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ABSTRACT

In the primitive equation model for the tropical Pacific at the National Centers for Environmental Prediction,
subsurface temperature observations are assimilated. The addition of TOPEX/Poseidon sea level observations
to the NCEP assimilation scheme has resulted in large differences in sea level during 1996. These differences
are suggested to be related to salinity variability.

A bivariate assimilation scheme is presented that corrects both temperature and salinity. The method is tested
with synthetic data in an identical triplets experiment, in which a westerly wind burst is simulated. In this
experiment, the correction of salinity improves the density simulation and attenuates errors in salinity. A four-
year assimilation experiment with real data is performed to test the system’s performance for 1993–96. In this
experiment, the assimilation of TOPEX/Poseidon observations improves dynamic height simulation without
degrading the temperature field. This application of altimetry improves the mean salinity in the western equatorial
Pacific and leads to a more pronounced salinity variability in the ocean model.

1. Introduction

Assimilation of temperature observations in models
of the tropical Pacific Ocean has led to improved sim-
ulation and forecasting of El Niño and the Southern
Oscillation (ENSO) (e.g., Chen et al. 1995; Ji et al.
1998; Kleeman et al. 1995; Stockdale et al. 1998). Sub-
surface temperature observations are readily available
through the Tropical Ocean and Global Atmosphere–
Tropical Ocean–Atmosphere (TOGA–TAO) program
and Voluntary Observing Ships (VOS), and provide a
good coverage of the equatorial Pacific (for an overview
of the TOGA–TAO program see McPhaden et al. 1998).
In addition to temperature observations, sea level ob-
servations from the TOPEX/Poseidon (T/P) altimeter
are used to correct the temperature field in the tropical
Pacific. This application of altimetric sea level improves
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de Climatologie/Université Pierre et Marie Curie, Paris, France.

Corresponding author address: Dr. Femke C. Vossepoel, Labor-
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analyses of the tropical Pacific (Carton et al. 1996), and
has the potential to improve ENSO forecasting (Fischer
et al. 1997; Ji et al. 2000).

In a case study of the impact of sea level assimilation
on ENSO forecasting at the National Centers for En-
vironmental Prediction (NCEP), Ji et al. (2000) com-
pared two assimilation runs. Both runs use in situ tem-
perature data, but one also uses altimetric sea-level data
while the other does not. In both assimilation runs, the
observations were used to correct only the model tem-
perature field. In the western equatorial Pacific, the com-
parison reveals an 8-cm difference in sea level for 1996
(Ji et al. 2000). This discrepancy appears to be related
to the relatively fresh conditions in the western Pacific.
In these experiments the introduction of T/P observa-
tions into the assimilation has improved the model sea
level, but has degraded the model temperature field. Ji
et al. conclude that this is the result of the assimilation
system applying the wrong correction to temperature to
compensate for an inaccurate representation of salinity
in the model. This conclusion is supported by the work
of Maes (1998) who showed that in 1996 the variability
of salinity in the western equatorial Pacific can account
for 5–10 cm of the variability in dynamic height. Both
Ji et al. (2000) and Maes (1998) use conductivity–tem-
perature–depth (CTD) observations to demonstrate the
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impact of salinity variability on sea level. The assimi-
lation of T/P sea level observations places an integral
constraint on the density, but not on the vertical structure
of density. For example, the vertical density structure
will be distorted if the temperature of the thermocline
is altered to compensate for salinity variability in the
surface layers. The result of the distortion will be errors
in the zonal pressure gradient and the horizontal velocity
field. To avoid such problems Ji et al. suggest the use
of a bivariate scheme, that assimilates temperature and
sea-level data and corrects both temperature and salinity.
Others have also pointed out the importance of salinity
correction in ocean data assimilation (Cooper 1988;
Woodgate 1997).

With the limited availability of salinity observations,
indirect salinity estimation methods are being developed
as an alternative approach to salinity estimation. While
the method of Vossepoel et al. (1999) formulates a sa-
linity correction on the basis of statistical assumptions,
Troccoli and Haines (1999) use a more physical ap-
proach. The latter method assumes temperature-salinity
(T–S) properties to be conserved, whereas the method
of Vossepoel et al. (1999) assumes that variability in
T–S correlations introduces salinity estimation errors. In
the Troccoli and Haines (1999) method, which is a der-
ivation of the Cooper and Haines (1996) assimilation
scheme, the correction of temperature and salinity is
equivalent to a vertical shift of the water column. The
advantage of this approach is that it does not initiate
convection in the model, which could generate new wa-
ter masses. While Vossepoel et al. (1999) base the T–S
correlation on climatology, Troccoli and Haines (1999)
use CTD observations for this purpose. Assuming that
T–S properties are conserved, their method can only
account for T–S variability when experimental evidence
is available (Troccoli and Haines 1999).

The Cooper and Haines (1996) assimilation method
also forms the starting point for a salinity estimation
technique developed by Maes (1999) who reconstructs
temperature and salinity profiles with combined vertical
modes of temperature and salinity. Using the same ver-
tical modes, but a different estimation technique, Maes
et al. (2000) performed a retrospective analysis of the
salinity in the western tropical Pacific. Both Maes
(1999) and Maes et al. (2000) base the salinity esti-
mations on temperature observations only. Recently, the
Maes et al. method has been adapted to include sea level
height (Maes and Behringer, 2000). All indirect methods
mentioned mentioned focus on the western equatorial
Pacific as a test area because salinity variability in this
region is large and relatively well observed. The western
equatorial Pacific will also be the test area of the present
paper, where the method of Vossepoel et al. (1999) will
be tested as part of an assimilation scheme, both in a
synthetic and a real case.

Salinity variability in the western equatorial Pacific
is dominated by zonal displacements of the so called
‘‘fresh pool’’ (Delcroix and Pincaut 1998; Vialard and

Delecluse 1998a,b). This thin layer of relatively fresh
water (below 35.0 psu) in the western equatorial Pacific
seems to respond to wind changes by sliding on top of
denser, saltier water below (Lukas 1988; Hénin et al.
1998). Zonal displacements of the fresh pool at ENSO
timescales are related to zonal advection, which results
from the combined effect of equatorial jets and Kelvin
and Rossby waves (Delcroix and Picaut 1998). These
waves can be excited by westerly wind bursts (WWBs),
which are strong anomalies of the normally easterly
winds lasting typically one week (e.g., Weller and An-
derson 1996; Harrison and Vecchi 1997). An early study
of the regional response of the western Pacific to a
WWB has been documented by McPhaden et al. (1992).
Other detailed investigations of the upper ocean struc-
ture in response to WWBs have been done in the frame-
work of the TOGA Coupled Ocean–Atmosphere Re-
sponse Experiment (COARE) program (e.g., Wijesekera
and Gregg 1996; Weller and Anderson 1996; Feng et
al. 1998; Huyer et al. 1997). For a description of the
COARE program, see Webster and Lukas (1992).

In the present paper, we simulate the oceanic response
to a simplified WWB. This experiment is used to sim-
ulate salinity variability in the western Pacific fresh
pool, making it possible to test the indirect salinity es-
timation method in an assimilation scheme. From the
simulation run with WWB forcing, pseudo-observations
of sea surface height and temperature are sampled and
assimilated in two other runs with no WWB forcing.
Monitoring the reconstruction of salinity variability in
these two assimilation runs, we can evaluate the per-
formance of the assimilation scheme. To test this per-
formance in a more realistic case, we carry out two
assimilation runs for the period 1993–96. The overview
of this paper is as follows: the ocean model and assim-
ilation system are presented in section 2, and the syn-
thetic assimilation experiments are presented in section
3. The real experiments are described in section 4, fol-
lowed by a summary and discussion in section 5.

2. The ocean analysis system

NCEP’s ocean analysis system consists of two parts:
an ocean general circulation model plus a three-dimen-
sional variational assimilation system. The ocean model
is derived from the Modular Ocean Model (version 1),
developed at the Geophysical Fluid Dynamics Labo-
ratory (Bryan 1969; Cox 1984; Philander et al. 1987)
and adapted at NCEP for use in operational ENSO fore-
casting. The model is configured for the Pacific Ocean,
from 1208E to 708W, with a 1.58 zonal resolution. Lat-
itudinal resolution in the region between 108S and 108N
is ⅓8, gradually increasing to 18 poleward of 208 lati-
tude. The model has 28 levels, 18 of them concentrated
in the top 400 meters. The equation of state computes
the density by fitting a third-order polynomial to the
equation of state as formulated by UNESCO (see, e.g.,
Gill 1982). For a more detailed description of the model,
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see Ji et al. (1995). In the present study, an extra source
term has been added to the prognostic salinity equation
to relax the model salinity to estimates based on cli-
matological T–S correlations from Levitus and Boyer
(1994) and Levitus et al. (1994). The timescale for the
T–S relaxation is 50 days. At the surface, the relaxation
of salinity is combined with a salt flux forcing that con-
sists of an evaporation minus precipitation estimate (for
further specification of these fields, see the description
of the experiments in sections 3a and 4a).

The assimilation system is derived from the scheme
by Derber and Rosati (1989) and adapted for use in the
NCEP ocean analysis system (Behringer et al. 1998).
The variational scheme uses a conjugent gradient meth-
od to minimize the following cost function (Behringer
et al. 1998):

1 1
T 21 T 21I 5 T E T 1 [D(T) 2 T ] F [D(T) 2 T ], (1)t o o2 2

where the vector T represents the correction to the first-
guess model temperature field, and Et is the first-guess
error covariance matrix. The vector To denotes the dif-
ference between the temperature observations and the
model first guess, D is an interpolation operator from
the model grid to the observation locations, and F is the
observation error covariance matrix for temperature.
The matrices Et and F determine the distribution and
amplitude of the temperature correction, and normalize
each term in (1). The definition of the matrix Et is an
extension of the original formulation of Derber and Ro-
sati (1989) so that the covariance between two points
is given by

2 2x y
21a(z) exp 2 1 cos f , (2)

2 21 2[ ]b bx y

where f is the latitude. The parameters bx and by are
set so that the corrections will have a larger scale in the
zonal direction than in the meridional direction. The
function a(z) is proportional to the square root of the
local vertical temperature gradient. The observational
errors are assumed to be uncorrelated so that the matrix
F is diagonal. Further details on the specification of these
matrices can be found in Behringer et al. (1998).

To include a salinity correction in the assimilation
scheme, the ocean analysis system described above is
adjusted in two places. In the model, salinity is relaxed
to climatological temperature–salinity correlations as
described above (Levitus and Boyer 1994; Levitus et
al. 1994). In the assimilation, errors of the first-guess
estimate are corrected by minimizing a new cost func-
tion.

As a first step, the T–S relaxation links subsurface
salinity variability to variability in temperature at all
depths below the surface. Although the T–S relaxation
gives reasonably accurate salinity estimates, errors will
still exist. These estimation errors will be reflected in
the dynamic height difference between model and ob-

servations. This difference may also be affected by er-
rors in the temperature field, although temperature is
well sampled in the equatorial Pacific. As a conse-
quence, we can use this difference to correct both the
temperature and the salinity field by minimization of a
new cost function. This cost function is formulated as
follows:

1 1
T 21 T 21I 5 x E x 1 [D(Lx) 2 dZ ] G [D(Lx) 2 dZ ]o o2 2

1
T 211 [D(x) 2 x ] F [D(x) 2 x ],o o2

(3)

where the vector x is the correction to the first-guess
model temperature and salinity field, E is the first-guess
error covariance matrix for temperature and salinity, and
the vector dZo denotes the difference between the dy-
namic height deviations and the model first-guess dy-
namic height deviations. Dynamic height is determined
to a reference depth of 500 meters. Further, D is an
interpolation operator from the model grid to the ob-
servation locations, L is a linear operator which trans-
lates a vertical temperature and salinity correction into
a dynamic height contribution, and G is the observation
error covariance matrix for dynamic height. The matri-
ces E, F, and G normalize each term in the cost function.

The cost function (3) looks very similar to (1), but
includes an additional (observational) term ( [D(Lx) 21

2

dZo]TG21[D(Lx) 2 dZo]), that relates temperature and
salinity corrections to dynamic height variations. The
vector xo holds all available temperature and salinity
observations. As salinity observations are not currently
available on a near-real time basis, we will not take into
account any salinity observations in this paper. As a
consequence, the salinity correction is purely based on
the altimeter observations.

The vertical error covariance matrix for the model
temperature and salinity, E, is based on the matrix Et

in (1) plus an additional error covariance for salinity,
Es. In the error covariance matrix, salinity corrections
are assumed to be uncorrelated to temperature correc-
tions. Here Es has a horizontal covariance structure iden-
tical to the temperature covariance as described in Eq.
(2). Assuming that the first-guess salinity corresponds
to a T–S estimate, the vertical covariance at each grid
location is scaled by a vertical salinity error variance
function that is derived from a statistical analysis of
salinity estimation errors (Vossepoel et al. 1999). In this
study, a 17-yr dataset of conductivity–temperature–
depth observations was used to formulate vertical sa-
linity correction profiles. The salinity estimation errors
for the CTD profiles have been averaged in bins of 108
in longitude, and 28 latitude, and the resulting field has
been decomposed in empirical orthogonal functions
(EOFs). An example of the resulting EOF is given in
Fig. 1. The first EOF in each bin explains between 60%
and 80% of the variance of salinity estimation errors
and has been used as a model for the vertical error
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FIG. 1. The EOF decomposition for salinity estimation errors at
28S, 1658E. The solid line denotes the first EOF, the dashed line the
second EOF, and the gray line the third EOF. The percentage explained
by the first four EOFs is given in the legend.

FIG. 2. Examples of the vertical error covariance function as a function of depth used for the salinity correction. Note that the horizontal
axis is not the same for every figure panel.

variance, after interpolation to model grid locations. The
profiles are characterized by a maximum amplitude in
the mixed layer as is illustrated in Fig. 2. The shape
and amplitude of the profiles vary with geographical
location and reflect the dominant physical processes. For
example, the maximum at thermocline depth that is ev-
ident in particular profiles reflect variability in the T–S
relation that occurs as a result of advection of the sub-
surface salinity maximum (e.g., Donguy et al. 1986),
while a large amplitude at the surface may reflect T–S
variability related to precipitation. Since there were not
enough profiles available outside of 108 latitude, the
salinity assimilation is restricted to the equatorial band
(108S–108N). For details on these correction profiles,
see (Vossepoel et al. 1999).

The observational errors of the altimeter are assumed
to be uncorrelated, hence G is a diagonal matrix. The
matrices F and G are modified to weigh data within a
specified time window. In this paper, the time window
is two weeks for all data. Data further away in time will
have lower weights. The manner in which the matrices
are adapted for this temporal weighting is described in
Derber and Rosati (1989).

3. Synthetic experiment

a. Description of the experiment

The assimilation system is tested with a synthetic
experiment in the western equatorial Pacific. The ob-
jective of the experiment is to evaluate the salinity cor-
rection in the bivariate scheme as compared to the uni-
variate scheme in a situation where the truth is known.
Therefore, a model truth run was designed to produce
a strong variability in salinity. The output of the truth
run was sampled and these data were assimilated in two
other runs, one univariate and one bivariate. These three
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FIG. 3. Scheme for the triplets experiment: DH denotes dynamic
height and t denotes wind stress.

TABLE 1. Overview of the synthetic assimulation runs: T denotes
temperature; DH, dynamic height data.

Run Forcing Assimilation

SCR
SAR
ST
STD

Clim. winds
Anom. winds
Clim. winds
Clim. winds

None
None
T
T and DH

FIG. 4. Zonal wind stress anomaly imposed in truth run (SAR).

runs together form a triplets experiment. By comparing
the model state of both assimilation runs with the truth
run, it is possible to investigate the performance of the
assimilations with regard to salinity estimation. In ad-
dition to the triplet runs a reference run, forced with
climatological fields was also made. A schematic of the
synthetic experiment is given in Fig. 3 and an overview
of the model runs is provided in Table 1.

The set of initial conditions for all of the runs was
obtained by spinning up the ocean with climatological
forcing for five years. The forcing fields consist of cli-
matological wind stress from Hellerman and Rosenstein
(1983), climatological heat fluxes and shortwave radi-
ation from Oberhuber (1988) and a climatological salt
flux. The salt flux is composed of a climatological av-
erage of the 1979–95 composite precipitation data,
known as the Climate Prediction Center Merged Anal-
ysis of Precipitation of Xie and Arkin (1997), combined
with an average for the same period of the evaporation
fields from the atmospheric reanalysis of NCEP (Kalnay
et al. 1996). The reference run, or ‘‘Synthetic Control
Run’’ (SCR), is an extension of the spinup using the
same forcing fields.

The truth run, or ‘‘Synthetic wind stress Anomaly
Run’’ (SAR), is similar to SCR, differing only in the
wind stress forcing. The anomalous wind stress in SAR
results from an idealized westerly wind burst derived
from a description by Harrison and Vecchi (1997, here-
after HV). The description is based on a data analysis
and is given by the equation

2x 2 X 1 c t0 xU(x, y, t ) 5 U exp 2n 0 1 2[ ]Lx

2y 2 Y 1 c t t0 y n3 exp 2 exp 2 ,1 2 1 2[ ] [ ]L Ty

(4)

where U is the model zonal wind anomaly field, U0 is
the maximum anomaly at the point (X0, Y0), (cx, cy) is

the translational velocity, (Lx, Ly) are the spatial e-fold-
ing scales, T is the temporal e-folding scale, and x, y,
and tn are the zonal location, meridional location and
day, respectively. Following model ‘‘C’’ (Table 3 of
HV), X0 was set to 1708E, Y0 to 08, cx and cy to 0.0.
The spatial scale Lx is 1.8 3 106 m, and Ly is 0.6 3
106 m. As an average value for U0, HV give 6.4 m s21,
while the time scale T in HV is set to 3 days.

To simulate a strong WWB event, we chose a U0

value of 10 m s21, and a timescale T of 10 days. To
compute wind stress from this value for U0 we used an
empirical relationship given by t 5 CDr (e.g., Gill2U 0

1982), where t is the wind stress, r is the density of
air, and CD the drag coefficient. Choosing a value for
CD of 1.44 3 1023 and a value for r of 1.25 kg m23,
we found a corresponding wind stress of 0.18 N m22.
The amplitude and timescale of our WWB model are
not uncommon (Keen 1987; Harrison and Vecchi 1997;
Hartten 1996). For example, in early January 1993 a
wind burst was observed with a maximum point anom-
aly of 14.8 m s21, and duration of 11.5 days (HV). The
zonal wind stress anomaly applied in SAR is given in
Fig. 4.

The model output of SAR is sampled and used as
pseudo-observations in the assimilation runs. The tem-
perature and dynamic height pseudo-observations are
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FIG. 5. Dynamic height response to the westerly wind burst for SAR (in cm).

determined from weekly averaged SAR model fields in
the region between 108S and 108N. Surface observations
of temperature (SST) and dynamic height (DH) are sam-
pled at one degree intervals. The temperature profiles
are sampled at intervals of two degrees in meridional
and nine degrees in zonal directions. To avoid singu-
larities in the observational error covariance matrices,
a 0.18C error is assumed for temperature observations
and a 0.5-cm error for dynamic height observations.
This corresponds to roughly 5% of the total variability
of temperature and dynamic height respectively.

The two assimilation runs which complete the set of
triplets were forced with the same climatological fields
as the reference run, SCR. In the Synthetic Temperature
assimilation run (ST) only temperature observations
were assimilated and the cost function (1) was used. In
the Synthetic Temperature and Dynamic height assim-
ilation run (STD) both temperature and dynamic height
observations were assimilated and the cost function (3)
was used.

b. Results
The ability of the assimilation runs, ST and STD, to

reproduce the ocean state in the truth run, SAR, is eval-

uated by comparing the anomalies of dynamic height,
density, temperature, and salinity. SAR being a run with
different forcing conditions than ST and STD, a perfect
assimilation with errorless observations may not be able
to exactly reconstruct the ocean state of SAR. We think
that testing the ability of the assimilation scheme to
reproduce the ocean response of SAR gives an impres-
sion of how the scheme may perform in a real case,
where a large part of the errors in the simulation may
be due to errors in wind stress forcing. Given that the
assimilation scheme may not be able to reproduce the
response to the different wind stress field, we can still
interpret the difference between STD (or ST) and SAR
as a measure of success of the assimilation. In this sec-
tion, we will compare the anomalies in the truth run
(SAR minus the reference SCR) with the anomalies in
the assimilation runs (ST minus SCR and STD minus
SCR).

In the dynamic height anomalies of SAR, the Kelvin
wave response to the WWB is a positive dynamic height
anomaly east of the date line, as is shown in Fig. 5. The
anomaly grows in amplitude to a maximum of 8.7 dyn
cm in week 5 and travels eastward at a speed of roughly
3 m s21 until it fades away in week 12 as a result of
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FIG. 6. Difference between the truth run and control run: (a) dynamic height, (b) density, (c) salinity, and (d) temperature along equator.
A temperature difference of 18C corresponds to a density difference of approximately 0.20 g m23. A salinity difference of 1 psu corresponds
to a density difference of approximately 0.77 g m23.

FIG. 7. Difference between ST and control run: (a) dynamic height, (b) density, (c) salinity, and (d) temperature along equator. A temperature
difference of 18C corresponds to a density difference of approximately 0.20 g m23. A salinity difference of 1 psu corresponds to a density
difference of approximately 0.77 g m23.

the diffusion and equatorial divergence in the model
(not shown).

The assimilation runs are evaluated for the ocean state
of week 5 when the dynamic height anomaly is at its
maximum. Figure 6 shows the anomalies in the truth
run, SAR minus SCR. The anomaly in dynamic height
(Fig. 6a) is reflected in a negative density anomaly (Fig.
6b), which is due to anomalous temperature and salinity
(Figs. 6c,d). In the temperature response to the WWB,

a downwelling Kelvin wave is evident. In the salinity
response, a zonal displacement of the surface salinity
front is apparent, as well as a corresponding fresh anom-
aly below the surface west of the front. This front de-
notes the border of the western Pacific fresh pool, and
the effect of the WWB appears to be a zonal displace-
ment of this pool.

When temperature observations from SAR are assim-
ilated in ST (Fig. 7), the resulting dynamic height anom-
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FIG. 8. Errors, or difference between ST and truth run: (a) dynamic height, (b) density, (c) salinity, and (d) temperature along equator. A
temperature difference of 18C corresponds to a density difference of approximately 0.20 g m23. A salinity difference of 1 psu corresponds
to a density difference of approximately 0.77 g m23.

FIG. 9. Difference between STD and control run: (a) dynamic height, (b) density, (c) salinity, and (d) temperature along equator. A
temperature difference of 18C corresponds to a density difference of approximately 0.20 g m23. A salinity difference of 1 psu corresponds
to a density difference of approximately 0.77 g m23.

aly has features similar to those in the SAR anomaly.
The suppression of the thermocline is clearly visible
(Fig. 7d) and causes a considerable surface deformation
(Fig. 7a), although the amplitude is less than in SAR
(cf. Fig. 6a). The salinity anomaly, however, is not re-
produced in ST. The temperature correction in ST will
have a slight effect on salinity because of the T–S re-
laxation, but this is by no means enough to reconstruct

the salinity anomaly at the surface. The errors in tem-
perature (Fig. 8d) partly explain the errors in dynamic
height in Fig. 8a. Considering the density and salinity
errors in Figs. 8b and 8c, however, it is clear that part
of the dynamic height error is related to discrepancies
in the salinity field. The assimilation scheme clearly fails
to reproduce the salinity variations in the truth run.

The reconstruction of the ocean state is improved in
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FIG. 10. Errors, or difference between STD and truth run: (a) dynamic height, (b) density, (c) salinity, and (d) temperature along equator.
A temperature difference of 18C corresponds to a density difference of approximately 0.20 g m23. A salinity difference of 1 psu corresponds
to a density difference of approximately 0.77 g m23.

FIG. 11. Scheme for the real experiment: TP denotes TOPEX/Po-
seidon sea level observations.

STD when dynamic height observations as well as tem-
perature observations are included in the assimilation
(Fig. 9). The use of dynamic height improves recon-
struction of dynamic height anomalies, and the fresh-
ening of the upper ocean layers is clearly visible in both
the salinity and the density plots (Figs. 9b,c). The tem-
perature reconstruction is similar to ST, and the tem-
perature anomaly is not greatly altered by the assimi-
lation of dynamic height. Despite the salinity correction,
salinity errors are still present in STD but are less than
in ST, as can be concluded from Fig. 10. The errors in
dynamic height have been reduced from a maximum of

7 cm in ST to a maximum of 5 cm in STD. The reduction
in dynamic height errors is associated with a reduction
in density errors of 0.2 g m23. The salinity errors at the
surface remain below 0.25 psu in run STD, while the
salinity errors in ST have a maximum of 0.45 psu. The
temperature errors for the two runs are of the same order
of magnitude.

4. Real data experiment

a. Description of the experiment

To test the performance of the salinity correction in
a realistic case, three assimilation runs were performed
for the period 1993–96. The ‘‘Real Control Run’’ (RCR)
starts from the same initial conditions as SCR, but is
then forced with observed wind stress forcing (Golden-
berg and O’Brien 1981), observed precipitation (Xie and
Arkin 1997), evaporation from the reanalysis of Kalnay
et al. (1996), climatological heat-fluxes (Oberhuber
1988), and relaxation to observed SST (Reynolds and
Smith 1994). The ‘‘Real Temperature’’ assimilation run
(RT) is forced with the same forcing fields as RCR
except that, instead of relaxing the model to SST, the
observed SST is used in the assimilation. In addition to
SST, the subsurface observations of the TOGA–TAO
array and the XBT observations of VOS are included
in the assimilation. Only temperature is corrected in RT.

The ‘‘Real Temperature and Dynamic Height’’ assim-
ilation run (RTD) is forced in the same way as RT, but
T/P observations of sea surface height are assimilated
as well as temperature observations and both temper-
ature and salinity fields are corrected. In cost function
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TABLE 2. Overview of the real assimilation runs: T denotes tempera-
ture; T/P, TOPEX/Poseidon sea level height observations.

Run Forcing Assimilation

RCR
RT
RTD

Real winds
Real winds
Real winds

None
T
T and T/P

(3), the T/P deviations from the mean are compared to
model dynamic height deviations from the mean. These
are determined from dynamic height estimates referred
to a reference level of 500 m. In the Tropics variations
in dynamic height referenced to 500 m agree very well
with sea level variations observed by T/P (Katz et al.
1995). T/P deviations from the mean were determined
relative to a 1993–95 mean. The scheme for the real
experiment is given in Fig. 11, and an overview of the
real model runs is provided in Table 2.

b. Results

The model results from RT and RTD for the period
1993–96 are compared with independent observations
from the tide gauge network (Wyrtki 1979) and CTDs
compiled by (Ando and McPhaden 1997).

The tide gauge network makes it possible to evaluate
the effect of sea level assimilation in RTD. Figure 12
shows a model–data comparison of the deviations from
mean sea level at four stations in the equatorial Pacific.
Because salinity effects are largest in the western equa-
torial Pacific, we chose three stations in that region. For
reference, a fourth stations is chosen in the central Pa-
cific. The stations are the same four that were used for
model–data comparison by Ji et al. (2000): Kapinga-
marangi (1.18N, 1558E), Nauru (0.58S, 1678E), Tarawa
(1.48N, 1738E), and Kanton (2.88S, 1728W). The results
show that for the 1993–95 period, both RTD and RT
agree with the observations within 3 to 5 cm. For 1996,
the agreement for Kanton is still good, while the fit for
the three western stations is significantly worse. This is
in agreement with the results of the comparison of tide
gauges and assimilation runs in Ji et al. (2000).

Though differences between sea level for RTD and
RT are small during 1993–95, there is a noticeable dif-
ference in 1996 at the three western stations (Fig. 12).
In this period, RTD sea level gives a closer fit to ob-
servations. This does not come as a surprise because
T/P and tide gauge observations measure the same var-
iable. At Kapingamarangi, RTD and the tide gauge de-
viations do not fit as well for 1996 as during 1993–95,
and the salinity correction does not remove the complete
1996 sea level discrepancy. This may be related to sa-
linity fluctuations at deeper depths, as will be discussed
later. In contrast to these results, the addition of T/P
data in the Ji et al. (2000) approach removes the dis-
crepancy effectively by using T/P observations to cor-
rect the temperature field. However, the temperature

analysis of Ji et al. was degraded by sea level assimi-
lation, while this is not the case in RTD.

The differences in sea level between RTD and RT for
these four stations are related to differences in model
salinity. This is illustrated with the temperature and sa-
linity evolution for Kapingamarangi and Nauru (Figs.
13 and 14). Temperature evolution for both model runs
is very similar. The salinity variability of RTD however,
is clearly more pronounced. We have attempted to test
the reality of this salinity variability by comparing it to
CTD data from Ando and McPhaden (1997), although
this comparison is hampered by the sparse sampling of
the CTDs.

We have used the observations of six cruises (Ando
and McPhaden 1997) around the tide gauges stations at
Nauru and Kapingamarangi providing a total of 30 CTD
profiles within a distance of five degrees of the tide
gauge stations. In Figs. 15 and 16 we show six model–
data comparisons, each representative for one of the
observing periods. For the profiles around 1558E, which
are close to Kapingamarangi, RTD clearly does better
than RT in the upper layers of the model salinity field
during March 1993 and April 1994. In both cases, RTD
surface salinity is closer to observations than RT. The
salinity variability between depth 200 and 250-m, how-
ever, is represented in neither of the two assimilation
runs. Because the first-guess vertical error covariance
has a maximum amplitude in the upper layers, the as-
similation is unable to correct errors at larger depths.

The same problem occurs around 1658E. Clear ex-
amples are shown for April 1995 and July 1996. In both
profiles, salinity differences between RTD and RT are
only visible in the upper ocean layers, while in the CTD
observations, salinity varies at deeper depths. A positive
salinity anomaly at 200 m in July 1996 caused the RTD
assimilation to overcorrect at the surface. A positive
salinity anomaly at 200 m in April 1995 was compen-
sated by a negative salinity anomaly near the surface.
The corresponding dynamic height anomaly would be
small, which may be the explanation for the undercor-
rection at the surface. In March 1993, the observed hal-
ocline lies much deeper than the modeled halocline. As
a consequence, there will be a positive dynamic height
difference between observed and modeled dynamic
height. This difference resulted in a freshening of the
surface salinity. The salinity correction is applied at the
wrong depth and causes an underestimation of the sur-
face salinity.

For April 1994 the corrected salinity profile in RTD
is slightly worse than the uncorrected profile in RT. This
may be related to the occurrence of salinity minima
around depths 150 and 250-m. The simple vertical error
covariance only includes the first mode of the salinity
estimation error. Including more vertical EOFs in the
vertical error covariance function may lead to a more
complete representation. For example, Maes (1999)
shows that at 1658E, six modes of his decomposition of
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FIG. 12. Comparison of model runs vs tide gauges (TG) for RT: assimilation of temperature only and RTD:
assimilation of temperature and T/P.

the total salinity signal are required to explain the sa-
linity variability.

The model–data comparison shows that the assimi-
lation scheme used in RTD performs well when the
salinity variability is confined to the surface layers.

However, the comparisons also highlight two problems
with the assimilation scheme. First, they show the need
to improve the specification of the first-guess error co-
variance matrix. In RTD the assimilation scheme does
a poor job correcting the salinity in the halocline when
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FIG. 13. Salinity and temperature deviations from mean at Kapin-
gamarangi. Salinity values under 20.1 psu are shaded light gray,
values over 0.1 dark gray. Temperature values under 218C are shaded
light gray, over 18C dark gray.

FIG. 14. Salinity and temperature deviations from mean at Nauru.
Salinity values under 20.1 PSU are shaded light gray, values over
0.1 dark gray. Temperature values under 218C are shaded light gray,
over 18C dark gray.

the halocline is below 100 m. The problem is that the
specified error covariance has confined the salinity cor-
rections too close to the surface. The apparent large
variability of salinity in the model suggests that im-
proving the error covariance specification will be a
daunting task. The second problem is more fundamental
and arises, for example, when salinity deviations in the
halocline have the opposite sign from deviations in the
mixed layer and their contributions to the dynamic
height effectively cancel. In such instances there is no

signal in the sea surface height that can be used to
correct the model salinity field with our method. An
alternative approach is suggested by Maes (1999). By
combining vertical modes of temperature and salinity,
his method is able to correct salinity through observa-
tions of temperature. Still, the problem of determining
the vertical salinity structure will be heavily underde-
termined. Therefore, we think the best solution to this
problem is in situ observations of salinity.
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FIG. 15. Salinity profiles near Kapingamarangi. Crosses denote salinity observations from cruises in Mar 1993 and
Apr 1994. The dashed line gives the monthly averaged salinity for RT; the gray line gives the monthly averaged salinity
for RTD.

5. Summary and discussion

a. Summary

A method has been developed to correct the salinity
field with sea level observations in locations where tem-
perature is well known. To project the dynamic height
information onto the salinity field, a vertical correction
function has been generated with a CTD analysis. This
correction function is used as a vertical error covariance
in the assimilation of dynamic height observation.

The assimilation scheme is tested with an identical
triplets experiment in which salinity variability has been
generated by the simulation of a westerly wind burst.
The dynamic height and temperature field of this ex-
periment are sampled and assimilated in two assimila-
tion runs. One of these assimilation runs uses temper-
ature observations only and corrects only the temper-
ature field (ST), while the other assimilates both tem-
perature and dynamic height observations and corrects
both the temperature and salinity fields (STD). Both
assimilation runs simulate the temperature response to
a westerly wind burst equally well. The addition of dy-
namic height observations in run STD results in a more
complete representation of the salinity in the upper lay-
ers of the model. This gives a better representation of
the density structure.

Similar results are found when the assimilation
scheme is applied in a more realistic case. For the period

1993–96, two assimilation runs were performed. As in
the synthetic runs, one run assimilates only temperature
observations and corrects only the temperature field
(RT), while the other assimilates both temperature and
dynamic height observations and corrects both the tem-
perature and salinity fields (RTD). Temperature analysis
in both runs is almost identical. Sea level analysis for
RTD is closer to independent tide gauge observations
than RT. The difference in sea level is related to a dif-
ference in salinity variability. Comparison of the salinity
field with independent CTD observations suggests that
salinity simulation in the upper layers is improved with
the addition of T/P observations. The salinity variability
at depths below 100 m, however, cannot be corrected
with the present error covariance structure.

b. Discussion

Improving the ocean’s density structure by assimi-
lation of sea level observations is not straightforward.
Unlike temperature or salinity observations, which can
be assimilated directly, the sea level information needs
to be projected into the subsurface. Various techniques
make use of a priori statistics to propagate the sea level
signal to model layers below. (e.g., Cooper and Haines
1996; De Mey and Robinson 1987; Rienecker and Ada-
mec 1995). Either by assimilating ‘‘synthetic profiles’’
or by formulating a vertical error covariance function,
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FIG. 16. Salinity profiles near Nauru for Jul 1996, Mar 1993, May 1995, and Apr 1994. Line types are similar as
in Fig. 15.
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sea level differences are related to corrections in the
subsurface density field of the ocean. In a number of
tropical applications of altimetric data assimilation, sea
level variations in the tropics are assumed to be dom-
inated by variations in heat content (Fischer et al. 1997;
Carton et al. 1996; Ji et al. 2000). To first order, this is
a reasonable assumption. However, the assimilation of
temperature alone may corrupt the model’s physics, if
the model salinity field is not updated simultaneously
(Cooper 1988; Woodgate 1997).

The density of the ocean is determined by both tem-
perature and salinity, so sea level observations reflect
changes in both fields. When salinity variations are ne-
glected, and sea level observations are used as a proxy
for heat content, temperature corrections based on sea
level observations may be different than those based on
(direct) temperature observations. If this is the case and
temperature is corrected based on sea level, this may
corrupt the temperature and, as a consequence, the den-
sity structure. For example, if density variations occur
in the upper ocean as a result of zonal displacements of
the fresh pool, corresponding variations in sea level
could get translated in a temperature correction at ther-
mocline depth and be interpreted as a vertical displace-
ment of the thermocline. The compensation of the two
components of density was also noted by Maes (1998),
and may result in a simulation where surface density
variations occur at the wrong depth. A more balanced
approach would be to correct both temperature and sa-
linity as we have done here.

Although in the present scheme the salinity is cor-
rected, no observations of salinity are used. Such ob-
servations could be readily incorporated into the assim-
ilation and might lead to better results. Recent efforts
have been made to reconstruct sea surface salinity with
the aid of precipitation fields and in situ observations
(Reynolds et al. 1998) and to observe sea surface sa-
linity by remote sensing techniques (Le Vine et al.
1998). In the preparatory phase of this study, we in-
vestigated the assimilation of sea level and temperature
observations in a synthetic case where sea surface sa-
linity (SSS) was known. The SSS information improved
the analysis at the surface, but its contribution to the
salinity estimation at lower levels remained relatively
small. This result suggests that to fully correct salinity
variability, subsurface observations are needed as well.
Both in the synthetic and in the realistic experiment, it
is shown that the present assimilation cannot capture
the full complexity of the salinity signal. In particular,
the salinity variability at thermocline depth or below is
not reconstructed by our scheme. With no direct salinity
observations used in the assimilation, the vertical struc-
ture of the salinity correction is determined by the error
covariance matrix only. If we had a more complete set
of subsurface data, we would be able to improve the
vertical error covariance function and, if such data were
available on a near-real time basis, like the temperature
data from TOGA–TAO or the sea surface height data

from TOPEX/Poseidon, we could include them in the
assimilation and be able to correct the model salinity
directly. However, as long as these observations are not
available, we will have to find ways to infer salinity
variability by other means.
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