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ABSTRACT
The equatorial sea level analysis of the National Centers for Environmental Predictions deviates by as much
as 8 cm from independent TOPEX/Poseidon (T/P) observations. This may be due to the model’s underestimation
of salinity variability. Therefore, methods are developed to improve the model’s salinity field through T/P data
assimilation and use of sea surface salinity (SSS) observations.
In regions where temperature is well known, salinity estimates are made with the use of climatological
temperature–salinity (T–S) correlations. These estimates are improved by combining T–S with SSS observations
and corrected with dynamic height, which provides information on salinity variability. Tests with independent
conductivity temperature depth data show that the combination of T–S with SSS significantly improves salinity
estimates. In the western Pacific, the maximum root-mean-square (rms) estimation error of 0.55 psu is reduced
to 0.42 psu by the use of SSS in the salinity estimate. Correction with dynamic height reduces this rms to 0.22
psu. Also in other parts of the tropical Pacific Ocean the salinity estimation errors are reduced by a factor of 2
by combination of the T–S estimate with SSS and dynamic height. This study provides the first step toward an
assimilation scheme in which salinity is corrected with the use of T/P sea level observations.

1. Introduction
While dynamic height can be computed from temperature and salinity profiles, it can also be estimated
from altimetric sea level observations. Of course, dynamic height and sea level are not equivalent: dynamic
height captures all baroclinic processes above a reference level of specific pressure, while sea level also includes the motions below this reference level and barotropic processes. Despite these differences, sea level
observations from TOPEX/Poseidon (T/P) form a good
proxy for dynamic height in the tropical Pacific (Katz
et al. 1995).
To improve the model’s analysis of dynamic height,
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T/P observations are used for data assimilation in the
operational ocean general circulation model (OGCM) at
the National Centers for Environmental Prediction
(NCEP) (Ji et al. 1995). In the assimilation, changes in
dynamic height are attributed to changes in temperature.
Although this assumption is commonly made, it may
introduce errors in regions where salinity fluctuations
contribute significantly to dynamic height variability.
This is particularly the case for the western tropical
Pacific, where dynamic height errors due to misestimation of salinity reach values of 6 dyn cm (e.g., Donguy et al. 1986; Delcroix et al. 1987).
For consistent model dynamics, both temperature and
salinity variations should be monitored. A recent modeling study by Murtugudde and Busalacchi (1998)
points out that the role of salinity should not be neglected in tropical ocean dynamics. The importance of
including salinity in data assimilation has been addressed by Cooper (1988) and Woodgate (1997). Cooper
(1988) demonstrates in a tropical ocean model that univariate assimilation of either temperature or salinity data
alone would seriously bias the density field, resulting
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in a model velocity field less accurate than when no
data at all were assimilated. He thereby illustrates that
the lack of salinity data in a model in which temperature
is being assimilated results in temperature data being of
little use. Assimilation of temperature data improves the
temperature analysis, but at the same time, it may worsen the analysis of other fields, such as velocity.
The experiments of Cooper (1988) are interesting in
the light of the success of T/P data assimilation for ocean
initialization, as discussed by Ji et al. (1999). With respect to the forecast of the 1997 El Niño, Ji et al. (1998)
compare different runs: one run in which temperature
data are assimilated (NCEP–XBT), and one run in which
both temperature and T/P data are assimilated (NCEP–
T/P). The NCEP–T/P run gives remarkably better forecasts than the NCEP–XBT run. This result suggests that
the inclusion of sea level data improves the initial conditions for the forecast run because the density is improved. But is the density really optimized? In both
assimilation runs, the density is adjusted by correction
of temperature. However, according to the results of
Cooper (1988), the density field would be truly optimized if not only temperature but also salinity were
corrected. Because salinity data are not as widely available as temperature data, there are fewer salinity observations to assimilate. An alternative approach needs
to be found to improve the salinity variability in the
ocean model.
In places where temperature is well known, T/P sea
level could be used to correct the salinity estimate. This
application of altimetry would improve the model dynamic height as well as the model temperature and salinity field. This would result in a more realistic representation of the density and possibly of the velocity
fields. A key problem in the salinity data assimilation
is how to estimate salinity as a function of depth without
any direct salinity observations. A widely accepted approach for salinity estimation is the use of climatological
temperature–salinity (T–S) correlations, provided by
historical temperature and salinity datasets (Emery and
Dewar 1982; Levitus and Boyer 1994; Levitus et al.
1994). These correlations are commonly used to track
water masses, assuming that for every water mass the
T–S correlation is applicable. In theory, knowing one
of the density components T or S, one could infer the
other component using climatological T–S correlations.
In practice, T–S correlations are not constant but vary
with time (see, e.g., Donguy 1994). Consequently, the
use of T–S for the estimation of salinity will not be
completely accurate.
Techniques have been developed to improve the T–S
estimate with the use of sea surface salinity (SSS) observations (Donguy et al. 1986; Kessler and Taft 1987).
However, even with the use of SSS, the salinity estimate
contains errors. If temperature is well known, and barotropic variations in dynamic height are negligible, then
differences between sea level from T/P and dynamic
height estimated from temperature and salinity gener-
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ated by T–S can be largely attributed to errors in the
salinity estimation. In this paper we will identify the
errors made in the salinity estimate and investigate the
feasibility of the use of sea surface salinity and sea level
observations to improve this estimate. To ensure sufficient temperature observations, the domain of our
study will be limited to the tropical Pacific, between
108N and 108S, where moored buoys provide good temperature coverage.
This work is organized as follows. Section 2 gives
an overview of the variability of salinity in the tropical
Pacific and its relationship to temperature variability.
Next, the procedure for salinity estimation and correction is presented in section 3. The salinity estimation
with T–S relationships and SSS observations is described in section 4, followed by the salinity correction
with dynamic height in section 5. The salinity estimation
and correction methods are tested with independent conductivity–temperature–depth (CTD) data in section 6.
Section 7 summarizes the salinity estimation and correction methods and discusses different aspects of the
use of altimeter data for salinity estimation. Eventually,
the above-mentioned techniques will be used to improve
model salinities, as part of a comprehensive assimilation
scheme. Details on the assimilation scheme and its implementation, however, are beyond the scope of this
work.
2. Salinity variability in the tropical Pacific
Although T–S relationships are commonly used in
the computation of dynamic height, the assumption that
salinity can be described as a function of temperature
is not always valid. In this section we use the historical
hydrographic dataset compiled by Ando and McPhaden
(1997) to identify those regions in the equatorial Pacific
where the estimation of salinity by means of T–S will
be most or least accurate. The dataset includes approximately 9000 CTD profiles from research cruises in the
equatorial Pacific during 1975–96 and is maintained by
the National Oceanic and Atmospheric Administration/
Pacific Marine Environmental Laboratory (NOAA/
PMEL). The spatial distribution of the CTDs is illustrated in Fig. 1. For details on the space and time sampling, see Ando and McPhaden (1997).
To quantify the salinity and temperature variability,
the salinity and temperature mean and standard deviation were determined from the hydrographic data for
three different regions: the western Pacific (1208E–1808,
Fig. 2), the central Pacific, (1208W–1808, Fig. 3), and
the eastern Pacific (808–1208W, Fig 4.).
The mean salinity field of the tropical Pacific exhibits
a subsurface salinity maximum in the Southern Hemisphere, which is clearly visible in the mean salinity field
for the western Pacific (Fig. 2). This high salinity water
in the middle of the thermocline is sometimes denoted
as Tropical Water following Tsuchiya et al. (1989). The
Tropical Water originates at the surface around the Trop-
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FIG. 1. The location of all CTDs in the Ando and McPhaden (1997) dataset in the equatorial Pacific. The
profiles are grouped in 18 bins.

FIG. 2. Mean and standard deviation of the salinity and temperature in the western Pacific (1208E–1808) based on hydrographic data
(1979–96) as a function of depth and latitude. (a) In the salinity standard deviation plot values exceeding 0.2 psu are shaded, contours are
drawn at 0.05 psu intervals. (b) For the temperature plot, standard deviation values of 1.28C and above are shaded. Contours are drawn
every 0.28C.
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FIG. 3. (a) Mean and standard deviation salinity and (b) temperature. As in Fig. 2, but for the central Pacific (1208W–1808).

ic of Capricorn in the South Pacific, where salty surface
waters are subducted while traveling westward and
equatorward (see, e.g., Tsuchiya 1968; Tsuchiya et al.
1989; Donguy 1994).
The standard deviation of salinity reaches a maximum
of 0.45 psu at the surface (Fig. 2). On the other hand,
the standard deviation of temperature at the surface is
relatively low. The maximum of the standard deviation
of temperature is located at the mean depth of the thermocline and is related to vertical displacements of the
thermocline. Salinity variability in this region is independent of temperature variability and is probably due
to advection and precipitation (e.g., Xie and Arkin
1997).
Independent behavior of salinity and temperature in
the upper layer of the western Pacific is described by
Godfrey and Lindstrom (1989). Differences in stratification of temperature and salinity are associated with
the formation of a salinity gradient barrier in the isothermal layer. Lukas and Lindstrom (1991) showed that
this ‘‘barrier layer’’ prohibits surface fluxes to influence
the ocean below the halocline and significantly affects
the available heat in the upper ocean. Such a barrier

layer is not an incidental phenomenon, but a climatological feature of all tropical oceans, especially where
rainfall is heavy (Sprintall and Tomczak 1992). The formation and the physical importance of the barrier layer
have been discussed based on observations (e.g., Godfrey and Lindstrom 1989; McPhaden and Hayes 1990;
Ando and McPhaden 1997). Even though recent progress has been made in the modeling of the barrier layer
(You 1998; Shinoda and Lukas 1995; Vialard and Delecluse 1998a, b; Anderson et al. 1996), its relationship
to other mixed layer processes has yet to be quantified.
Clearly, the salinity stratification in the isothermal
layer complicates the use of a climatological T–S for
salinity estimation in the mixed layer (e.g., Morris et
al. 1998). The use of T–S is also complicated at depths
below the mixed layer in the western Pacific because
T–S correlations vary with time. Donguy (1994) described the variability of T–S in the western tropical
Pacific in relation to El Niño–Southern Oscillation
(ENSO) variability. With the use of hydrographic datasets, he illustrated that the subsurface salinity maximum in the western Pacific is zonally advected and
becomes stronger and shallower after an El Niño event.
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FIG. 4. (a) Salinity mean and standard deviation and (b) temperature. As in Fig. 2, but for the eastern Pacific (808–1208W).

The variability of the high salinity waters in the thermocline has been studied extensively during the Tropical Ocean Global Atmosphere Coupled Ocean–Atmosphere Response Experiment (TOGA COARE) (Webster and Lukas 1992). Studies within the TOGA COARE
framework of observations confirm the existence of a
meridional salinity gradient barrier to the northward extension of the high salinity Tropical Water (Gouriou and
Toole 1993), which migrates meridionally (Huyer et al.
1997). In places where a strong salinity gradient is present (e.g., in a barrier layer, near the subsurface salinity
maximum) salinity variability is often unrelated to temperature variability. For this reason, it is expected that
salinity estimates based on T–S relations will not capture all salinity variability in the isothermal layer and
at depths below the mixed layer.
In the central Pacific (Fig. 3), the mean surface salinity is higher in the Southern than in the Northern
Hemisphere. The mean salinity maximum is positioned
at the mean depth of the thermocline between the 100and 200-m depth. The mean thermocline is shallower
than farther west (Fig. 2).
At the surface in the Southern Hemisphere, under the

Southern Pacific Convergence Zone, the salinity standard deviation is relatively high compared to the low
standard deviation at the equatorial surface (Delcroix et
al. 1996). North of 68S, the maximum of salinity standard deviation is not located at the surface; rather it is
at the depth of the subsurface salinity tongue. This is
also the mean depth of the thermocline in this region
and the depth of highest temperature variance. The salinity variability in this region is attributed to different
causes, which can be specified using the formalism of
Bindoff and McDougall (1994). They describe the dynamics in terms of three processes: ‘‘pure freshening,’’
‘‘pure warming,’’ and ‘‘heave.’’ Part of the salinity variability depends on heave and is related to vertical displacements of the pycnocline. In the case of pure freshening, however, the behavior of the halocline may be
independent of the thermocline. An example of pure
freshening is the horizontal advection of the subsurface
salinity tongue, as described by Donguy (1994). This is
associated with a temporal variability in the T–S relation, which will not be captured in a T–S salinity estimate.
In the eastern Pacific (Fig. 4), the mean thermocline
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is most shallow, and the mean subsurface salinity maximum is located south of the domain depicted. This is
also the case for the mean surface salinity maximum.
In the mean salinity field, the surface salinity is low
north of the equator and is strongly stratified around the
50-m depth (see also Lukas 1986). This is approximately
the mean depth of the thermocline in the eastern tropical
Pacific.
When comparing the standard deviations for the central Pacific (Fig. 3) to the western (Fig. 2) and the eastern
Pacific (Fig. 4), the salinity variability in the mixed layer
in the central Pacific is low. With the absence of a barrier
layer, and the relatively low variability in precipitation
and evaporation in the central Pacific, the estimates in
this region are expected to give a relatively accurate
salinity representation for the mixed layer.
Salinity variability in the eastern Pacific has several
possible causes. Part of the variability may be due to
evaporation and precipitation (E–P) balances affected
by the displacements of the Intertropical Convergence
Zone, while part may be due to the fluctuations of the
zonal current in the eastern Pacific just north of the
equator (Wooster 1969). Surfacing of the (relatively
salty) Equatorial Undercurrent also contributes to salinity variability in this region (Lukas 1986). Comparing
the standard deviation for salinity and temperature, the
salinity variability in the surface layer seems disconnected from the temperature variability. A climatological T–S relation might therefore not be applicable in
this region. Below the surface layer, salinity and temperature have very low variance. Hence, the use of a
T–S relation at lower depth is not likely to cause significant errors in the eastern Pacific.
3. Procedure
Despite the specific problems identified in the previous section, we can obtain a useful salinity estimate
from the climatological T–S relationship, especially
when combined with SSS observations. Various methods have been developed to combine T–S salinity estimates with SSS observations. In this paper, a new
method is developed to improve these estimates with
the use of sea level observations.
The method for salinity estimation and correction is
developed with measured profiles of S(z) and T(z), SSS,
and dynamic heights relative to 500 m from CTD measurements of Ando and McPhaden (1997). The depth
of 500 m was chosen as a reference level because many
of the CTDs terminate at this level. The choice for 500
m as a reference level for the computation of dynamic
height implies a loss of approximately 5%–15% of the
sea level signal (Busalacchi et al. 1994). For dynamic
height discrepancies of the order of 5–8 cm, this part
of the signal will remain below 1 dyn cm.
The procedure for salinity estimation and correction
is done in two steps while holding back the observed
salinity profile, Sobs (z). In the first step, salinity will be
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TABLE 1. Summary of abbreviations.
Abbreviation
T(z)
Sobs(z)
Sest(z)
Scor(z)
DHobs
DHest
DHcor

Meaning
Observed temperature
Observed salinity
Estimated salinity, T–S or T–S and SSS
Corrected salinity, dynamic height plus estimated
Dynamic height computed from T(z) and Sobs
Dynamic height computed from T(z) and Sest
Dynamic height computed from T(z) and Scor

generated using T(z) and T–S, applying different methods to combine the estimates with SSS. The resulting
profiles will be called the estimated salinity, Sest (z). One
of the salinity estimation methods will then be selected
and applied. In the next step the estimates will be corrected on the basis of dynamic height differences between the dynamic height computed from T(z) and
Sobs (z), DHobs , and the dynamic height computed from
T(z) and Sest (z), DHest . The corrected salinity profiles
will be called Scor (z).
The salinity estimation and correction method is developed using only part of the CTD dataset (1979–89),
the dependent part, and then tested using the CTD dataset for (1990–96), the independent part. The testing of
the method will be done by comparison to the salinity
profiles Sobs (z) that were held back in the salinity estimation. This will give a verification of both the salinity
estimation and correction method. In addition, the dynamic height computed with T(z), Scor , and DHcor will
be compared with DHobs . Next, the effect of observational errors on the salinity estimates will be investigated. A summary of the abbreviations used in this paper
is given in Table 1.
4. The salinity estimate with T–S and SSS
The first step in the estimation of salinity is the use
of climatological T–S relations (Levitus and Boyer
1994; Levitus et al. 1994). This estimate can be combined with SSS observations. In this section, four different methods to estimate salinity will be presented and
compared. In three of these methods, SSS, assumed to
be known from observations, is combined with T–S.
The use of SSS is restricted to the isothermal layer.
The bottom of the isothermal layer is defined as the
depth at which the temperature is 0.58C below the sea
surface temperature, according to the 0.58C criterion
often used in observational studies of the mixed layer
(e.g., Sprintall and Tomczak 1992).
After a description of the methods, we will give an
example of the use of the methods for a profile in the
western Pacific. In section 4b, the resulting salinity estimates are evaluated, and from the different estimation
methods one method is selected for use in the correction
procedure.
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FIG. 5. (a) CTD profile in Jan 1989 at 68S, 1658E. The dash-double-dot line shows the observed salinity (Sobs ), whereas
the continuous line gives the salinity from the climatological T–S curve (TS-only). Linear interpolation from the salinity
at the bottom of the mixed layer to SSS (TS-linear) is depicted with a long-dashed line. Constant salinity in the mixed
layer (TS-mixed) is given by the light colored continuous line, and linear interpolation of the T–S curve in the mixed
layer (TS-Kessler) is presented by the dotted line. (b) The temperature profile reveals the temperature inversion.

a. Four methods to estimate salinity
The different salinity estimation methods are as follows.
R TS-only: The simplest way to produce a salinity estimate involves conversion of T(z) to Sest (z) on the
basis of climatological T–S relationships that depend
on the location in the Pacific. The next three methods
differ in the way the isothermal layer is handled.
R TS-mixed: This estimate assumes a constant salinity
equal to observed SSS throughout the isothermal
mixed layer.
R TS-linear: In this approach, salinity changes linearly
from the estimated value at the depth of the isothermal
layer to the observed salinity value at the surface.
R TS-Kessler: Donguy et al. (1986) and Kessler and Taft
(1987) suggest linear interpolation on T–S coordinates
from the T–S derived S and T at the base of the isothermal layer to S and T at the surface.
Before these four methods are evaluated for the entire
CTD dataset, the methods will first be illustrated in the
profile of Fig. 5, which is located in the western Pacific
south of the equator. In this particular case, the isothermal layer is not the same as the mixed layer because
a barrier layer is present. Figure 5 demonstrates how
the barrier layer complicates the T–S salinity estimation

in the mixed layer. In this profile, the salinity in the
isothermal layer is highly stratified, so the assumption
that salinity remains constant is not valid. Consequently,
the TS-mixed salinity estimate strongly deviates from
the observed values. The TS-Kessler estimate generates
some stratification in the mixed layer but does not correctly capture the stratification in the observations (Fig.
5a). The salinity misestimation is a result of the inversion in the mixed layer temperature, which is shown in
a temperature–depth profile in Fig. 5b. The temperature
inversion, although smaller than half a degree Celsius,
is enough to spoil the TS-Kessler estimate. In fact, as
shown in Fig. 6, the linear interpolated line on T–S
coordinates between T and S at the bottom of the isothermal layer and T and S at the surface needs to be
extrapolated to obtain a salinity value for the temperature maximum in the inversion. This temperature inversion is not an incidental phenomenon, as shown by
Vialard and Delecluse (1998a). Based on an analysis of
1512 CTD profiles in the COARE region, they conclude
that a temperature inversion in the barrier layer is an
average characteristic of the western Pacific. Consequently, TS-Kessler may not work satisfactorily in regions where a barrier layer is present. The sensitivity
of TS-Kessler for temperature inversions is a drawback
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FIG. 6. Temperature vs salinity in a CTD profile in Jan 1989 at
68S, 1658E. The TS-Kessler and TS-only salinity estimates are demonstrated with line types as in Fig. 5.

of this method. However, while both TS-Kessler and
TS-mixed have errors in case of a strong salinity stratification, the TS-linear estimate is relatively close to the
observations.
b. Evaluation of salinity estimation errors
To determine which of the four salinity estimation
methods described above is most suitable for our objective, we evaluate profiles in data-rich areas. Good
time sampling of the salinity field by the CTD profiles
is available for meridional cross sections at 1658E and
1108W. Along these cross sections the salinity is estimated with the use of the temperature observations and
T–S relationships to quantify the errors made in salinity
estimation with each of the four methods. The rootmean-square (rms) difference between estimated and
observed salinity, the rms salinity estimation error, is
given for every latitude and depth along these cross

FIG. 7. Depth–latitude cross sections along 1658E: the rms difference between salinity as estimated by each of the four T–S estimation
methods and observed salinity, applied on the CTDs for the period
1979–89. TS-linear: linear interpolation salinity from depth of isothermal layer to surface. TS-mixed: constant salinity from depth of
isothermal layer to surface. TS-Kessler: linear interpolation T–S relation from depth isothermal layer to surface. TS-only: just the climatological relation. The rms values greater than 0.2 psu are shaded.
Contour interval is 0.05 psu.
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FIG. 8. Depth–latitude cross sections along 1108W: rms difference
between salinity as estimated by each of the four T–S estimation
methods and observed salinity. As in Fig. 7.

sections in Figs. 7 and 8. The selection of the salinity
estimation method will be based on the rms salinity
estimation error as determined for the 1979–89 CTD
dataset, the dependent dataset. Thus, the selection of the
salinity estimation will be independent of the dataset
that is used for verification.
In the meridional cross section along 1658E (Fig. 7),
the estimation errors are largest for the mixed layer, as
was anticipated based on Fig. 2. Use of a climatological
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T–S relation, without SSS observations (TS-only), results in a typical rms estimation error of 0.4 psu for the
upper ocean in the equatorial region. The use of SSS
observations in TS-linear reduces the rms values to a
level of 0.3 psu. Both TS-mixed and TS-Kessler significantly improve the salinity estimation north of the
equator but fail to do so between 28 and 98S. Inspection
of individual profiles shows that the errors at this location are related to the inability of the methods to simulate a realistic stratification in presence of a barrier
layer. The shortcomings of TS-Kessler and TS-mixed,
as shown by the bull’s-eyes in Fig. 7, are not evident
in the more homogeneous rms error field for TS-linear.
Along 1108W (Fig. 8), the salinity estimate based on
TS-only is relatively good, as compared to TS-only estimates at other longitudes (not shown). Still, some errors are made north of the equator, as was expected from
the high salinity variability in this region (Fig. 4). Comparing the three different methods that utilize SSS, TSmixed and TS-Kessler are most successful in reducing
the salinity estimation error for this cross section. The
TS-linear method produces slightly higher errors, but
the rms value does not exceed 0.25 psu. In general,
salinity estimation in the eastern Pacific benefits from
the use of SSS observations.
Based on the rms salinity estimation errors for the
cross sections at 1108W, TS-mixed and TS-Kessler seem
the most useful of the methods described. Along the
1658E section, however, these methods generate considerable estimation errors. Since the salinity variability
in the western Pacific is relatively high, we want to
specifically minimize the errors in that region. Figure 7
shows that in the western Pacific, the use of SSS in TSmixed and TS-Kessler generates larger rms salinity estimation errors than when no SSS is used. Although TSlinear does not always give the best estimate, this method produces a better estimate than TS-only for all profiles analyzed. This is not always the case with
TS-Kessler and TS-mixed (Fig. 5). Therefore, TS-linear
is selected as the model for combination of T–S and
SSS in salinity estimation in the following section.
It is demonstrated with the analysis of these four
methods that the salinity estimate still contains errors,
no matter which of the four methods is used. In the next
section, we will investigate the use of dynamic height
information to reduce these errors.
5. Use of dynamic height to improve the salinity
estimate
As section 4 shows, the TS-linear method does not
work perfectly because it ignores temporal variations in
the subsurface T–S relation and sometimes misestimates
salinity in the isothermal layer. Consequently, dynamic
height computed from T(z) and Sest (z), DHest , will deviate from DHobs , computed from T(z) and Sobs (z). For
example, a uniform error of 0.5 psu over the top 130
m in the Tropics leads to an error near 5 dyn cm. In
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FIG. 9. EOF analysis for the TS-linear salinity estimate at 28S,
1658E. The variance explained by the first four EOFs is denoted in
the figure.

this section, dynamic height discrepancies will be translated into a salinity correction.
Dynamic height differences between DHobs and DHest
only provide information on the salinity misestimation
and not on the entire salinity signal. Therefore, the dynamic height information is used to correct the estimated
salinity by adding a correction profile, dS(z), to Sest (z).
The correction profile is determined with the aid of statistical information on the salinity estimation errors from
the dataset for 1979–89. The method will later be tested
with the independent dataset from the 1990–96 period.
To determine the vertical structure of the salinity correction, the salinity estimated from TS-linear was compared to salinity observations. The salinity estimation
errors (Sest 2 Sobs ) for 1979–89 were separately grouped
in bins of 28 latitude and 108 longitude. An empirical
orthogonal function (EOF) analysis was then performed
on those bins with more than 15 profiles. EOFs could
be determined for 35% of the bins in the tropical Pacific.
An example of the first two EOFs for the salinity
estimation error are given in Fig. 9. At all bin locations,
the first EOFs display a maximum amplitude at the top
of the thermocline. Because the salinity estimation error
is zero by definition at the surface, the absolute amplitude of the EOF tends to decrease from the bottom of
the isothermal layer to the surface. In regions where the

VOLUME 16

CTD sampling is regular in time, the principal components associated with the first EOF explain 60%–80%
of the total variance. The significance of the EOFs was
tested by the method of North et al. (1982). For most
of the profiles, only the first two EOFs are significant.
For the remainder, only the first EOF is significant.
For the discussion that follows we decided to limit
ourselves to using only one EOF. This was done because
the first EOF accounts for most of the variance and
because the use of only one EOF would be very conservative and limit any chance of instability in the fit.
One of the reviewers of an earlier draft suggested that
two EOFs be used. A test with this setup caused problems that will be discussed at the end of this section.
Suppose the temperature profile T(z), the sea surface
salinity SSS, and the dynamic height DHobs are known
within a certain accuracy at a given location. The salinity can now be estimated with the use of the dynamic
height difference and a correction function following a
two-step procedure.
Step 1: A salinity estimate Sest (z) is made applying
the TS-linear method with T(z), T–S, and SSS. As a
result of the salinity estimation errors, DHest will deviate
from the DHobs .
Step 2: The salinity estimation errors are corrected
with the correction function dS(z), which is determined
by the first EOF of the salinity estimation error, EOF(z),
multiplied by an empirical weighting factor, f, and
scaled by the dynamic height difference (DHobs 2DHest ).
The corrected salinity Scor (z) is defined as follows:
Scor (z) 5 Sest (z) 1 dS(z)

(1)

dS(z) 5 f 3 (DHest 2 DHobs ) EOF(z).

(2)

with
[The method of Cressman (1959) was used to interpolate
EOF values over grid values without data.]
The optimal values for the factor f were determined
with the use of the CTDs from the 1980s through iterative minimization of the dynamic height difference.
The resulting optimal f, f opt , is a function of longitude
and latitude and has values in the range from 80 to 120
m21 . To test the effect of the choice of f on the solution,
the 1980 CTDs were corrected for different values of
f. The correction was applied with the spatially dependent f, and fixed values of f 5 80 and f 5 120. Differences between f 5 80 and the spatially dependent f
were lower than 0.02 psu. For the salinity correction in
this section we use a constant f value to keep the method
as simple as possible. The value we chose for f is 80,
which is on the conservative side and avoids overfitting
the salinity profile.
One of our reviewers suggested a detailed method
using two rather than one EOF. In this method, the TSonly method was used to generate the two EOFs. The
selection of the two EOFs was obtained by a minimization with a constraint of both dynamic height and SSS.
When this method was tested, we found that there were
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FIG. 10. Salinity correction with the use of dynamic height difference and the first EOF of the salinity estimation error using TSlinear. The method is demonstrated with the use of a CTD profile at
58S, 1658E in Mar 1993. The profile for Sest (z) from TS-only is also
shown for comparison.

improvements in the salinity profiles in some cases.
However, in other cases, the two EOFs interacted with
each other to result in spurious maxima along the profile
in which the absolute difference between the observed
and fitted profiles exceeded 1 psu. Since there is no
constraint on S(z) below the surface and the second TSonly EOF has two maximums, the two EOF method is
not very stable. As a consequence, our original method
using only one EOF actually performed better overall
and has been retained here.
6. Testing of the results with independent CTD
data
The results of the previous section will be verified
with an independent CTD dataset in this section. For
all profiles in the 1990–96 period, the salinity estimates
Sest are generated with T–S and SSS using the TS-linear
method. The resulting estimates are corrected using (1)
and (2), where f 5 80 in (2) is based on the analysis
of the 1979–89 dataset, as described in section 5.
An example is presented for the independent dataset
in Fig. 10. For this profile in 1993, the salinity estimate
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FIG. 11. (a) The rms of the dynamic height estimation error when
salinity is estimated with the TS-only. (b) Same, but for TS-linear.
(c) The rms dynamic height estimation error after EOF correction of
the TS-linear salinity estimate. Analysis is based on CTD data from
1990–96.

is remarkably improved with the EOF correction method. The difference in dynamic height, for this profile
4.0 dyn cm, is a result of overestimation of salinity.
After correction of the salinity estimate, the resulting
dynamic height difference (DHcor 2 DHobs ) is 1 dyn cm.
Also in other regions of the tropical Pacific the salinity estimation and correction method works successfully. The results are presented in Fig. 11 along with
the errors for TS-only. The rms differences between
DHest and DHobs are lower for TS-linear than for TSonly, indicating that the use of SSS improves the salinity
estimate. Figure 11 shows that this is not only the case
for the western Pacific, where salinity variability is high,
but also for the central and eastern Pacific. The rms
values of the dynamic height differences are further reduced by 0.5 dyn cm by the correction in dynamic
height. This reduces the difference between DHcor and
DHobs to roughly 1 dyn cm. The reduction of the rms
dynamic height differences is largest in the western Pacific, where salinity misestimation has the largest effect
on the dynamic height.
Figure 12 shows the rms S(z) errors along 1658E. The
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FIG. 12. The rms of the salinity estimation error along 1658E, as
determined from the independent CTD dataset (1990–96). (a) The
rms difference TS-only salinity estimate and observed salinity. (b)
The rms difference TS-linear estimate and observed salinity. (c) The
rms difference between the corrected and observed salinity. The corrected salinity is computed from TS-linear (see text). Contour interval
is 0.05 psu. The rms values greater than 0.2 psu are shaded. Regions
where less than five profiles were available for this period are not
shown.

figure shows how the salinity estimation is improved
from TS-only by the use of SSS and further improved
by the EOF correction technique. The combination of
T–S salinity estimates with SSS observations reduces
the rms salinity estimation error in the upper ocean from
0.35 psu to below 0.2 psu. The maximum rms difference
between Sest (z) and Sobs (z) is 0.55 psu for TS-only and
0.42 psu for TS-linear. Using the EOF correction, the
maximum rms value for the difference between Scor (z)
and Sobs (z) is only 0.22 psu. Tests with the independent
CTD dataset at 1708 and 1108W show that the correction
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method also improves salinity estimates in other regions
than the western Pacific, although salinity error reductions are not as large as is the case for the 1658E cross
section.
The verification of the salinity estimation and correction methods with the independent CTD dataset gives
positive results. Not only is the difference between DHest
and DHobs for TS-linear lower than for TS-only, the
DHcor is noticeably closer to DHobs than DHest for either
of the salinity estimation methods. The improvement in
dynamic height computation is associated with an improvement in the determination of S(z).
To test the robustness of the salinity correction method, we partitioned the CTD dataset in a subset with
positive Southern Oscillation Index (SOI1) and a subset
with a negative index (SOI2). For both the SOI1 and
the SOI2 profiles the EOFs of the salinity estimation
error were determined. The resulting EOFs look very
similar to the first EOF that has been determined for
the 1979–89 dataset. As a test, the first EOF for the
SOI2 subset is used in the dynamic height correction
of all SOI1 profiles. The reduction of salinity estimation
errors with this SOI2 profile is equally effective as with
the first EOF for the 1979–89 dataset. This suggests that
even when ENSO variability is eliminated from the dataset, the salinity estimation error has characteristics that
can be modeled with the profile of the first EOF.
The success of the estimation and correction method
is partly related to the seasonal and interannual information that is contained in the SSS and DH observations, but that is absent from the T–S climatology. As
a consequence, the method is very helpful in the reconstruction of salinity variations related to ENSO.
To test the sensitivity of the methods to observational
noise, we modified the observed dynamic height
[DH(Tobs , Sobs )] by adding white noise to represent observational errors. The correction has been performed
with two different noise levels: white noise with a 1
dyn cm rms, and white noise with a 2 dyn cm rms. The
reconstruction of the ‘‘true’’ dynamic height with these
erroneous observations is reasonably good. However,
the reconstruction of the salinity is clearly affected by
the observational noise in dynamic height. The salinity
estimation error remains below the 0.3 psu when the
noise is at a 1-cm level. This is still lower than TSlinear salinity estimation errors. When altimetric noise
has an rms value of 2 cm, the salinity estimation errors
increase but remain below 0.35 psu. This is a salinity
error comparable to the TS-linear estimation error. In
reality, T(z) is also not known perfectly. Consequently,
actual errors in the TS-linear salinity will be larger than
assumed thus far. Although the observational errors of
the sea level may affect the salinity estimate, we conclude that the benefits of using these data outweigh the
risks, when the altimetric noise remains at or below the
2-cm rms level. In addition, it is very likely that observational errors will be filtered out by the assimilation
scheme.
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7. Discussion
With the TOGA–Tropical Atmosphere Ocean array,
numerous scientific cruises, and expendable bathythermograph observations from Voluntary Ships of Opportunity, the temperature in the equatorial Pacific is well
monitored. The available temperature data are widely
used for data assimilation purposes. At NCEP, the temperature assimilation has improved temperature analysis
and model initialization. Model salinity, however, could
benefit from data assimilation. Unfortunately, salinity
data are sparse, and their time and space sampling highly
irregular. As an alternative approach, salinity variability
can be derived from sea level observations at locations
where temperature is well known.
In this study, salinity profiles are generated in a twostep procedure. First, the salinity is estimated with the
use of T–S relations and SSS. Second, the salinity estimate is corrected with the use of dynamic height information. The CTD dataset from Ando and McPhaden
(1997) is used to develop and evaluate the salinity estimation and correction methods. The dependent part of
the dataset is used to select a salinity estimation method
and develop the correction technique, while the independent dataset is used to test the results.
Four different methods to estimate salinity are evaluated with a CTD dataset for 1979–89. Three of these
methods combine a T–S relationship with sea surface
salinity observations. The fourth method, TS-only, uses
only T–S to estimate salinity. By holding back the salinity observations, Sobs (z), and estimating salinity with
T(z), T–S, and SSS, the different salinity estimation
methods are evaluated. Our preferred method to estimate
salinity in the tropical Pacific is the method denoted by
TS-linear, a linear interpolation of salinity from the bottom of the isothermal layer to the surface. This method
gave good results in the western Pacific and did not
generate severe errors in the central and eastern Pacific.
Of course, alternative methods may lead to better results. To keep the method simple, we limited our evaluation to the four methods described in section 4.
The salinity estimates based on the TS-linear method
[Sest (z)] can be corrected with the use of dynamic height
information. Dynamic height computed from T(z) and
Sest(z) (z) is compared to dynamic height from T(z) and
Sobs (z). The difference is used to scale the salinity correction. The vertical profile for the salinity correction
is based on an EOF analysis of the salinity estimation
errors.
The rms differences between dynamic height computed with T(z) and T–S estimates of salinity and dynamic height computed with T(z) and observed salinity
(DHest 2 DHobs ) are reduced when the estimate is combined with SSS. The remaining difference between the
dynamic height computed with T(z) and the corrected
salinity, DHcor , and DHobs has an rms value of roughly
1 dyn cm.
The reduction in dynamic height difference through
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the use of SSS and dynamic height differences is associated with a reduction in salinity estimation errors.
For example, the use of SSS reduces the difference between Sest (z) and Sobs (z) by 0.1 psu in the western Pacific,
while the correction based on addition of the dynamic
height difference results in a further reduction of the
difference between Scor (z) and Sobs (z) by 0.2 psu. In general, the salinity estimation errors are reduced by a factor
of 2 by combination with SSS and further corrected with
dynamic height information. Results with the independent dataset agree with the results from the dependent
dataset.
It is a challenging idea to use altimetry for the correction technique described above. With altimetric sea
level variability reaching 2-cm accuracy (Cheney et al.
1994), the T/P dataset should be able to improve model
dynamics through the correction of the salinity field. If
simultaneous altimetric sea level observations were
available for every CTD profile, the salinity correction
method described above could be directly tested with
altimeter data. Unfortunately, such a synchronous dataset is not available, and direct testing with CTDs and
altimetry is hardly possible. To simulate the use of altimetric observations, we applied the method to pseudo
observations that were generated by adding white noise
to the DHobs estimates. When altimetric noise remains
at or below the 2-cm rms level, the correction with
dynamic height still improves the salinity estimate. In
an OGCM, simulated temperature and salinity can be
combined with sea level observations, applying the
methods described above through data assimilation.
The assimilation of sea level data in an OGCM is not
straightforward. In assimilation schemes that are based
on correction of prognostic variables, such as the technique currently used at NCEP, the altimetric sea level
deviation must be translated into a subsurface correction
(Behringer et al. 1998; Cooper and Haines 1996; De
Mey and Robinson 1987). Other methods, like Kalman
filtering or smoothing (e.g., Miller et al. 1995), and the
four-dimensional variational (4D-Var) technique (e.g.,
Thépaut and Courtier 1991) do not necessarily require
such a translation. These techniques, however, require
much more computer time for the assimilation than the
three-dimensional variational technique used at NCEP
(for details on this technique, see Derber and Rosati
1989).
For the NCEP ocean model, Behringer et al. (1998)
developed a technique in which the altimeter observations are used to correct the temperature. According to
the experiments by Cooper (1988), this correction of
temperature without updating salinity is not complete
and may introduce unrealistic velocity fields. In the
western Pacific the effect of salinity variability on density and hence velocity is too large to be neglected.
It is therefore suggested that the assimilation scheme
uses altimeter data to correct both temperature and salinity. At the moment, this is being tested in an OGCM
assimilation scheme, which takes into consideration the

Unauthenticated | Downloaded 05/12/21 03:19 PM UTC

1414

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

difference between dynamic height deviations due to
salinity differences and the sea level estimates from T/P.
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