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Abstract

Observational data in the South China Sea are limited. Consequently, most information on the ocean circulation
is provided by numerical modeling. However, numerical simulations with imperfect estimates of the forcing fields, initial
and boundary conditions, and dynamical parameters cannot achieve a high level of accuracy. To enhance realism in the
simulation, the observed data are often integrated continuously into numerical models in a process called data assimilation.
In this paper, three popular assimilation schemes, successive correction, optimal interpolation (OI), and a physical-space
statistical analysis system (PSAS), are described. In addition, a dynamical method projecting the altimeter sea surface
height to subsurface states is reviewed. Experiments using a successive correction scheme to assimilate TOPEX/Poseidon
altimeter sea surface heights demonstrate some success in resolving mesoscale features in the South China Sea. The root
mean square error between the simulated and observed sea surface heights is reduced by a factor of 2~3, Using a gradient
boundary condition at the Luzon Strait further reduces the error, indicating the potential to improve our knowledge of
transport through the Luzon Strait. The use of OI and PSAS is demonstrated in an experiment assimilating high-frequency
radar-derived surface velocities for the Monterey Bay area in California. The assimilation of surface velocity data has
significantly improved the model predictions of an eddy in surface circulation. These schemes could be used to improve

the description of the flow field in the South China Sea.
1 Introduction

Since the numerical modeling study of Shaw and Chao
{1994), much has been leamed on the basin-wide circulation
and its climatological variability in the South China Sea.
The seasonal reversal of a two-gyre system and the warming
of the upper ocean during El Nifio under a weaker monscon
wind are well established (Chao et al., 1996a; Wu et al.,
1998). Figures 1a,b show the sea surface height (SSH) field
derived from the TOPEX/Poseidon (T/P) satellite altimeter
for summer and winter of 1993. In summer, the SSH field
shows a low off the Sunda Shelf and a small high off
Vietnam, forming a dipole. In addition, a high in the SSH
field is present off Luzon. In winter, low SSH extends from
southeast Vietnam to Luzon over the entire deep basin with
local minima off Luzon and Sunda Shelf. These features are
well established in numerical simulations. A basin-wide low
in winter and a dipole structure in summer are, respectively,
in agreement with a basin-wide cyclonic gyre and a two-gyre
system with an eastward jet leaving the coast of Vietnam.
However, cutrent models with a coarse horizontal grid
generally cannot resolve mesoscale features in the basin. For
example, the sea level variation off Luzon, low in winter and
high in summer, is not present in the numerical simuiation.
The north-south surface pressure gradient off Vietmam in the
altimeter data is also much larger than in the numerical
studies. These mesoscale features are likely related to
upwelling off Luzon and Vietnam (Chao et al., 1996b).
Upwelling off Vietnam has been shown in the observations

compiled by Wyrtki (1961). Recent hydrographic observa-
tions (Shaw et al., 1996) lend support to the existence of
upwelling off Luzon. Upwelling plays a major role in the
warming of the upper ocean in the South China Sea (Chao
et al., 1996a),

In view of the scarce field observations in the South
China Sea, providing a detailed description of these
mesoscale features and their variations is out of the question
in the foreseeable future. Even models with high resolution
would not help because of the poor resolution in the wind
data (2.5°) and uncertainties in the transport estimates
through the Luzon Strait. At present, the sateliite altimeter
provides the only data set covering continuously the entire
basin for multiple years. A viable approach to study the
mesoscale processes would be to assimilate the altimeter
data into the model of Shaw and Chao (1994). In this paper,
potential assimilation schemes for data assimilation in the
South China Sea are reviewed,

2. Data and Model Description

The SSH from the satellite altimeter is the most
promising data set for data assimilation in the South China
Sea. The T/P altimeter has been operating since September,
1992. With an absolute accuracy of 4 cm, it is the most
accurate altimeter system ever launched. Time serics
derived from the data have a sampling rate of 9 days and 22
hours and an along-track resolution of about 6 km. The



initial data processing performed at Jet Propulsion Labora-
tory (JPL) includes standard correction for atmospheric
effects and removal of a mean sea surface and tides
(Callahan, 1994). Errors from tidal aliases can further be
reduced using harmonic analysis (Shaw, et al., 1999). Other
data sets, such as moored data from ATLAS project (T. Y.
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Tang, personal communication) and XBT are possible
candidates for future assimilation studies.

The model of Shaw and Chao (1994) provides an
efficient tool for simulation of El Nifio variations. This
model solves the three-dimensional momentum, tempera-
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Figure 1. Sea leve! heights in August 1993 (lefi pancls) and December 1993 (right pancls) derived from {a. b) the
TOPEX/Poseidon altimeter, (¢. ¢) numerical simulation without data assimilation, and (g, 1) munerical simulation
with assimilation of altimeter data. The conlour interval is 5 cm, and negative contours are shaded,



ture, and salinity equations with Boussinesq and hydrostatic
approximations. The integration domain is from 2°N to
24°N and from 99°E to 124°E. The horizontal resolution is
0.4° with 21 vertical levels. At this resolution, the model
could be run with time steps of 2160 s for the internal mode
and 21.6 s for the external mode. The model is initialized by
the January temperature and salinity fields of Levitus {1982)
and is spun up by climatological forcing for one year. For
the study of interannual variations, the model is forced by
the NCAR/NCEP daily wind and sea surface temperatures
(SST) fields (Kalnay et al., 1996). Further description of the
model can be found in Shaw and Chao (1994).

3. Methods of Data assimilation

Assimilation of the altimeter data into 2 numerical
model consists of three steps. First the SSH on the modet
grid is calculated from satellite SSH. Second, the
subsurface oceanic states are inferred from the SSH.
Finally, the analyzed surface and subsurface data are
inserted into the model.

a. Interpolation of Surface Data

The successive correction method of Barnes (Daley,
1991) provides a simple approach to calculate the analyzed

data on grid points. The first guess at each grid point is

successively corrected using a fixed exponential weighting
function. More sophisticated schemes include optimal
interpolation (OI), extended Kalman filtering (EKF), and a
physical-space statistical analysis system (PSAS). Among
them, OI and PSAS are most promising for assimilating
surface observations in the South China Sea.

. Here we review the OI and PSAS schemes, following
the notations and terminology used by Cohen et al. (1998).
Let w' répresent a column vector of the true state of the
oceanic variable w on the model grid. The forecast first
guess W’ on the grid differs from the true value by a forecast
error, ¢,
w/ =w'+¢/ 1)
The observation w* is related to w* via a linear interpolation
of w' to the observation points;
w’=Hw' +¢° 2)
where H is the interpolation operator, and €° is the observa-
tion error. Under the assumption of no correlation between
the forecast error and the observation error, the optimal
values of the analyzed ficld w* can be derived from the
minimum variance estimation:

w'=w’ +K(w’ —Hw’) 3)

where K is the Kalman gain matrix. Let P/ represent the

forecast error covariance matrix, and R the observation error
covariance matrix. We have

T
N

where the over-bar indicates averaging. In the OI scheme,
K is calculated from

K =P'H (HP'HT +R)’

In the PSAS algorithm, a vector q is obtained first by
solving the linear system

(HP'H” +R)q = w° — Hw'
and w* is calculated from

w’=w’ +P'H'q

The error covariance matrices P and R play major roles in
the data assimilation schemes. They determine the "blend-
ing" of model and observational data. Despite the tremen-
dous amount of research done on estimation of P/ and R in
recent years, the problem of covariance matrix estimation
retnains open.

b. Vertical Projection

It is well known that using sea level heights only in the
assimilation often fails in multi-layer models (e.g., Haines,
1991). Therefore, it is important to use a vertical projection
scheme to propagate surface information to lower layers
(Hurlburt et al., 1990). This procedure is perhaps one of the
most difficult problems inherent in altimeter data assimila-
tion. Two approaches are available. The statistical infer-
ence method uses some statistical relationships to derive
changes in subsurface properties from surface variations.
For example, Ezer and Mellor (1994) use pre-determined
correlation functions calculated from SSH and the observed
subsurface temperature and salinity fields. This approach is
feasible only in regions where a large amount of data is
available, such as in the Gulf Stream. In the South China
Sea, few subsurface observations are available for calculat-
ing the correlation coefficients.

Another method to infer changes in the subsurface
density field from SSH is to calculate the weighting function
based on dynamical arguments. Cooper and Haines (1996)
assume adiabatic vertical displacement in the water column
when the surface height is modified. Thus, all isopycnal
surfaces have the same vertical displacements Ak. Under
this circumstance, water properties and potential vorticity
are not modified except at the surface and bottom, Continu-
ity in the water column is maintained by removing or adding
water at the surface and bottom. For Ah > 0, light water of
thickness Ak is removed from the surface, and the same



amount of dense water is added to the bottom. While for A#
<0, light water is added to the surface, and dense water is
removed from the bottom. The amount of vertical displace-
ment Ak is related to the change in SSH by assuming that
pressure at the bottom is not changed by the adjustment. Let
the surface pressure change associated with difference in
altimeter SSH (77) and model SSH (#) be Ap,= pg(f-1),
where p, 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 Ap, =g Ak (p, ~ p,),
where p, is the water density at the botiom. Requiring Ap,
= -Ap, we have

an=—Lsgon/)
ps_pb

The associated changes in temperature and salinity are

oT as
AT =—Ah and AS=—AhR,

oz oz

The wvertical derivatives in the above equations can be
calculated using cubic splines. A convective adjustment is
used to remove unstable stratifications.

c. Forecast Step

In this step, AT and AS are incorporated in the temper-
ature and salinity equations using a Newtonian relaxation
scheme {Anthes, 1974). In addition, the velocity field is
relaxed to the geostrophic velocity associated with the
density field. The latter procedure avoids dynamical
imbalance in the velocity field and is applied in deep waters
only. There are several reasons for this. First, the assump-
tion of no pressure change at the bottom may not hold in
shallow waters. Second, the altimeter data in shallower
waters are less reliable. Finally, vertical projection in
shallow waters may lead to outcropping of isopycnals.

4. The Assimilation Study of Wu et al. (1999)

Assimilation of the altimeter data into the model of
Shaw and Chao (1994) has been carried out by Wu et al.
(1999). In this study, the altimeter SSH is interpolated onto
the model grid (0.4°) with a sampling interval of 10 days,
using Barnes successive correction method. The surface
height change at each grid point is then projected to the
subsurface changes in temperature and salinity, using the

dynamical projection method of Cooper and Haines (1996).

Data assimilation is performed over a four-year period from
January 1, 1993 to December 31, 1996. The model is forced
by the NCAR/NCEP daily wind and sea surface tempera-
tures (SST) fields.

The seasonal patterns obtained from simulations with
and without assimilation of the altimeter data are shown in

Figure 1. The highs and lows off Luzon and central Viet-
nam in summer in the altimeter data (Figure 1a) are not well
resolved in Figure 1¢ but are reproduced in Figure le. The
two local minima in winter (Figure 1b) are also shown in
Figure 1fbut not in figure 1d. Therefore, data assimilation
could resolve mesoscale features in the South China Sea, but
the range of sea level variation is smaller than that in the
altimeter SSH even with data assimilation. It is likely that
poor resolution in wind fields in the South China Sea
reduces both the wind intensity and spatial variability (Wu
et al., 1998). Overall, model simulation with data assimila-
tion has improved the SSH field considerably compared to
the control experiment without data assimilation.

Quantitatively, the improvement in model simulation
is measured by the root mean square (RMS) error € between
the model simulated SSH (#/) and the observed T/P altime-
ter SSH (7):
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where & is the number of grid points in water deeper than
1000 m. Figure 2 shows a profound annual cycle in € in the
control experiment (marked by “W”). Peak RMS errors
appear in January-February and in July-August. The error is
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Figure 2. The RMS ervor in 1993 between the T/P S8H and
model-produced SSH using (1) Wyrtki's lransport estimates
without data assimilation (thin solid line W), (b) radiation
boundary conditions without data nssimilation {thick solid line
R), and (¢) Wyrtki's estimates with data assimilation (dash line
A),

smaller in transition months (March-April and October-
November). It seems that large RMS errors oceur in months
when the wind-driven currents are strong. However,
currents are stronger in winter than in summer, but the RMS
error is larger in summer than in winter. Factors other than
winds may also contribute to the RMS error. Figure 2
shows that the RMS error is reduce by a factor of 2 to 3 in
the experiment with data assimilation (matked by “A”).
Since the observed SSH field is incorporated through
temperature and salinity variations, smaller RMS values also



demonstrate that the dynamical approach of projecting sea
level information onto the vertical density structure is
successful.

As mentioned earlier, depth-integrated transports at the
open boundaries are fixed to Wyrtki's (1961) bimonthly
cstimates. Specification of the boundary transport is a
potential source of the RMS error. To test this idea, an
experiment without data assimilation has been conducted
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 2 (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. Data assimilation with OI and PSAS

We demonstrate the use of the OI and PSAS schemes
in the assimilation of high-frequency (HF) radar-derived
surface velocity fields in the Monterey Bay area in Califor-
nia. The model is a fine-resolution, sigma coordinate
version of Blumberg and Mellor (1987} hydrodynamic
model. In the experiment, covariance matrices P'and R are
derived from estimates of horizontal covariance of the
observed surface current data. It is found that the
covariance functions are approximately Gaussian distrib-
uted. The use of a vertical projection method is not neces-
sary, because subsurface velocity is less correlated with the
surface currents.

Around the Monterey Bay area during the upwelling
season, flow in the upper 70 meters of the water column is
predominantly alongshore and southward with occasional
directional fluctuations following the wind fields (Rosenfeld
et al,, 1994). Figure 3a shows the radar-derived surface
current on August 15, 1995. A northward current appears
inside the Monterey Bay, turns westward at 36.85°N, and
forms a cyclonic eddy centered at 36.75°N, 122.2°W. This
cyclonic eddy is not reproduced by the model without data
assimilation (Figure 3b) probably because of coarse resolu-
tion of the wind forcing. The current fields are dominated
by a southeastward velocity component except for an
eastward current near the coast. When the surface velocity
is assimilated into the model over a one-month period using
the PSAS scheme, a cyclonic eddy centered at 36.75°N,
122.25°W is evident after 22 days of simulation (Figure 3c).
The result is similar in the simulation using OI (figure not
shown). Thus, the cyclonic eddy feature could be repro-
duced by assimilating observed surface currents.

6. Summary and Conclusions

Data assimilation produces model states that are
representative of the observations and yet are constrained by

physics in the numerical model. The mesoscale variability
in sea level, velocity, and temperature fields are better
resolved. Without data assimilation, the large RMS error
between the simulated SSH and T/P SSH in the South China
Sea indicates inadequate spatial resolution in the
NCEP/NCAR winds and uncertainties in Wyrtki’s transport
estimates, With data assimilation, a reduced RMS error
demonstrates that uncertainties associated with the forcing
field and boundary conditions could be remedied to certain
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Figure 3. Sea surface currents in the Montery Bay area
in California. (a) From radar observation. (b) model
simulation without data assimilation, and (c) simutation

with radar data assimilated. The velocity scale is 25
ChYs.




extent. The assimilation experiment using high-frequency
radar-derived surface velocity fields in the Monterey Bay
area in California shows significantly improvement in the
model predictions of surface circulation. Thus, the O and
PSAS schemes have the potential of providing a better
description of the velocity field in the South China Sea and
better estimates of the transport through the Luzon Strait.
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