cyclonic gyre in a normal winter could penetrate to 
900 m depth and could persist into the next summer, 
but a weak cyclonic surface gyre during an E1 Nifio win- 
ter could not reverse the anticyclonic deep circulation. 
Circulation at intermediate depths in summer seems to 
always follow that in the previous winter. 

6. Temperature Distribution 

Upper ocean temperature variations (5, 15, and 25 
m depths) in 1993 from the control experiment and 
the data assimilation experiment are plotted at 12øN, 
110.2øE in Figures 10a and 10b. This location is known 
for summer upwelling in Wyrtki's [1961] atlas. Over- 
laid in the two panels is the surface temperature (0 m) 
from the NCEP/NCAR data set, which is imposed as 
a surface boundary condition. The SST increases from 
<24øC in December to >29øC in May. It drops by 
from May to August, rebounds slightly in September, 
and decreases thereafter to the December minimum. In 

the experiment with no data assimilation, temperatures 
at 15 and 25 m depths do not follow the increase at the 
surface from February to July, indicating that the sur- 
face temperature boundary condition penetrates only 
the first few meters of the water column. Warming oc- 
curs mostly in August. From November to January the 
top 25 m is well mixed. 
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Figure 9. Velocity field at 900 m from the experiment with data assimilation on (a) December 
26, 1993, (b) August 28, 1994, (c) December 26, 1994, and (d) August 28, 1995. The velocity 
scale is 3 cm s -1. 

Data assimilation transmits the surface signal to 
greater depths. From February to July, temperatures 
at 15 and 25 m follow the variation at surface, reach- 
ing a maximum in May. Cooling in July and August 
reaches both 15 and 25 m depths, indicating that up- 

welling is better simulated in the experiment with data 
assimilation. Figure 10c, from Levitus and Boyer [1994], 
indicates that the observed seasonal variation of tem- 

perature does penetrate to well below 30 m depth. Tem- 
perature decreases by iøC in the top 30 m of the water 
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column in summer at the same location. In the exper- 
iment with data assimilation, subsurface temperature 
is modified directly according to SSH anomalies, indi- 
cating that a more realistic temperature field can be 
obtained by the insertion of altimeter SSH data. Spec- 
ifying the surface boundary condition in temperature 
has only little effect on the subsurface field. 

It should be noted that SST is specified as the bound- 
ary condition; thus only the subsurface temperature 
field is described in this paper. Differences in subsur- 

face temperature between .the two experiments along 
two zonal sections give the depth of penetration of the 
SSH signal. In summer 1993 (Figure 11a), temperature 
at 12øN, 110.5øE in the upwelling region off Vietnam is 
underestimated by 2øC at 65 m depth in the experiment 
without data assimilation. In December 1993, temper- 
ature along 17.2øN in the upwelling region off Luzon 
[Shaw et al., 1996] is similarly underestimated by 2øC 
at 65 m depth at 118.5øE and by 2øC at 235 m depth 
at 118øE (Figure 11b). Thus data assimilation could 
improve the description of temperature variations as- 
sociated with upwelling in the South China Sea. The 
horizontal temperature structure at this depth is further 
described below. 

6.1. Period From Late 1993 to Mid 1994 

Major features shown in October 1993 are a dipole 
off Vietnam and a warm tongue extending westward 
from Luzon Strait to 115øE (Figure 12a). The former 
is the remnant of the summer feature in the SSH field 

(Figure 2e). In the Luzon Strait the warm tongue is 
likely associated with the intrusion of Kuroshio waters; 
a weak current into the basin through the Luzon Strait 
can be seen in the velocity field in Figure 6a. Intru- 
sion of the Kuroshio waters in late fall and winter is 

consistent with observations [Shaw, 1991]. In Decem- 
ber 1993 two cold water pools, centered at 16øN, 119øE 
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Figure 11. Temperature difference between exper- 
iments with and without data assimilation along (a) 
12øN on August 28, 1993, and (b) 17.2øN on Decem- 
ber 26, 1993. Negative (positive) values indicate un- 
derestimating (overestimating) the temperature by the 
experiment without data assimilation. 
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Figure 12. Temperature at 65 m on (a) October 17, 1993, (b) December 26, 1993, (c) April 20, 
1994, and (d) August 28, 1994, from the experiment with data assimilation. The contour interval 
is 0.5øC. 

and 10øN, 112øE, appear off Luzon and northern Sunda 
Shelf with temperature <22øC (Figure 12b). The two 
cold pools correspond well to the two lows in Figure 2f 
and are at locations of heat losses exceeding 100 W m -2 
in Levitus' [1984] atlas. The one off Luzon is consistent 
with the location of winter upwelling [Shaw et al., 1996]. 
Both cold pools disappear in the following April, and a 
warm pool seems to develop off Vietnam (Figure 12c). 
In August with the summer pattern fully developed, 

relatively cold water extends from the Gulf of Tonkin 
into the deep basin, while the highest temperature is 
located in a warm pool off the SUnda Shelf. The large 
temperature gradient east of Vietnam corresponds well 
to the location of the eastward jet in Figure 6d. 

6.2. Late 1994 to Mid 1995 

Drastic warming occurs in October 1994; the tongue 
from the Luzon Strait is warmer by ,-.1øC and extends 
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Figure 13. Same as Figure 12 except on (a) December 17, 1994, (b) December 26, 1994, (c) 
April 20, 1995, and (d) August 28, 1995. 

farther westward into the basin than in 1993 (Figure 
13a). In fact, the temperature in the entire basin is 
warmer. The increase in temperature reaches nearly 
2øC in the southern basin. Warming in October 1994 
persists into December (Figure 13b). Comparing to Fig- 
ure 12b, significant warming occurs in the coastal wa- 
ters off China and in the cold pool off Sunda Shelf. 
However, some cooling southwest of Luzon is noted. 
Warming in late 1994 persists into the following spring 
(Figure 13c). In April 1995 warming of 0.5-1.5øC could 

be found in the southern basin. A nearly uniform north- 
south temperature gradient dominates the temperature 
field, which displays little patchiness. Drastic differ- 
ences also appear in summer 1995 (Figure 13d). The 
relatively cold water extending from the Gulf of Tonkin 
is warmer by 0.5øC than in the previous summer. Also, 
the warm pool off Vietnam disappears in the summer 
of 1995. 

Warming during an E1 Nifio event in the South China 
Sea has been well established. The temperature distri- 
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bution at 65 m reai•rms earlier findings. It is likely 
that warming begins in October 1994 after a normal 
year from late 1993 to mid 1994. Warming is seem- 
ingly accomplished by a stronger Kuroshio intrusion 
in October, smaller temperature contrasts in summer 
and winter, and disappearance of the dipole in summer. 
Smaller temperature contrasts suggest weakened winter 
and summer gyres, consistent with earlier findings. 

Another interesting feature, seemingly to occur in 
spring during a warm event, is a warm water pool off 
southeast Vietnam. The pool is represented by a local 
temperature maximum at 65 m on May 20, 1995 (Fig- 

ure 14a), indicating possible localized downward advec- 
tion. Maximum temperature at 12ø30•N, 113øE exceeds 
23.5øC. This feature is present only in the data assim- 
ilation experiment. Without assimilation, isotherms in 
the deepwater region are featureless; a uniform north- 
south temperature gradient is present in the basin (not 
shown), as in Levitus and BoyeFs [1994] atlas. In the 4 
year period from 1993 to 1996 the warm pool off Viet- 
nam is not always present. For example, it is missing 
on May 20, 1996 (Figure 14b). AXBT survey between 
May 14-25, 1995 [Chu et al., 1998, Figure 6] seems to 
confirm the existence of such a warm pool. 

7. Discussion 

One important task in assimilating the altimeter data 
by direct insertion or nudging is to infer subsurface 
density variations from SSH. The lack of simultane- 
ous spatial and temporal coverage in subsurface oceano- 
graphic measurements prevents us from deriving statis- 
tical correlation coefficients between surface and sub- 

surface fields in the South China Sea. The dynamical 
inference method of Cooper and Haines [1996] modifies 
mass fields in the water column through lifting or lowing 
of isopycnals. Statistical analysis of the conductivity- 
temperature-depth (CTD) data in the Azores Current 
by Gavart and De Mey [1997] shows that the'first em- 
pirical orthogonal function (EOF) mode of isopycnal 
displacement consists of coherent lifting or lowing of 
isopycnals in the entire water column. The statistical 
result seems to validate the Cooper and Haines method 
in some geographical areas. 

In carrying out vertical projection it is assumed that 
there is no pressure change at the bottom. Drakopoulos 
et al. [1997] relaxed the bottom pressure constraint by 
modifying bottom pressure according to the change in 
relative vorticity induced by stretching or compression 
of the water column. Their twin experiments in the 
Mediterranean show that the result is slightly worse af- 
ter 100 days of wind forcing than that using the original 
method of Cooper and Haines [1996]. They conclude 
that this modification may be unnecessary if the cor- 
rect wind stress is known. Thus using a daily wind field 
makes it less important to correct the bottom pressure. 
Another limitation in this paper is that the subsurface 
mass field is modified only in water deeper than 1000 m. 
However, motion in the western shelf-region may still be 
modified by data assimilation via model physics. Fis- 
cher and Latif [1995] found that inserting information 
in the west Pacific modifies the signal in the east Pacific 
significantly. 

One concern in doing data assimilation is how long 
the inserted information persists in the model. This 
question is examined by stopping data assimilation 
during model integration while maintaining all other 
forcing. The result shows that the RMS error grows 
quickly and reaches the value in the control experiment 
in a month or so (figure not shown), indicating that 
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the model can retain the SSH information for about a 

month. Fischer and Latif [1995] found that the mem- 
ory lasts for a few months in their model assimilation 
of SST, island-based SSH observations, and subsurface 
temperature data in the tropical Pacific. The South 
China Sea is in low latitudes and is not too large in 
size. Such a short memory is not unreasonable. Since 
past memory is erased in a short time, assimilating SSH 
in the South China Sea is useful for the diagnostic pur- 
pose instead of forecast. 

8. Summary and Conclusions 

Data assimilation produces model states that are 
representative of the observations, yet they are con- 
strained by physics of the numerical model. In this 
paper, mesoscale variabilities in sea level, velocity, and 
temperature fields are better resolved than in previous 
studies. The large RMS error between the simulated 
SSH and T/P SSH in the experiment without data 
assimilation indicates inadequate spatial resolution in 
the NCEP/NCAR winds and uncertainties in Wyrtki's 
[1961] transport estimates in summer. With data as- 
similation the RMS error is reduced by a factor of 2- 
3, demonstrating that uncertainties associated with the 
forcing field and boundary conditions could be remedied 
to a certain extent by assimilating altimeter data. 

During the period studied, warming related to E1 
Nifio begins in October 1994 following a normal clima- 
tological period from late 1993 to mid 1994. The simu- 
lation shows warming of the upper ocean by 1ø-2øC and 
weakening of the circulation gyres during the E1 Nifio 
winter of 1994-1995. The surface gyre is also weaker in 
the following summer. A tight dipole structure in both 
temperature and velocity fields is present off Vietnam 
in the climatological summers. The dipole structure is 
missing following a winter of weakened monsoon winds. 
The result is consistent with earlier findings. Circula- 
tion at 900 m depth is cyclonic when the winter gyre 
at the surface is strong, and the cyclonic circulation 
persists into the following summer. In a winter with a 
weak surface gyre, circulation at 900 m depth is anti- 
cyclonic in both winter and the following summer. Iso- 
lated pools of water in the upwelling areas off Vietnam 
and Luzon are detected with data assimilation. A new 

feature identified is a warm water pool off Vietnam in 
May 1995 detected in an AXBT survey as well. 
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