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ABSTRACT

A data analysis using conductivity—temperature—depth (CTD) measurements in the western tropical Pacific is
carried out to get an estimate of the timescale over which temperature—salinity (T—S) relationships are preserved.
Results show that the T-S preservation holds for periods on the order of a few weeks.

A new method for assimilating upper-ocean temperature profiles with salinity adjustments into numerical
ocean models is then proposed. The approach would use a T-S relation that is more local in space and time
than is the climatological T-S relation used in previous studies. The assimilation method avoids convective

instability as the temperature data are introduced.

The CTD data and instantaneous fields from an ocean model are used to test the assimilation method by
combining one profile with another. These tests recover the salinity profiles and the 0-500-m dynamic height
very well (differences are smaller than 1 dyn cm). By contrast, analyses that used a climatological T-Srelation
did not provide a good salinity profile or dynamic height (errors were greater than 3 dyn cm).

If used for data assimilation, the method would allow the recovery of a good salinity and density field when
only temperature data were available, at intervals of, say, two to four weeks. There is evidence that the same
conclusions could be drawn for many other oceanic areas.

1. Introduction

Ocean data assimilation has been investigated con-
tinuously over the last decade [reviews are provided by
Ghil and Malanotte-Rizzoli (1991), Anderson et al.
(1996), and Malanotte-Rizzoli and Tziperman (1996)].
Most research has focused on either satellite altimeter
data or near-surface temperatures, as measured by either
expendable bathythermographs (XBT) or moored
buoys. Recently it has been realized that salinity also
plays an important role in determining density and cir-
culation not only at high latitudes [e.g., Reverdin et al.
(1997)] but also in the Tropics [e.g., Donguy (1994)].
However, little attention has been paid to updating sa-
linity S in ocean circulation models used for data as-
similation. This lack of attention is due mainly to the
paucity of salinity data. As aresult, the easiest solution
usually is adopted, namely, salinity is left unmodified
by data assimilation [i.e., the a priori §(2) profile is
preserved, where z is depth]. This solution, however,
may lead to increased errorsin the velocity field (Cooper
1988). It is the main objective of this paper to present
asimple approach to including salinity field adjustment,
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in a data assimilation context, when only temperature
measurements are available.

Density p at any given depth is a function of the
independent variables S and temperature T. However,
if, for instance, S could be expressed as a single-valued
function of T, then the variables for p would be reduced
to only one, p = p[T, YT)], and S would not need to
be known directly. This formulation would be an enor-
mous simplification of the problem, for it would imply
that, at a fixed depth, p can be derived from knowing
T only. In particular, this solution is possible in circum-
stances for which the T-S relation does not vary much
or varies only slowly in time. Of course, this case is
not always true, but there is observational evidence that
it applies to many parts of the ocean (Emery and Dewar
1982). This fact usually is referred to as T-S preser-
vation (or conservation) and stems from the fact that
the T-S water mass properties often are conserved for
along time. The T-S preservation hypothesisisthe core
assumption adopted in the present work.

It is clear that, for the method to work, a good T-S
relation is required, from which Scan be derived, given
T. Since the Lagrangian T—S properties undoubtedly are
well preserved because of the weak mixing in most parts
of the ocean, it would at first sight be plausible to use
a long-term mean T-S relation based on some clima-
tological dataset, and this solution is the most widely
adopted one. Hitherto, its principal application has been
for evaluation of reliable dynamic heights (Stommel
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1947; Emery 1975; Emery and Dewar 1982; Kessler
and Taft 1987). Dynamic height is quite important in
oceanography, for it allows an estimate of surface cur-
rents, relative to some reference level. Emery (1975),
for instance, computed the dynamic height in three
North Pacific areas and found that, for two of them,
satisfactory results could be obtained by using a mean
T-Srelationship (averaged over a 21-yr period), along
with the measured temperature profiles. At the third
location, however, a thermal inversion led to large sa-
linity fluctuations in the T-S curves, thus compromising
the dynamic height calculation. In fact, temperature in-
versions do not allow a unique definition of salinity as
afunction of T. A solution to this problem is presented
in this work. Furthermore, abundant altimeter datasets
are now available for validation of dynamic height es-
timates.

Although dynamic height is a useful quantity, it rep-
resents only the vertical integral of the density. Thus, a
precise dynamic height estimation does not ensure that
the derived density, using T-S preservation, is very
close to the true density, because compensations in the
vertical can be present (e.g., see Fig. 5 in Kessler and
Taft 1987). This complication may not matter if themain
focus is on surface geostrophic currents;, however, it
becomes an issue when more complete descriptions of
the internal dynamics are required.

When initializing an ocean model, for example, a
realistic vertical density structure is more vital than is
a good initial velocity field (Gill 1982; Philander et al.
1987; Moore et al. 1987) because the potential energy
is greater than the kinetic energy. Since the density is
dominated, especially in low latitudes, by T as opposed
to S, the latter was not included as a prognostic variable
in tropical ocean models until the late 1980s (Cooper
1988). However, Cooper (1988) showed that, even using
atropical ocean model, it is essential to include Salong
with T if the goal is to reduce rms errors in the velocity
field, and that assimilating only T can be deleterious for
the dynamics described by ocean models (Cooper 1988;
Woodgate 1997). However, from a practical viewpoint,
salinity data simply are not available in most data as-
similation situations so a means of deriving salinity
changes in terms of temperature is required.

Using a climatological T-S relation is the most ob-
vious choice but will restrict considerably the variability
in YT). Consider, for example, the tropical Pacific,
which exhibits large interannual variations in water
properties because of El Nifio. Recent work by Vos-
sepoel et al. (1999) uses a CTD dataset for the tropical
Pacific to tackle this issue. They found that a climato-
logical T-S relation represents a good background (or
first guess) field [they used Levitus et al. (1994) and
Levitus and Boyer (1994), together referred to hereafter
as “‘Levitus’] but that corrections to the salinity field
are necessary to get a reliable density field. Here we
consider using a different background T-Srelation rath-
er than climatological data, and thereby we hope to
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dispense with the need for additional corrections. The
approach differs from previous work because the salin-
ity analysis is purely local, with the background T-S
properties being taken either from those most recently
available from CTD data or from a model prediction of
T-Sin the context of sequential data assimilation.

By avoiding use of long-term averages (e.g., clima-
tological data), larger density variations for any given
T profile are permitted. However, in amodeling context,
unlike the case in which a climatological T-S relation
is used, this approach could permit large and possibly
detrimental salinity drifts. A solution could beto prevent
the T-S relation from drifting too far from the clima-
tological one by using some weighted T) between the
model prediction and the climatological data. An ad-
vantage of using the model S(T) alone, however, isthat,
given its local implementation, there is a considerable
reduction of the computational costs. In this sense, this
method is comparable to the *‘suboptimal’’ technique
suggested by Cooper and Haines (1996) for altimeter
data.

The work is organized as follows. In section 2, the
CTD dataset is introduced. In section 3, T and S vari-
ances and covariations in the tropical Pacific are ana-
lyzed to obtain an estimate of the timescale over which
the T-S relation is preserved. The presentation of the
assimilation technique is in section 4. Results obtained
by the assimilation of T profiles, taken both from CTDs
and from model realizations of the Hamburg Ocean
Primitive Equation (HOPE) model, are shown in section
5. The comparison with *“ persistence’ [i.e., preserving
S = 2] and “‘climatology’’ (using long-term T-Sre-
lationships) based estimates of S and the density will
be discussed here. In section 6, the method is discussed
and comments on its possible applications are made.

2. Data

The CTD data used in this study were obtained from
the database maintained at the U.S. National Oceano-
graphic Data Center (NODC) and collected as part of
major campaigns. The data are located in alimited area
of the western tropical Pacific between 4.5°N-4.5°S and
154°-159°E and they refer to periods between Novem-
ber 1992 and February 1993. The total number of CTD
casts is 1252. All the casts reach a depth greater than
300 m, and 76% of them reach more than 500 m. The
vertical resolution is more than 1 datum per 10 m for
each profile. A map with the geographical distribution
of the CTDs is shown in Fig. 1, from which it can be
seen that the data are concentrated into three subregions:
one north of the equator at 3.6°—4.4°N, 155.5°-157°E
(named N) and the other two south of the equator at
2.4°-1.6°S, 154.2°-156.2°E (named SW) and 2.7°-
1.9°S, 157.5°-159°E (named SE). At a single location
denoted S1, 104 CTD casts have been collected within
a 10-day period in November 1992. The four locations
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Fic. 1. Spatial coverage of the CTD data. The three boxes (N, SW, and SE) and the single
location (S1) have been highlighted.

(N, SE, SW, and S1) are hereinafter treated asindividual
grid locations.

There are several reasons for choosing this region for
study of T-S variability. The most important are the
following: (a) in this period an extensive observational
campaign was commissioned for which high quality
data were gathered (e.g. Anderson 1995); (b) the west-
ern tropical Pacific plays a very important role in the
onset of El Nifio (Philander 1990); (c) due to high pre-
cipitation, particularly south of the equator, important
upper water column salinity features, such as the ** bar-
rier layer” (Lukas and Lindstrom 1991; Roemmich et
al. 1994; Sprintall and McPhaden 1994; Ando and
McPhaden 1997; Vialard and Delecluse 1998a,b) often
appear (when the mixed layer does not coincide with
the isothermal layer); (d) several previous studies have
analyzed the western tropical Pacific, so that these can
be used for reference and comparison (Emery and Dew-
ar 1982; Delcroix et al. 1987; Donguy 1994; Vossepoel
et al. 1999).

3. Evaluation of T-S functions for deriving salinity
profiles

Two approaches to deriving salinity do not require
use of a T-Srelation. First, climatological salinity S, (2)

might be assumed constant [e.g., salinity from Levitus
et a. (1994)], which would remove any active role for
salinity in current variations. Alternatively, z) from a
numerical model being run with temperature profile as-
similation could be left unaltered whenever new T data
are available. This approach commonly is done because
it is simple but leads to the problems already outlined.

If a T-Srelation is used, the S,(T) aways has been
used in previous works. This approach probably is ac-
ceptable when nothing better can be obtained because
it isthe best estimate of the long-term average [although
care should be taken because most climatological da-
tasets are not constructed with the aim of accurately
representing a mean T-S relation, as pointed out by
Lozier et al. (1995)]. However, in a data assimilation
context with T-profile data being assimilated every week
or so, it may be better to use a T-S preservation as-
sumption, that is, to use the local T-Srelation predicted
by the numerical model. By keeping S(T) rather than
S(2) fixed at assimilation time, we are assuming im-
plicitly that a model is able to predict S(T) better than
S2). It will be demonstrated that this assumption is
reasonable by studying the observed variability of sa-
linity profiles on differing timescales, in both data and
a numerical model.

The approach involves statistically analyzing the data
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in the three selected boxes (N, SW, and SE) plus those
in the single location S1 (1.5°S, 156.25°E), at various
frequenciesfrom daily (for S1) to weekly and seasonally
(for N, SW, and SE). For the daily and weekly periods,
the analysis follows a similar procedure. The variability
of the single profiles [i.e., T(2), 2), and T)] within
the period considered is studied, focusing attention on
the S variability and its correlations with T. The rms
variations for §(z) and T) are compared numerically
on short timescales, as discussed below. On the seasonal
timescale, the discussion essentially is based on the
graphical comparison between S= §T) and S= S,(T)
profiles, with T = T(2) and S = §2) also shown.

a. High-frequency analysis of 10-day period: S(2)
versus S(T)

For thisanalysis, 104 CTD casts over a 10-day period
in November 1992 at the same location (S1) are ex-
amined. Figures 2a—c show the variability of T(2), 2,
and the T-Srelation.

In z space there is a pronounced T and S variability
(Figs. 2a, b), which, if interpreted as vertical displace-
ments, imply displacements as large as 40 m in the top
300 m, presumably caused by internal waves. Visually
there appears to be less variability in the T-S relation
in Fig. 2c, but it is difficult to make numerical com-
parisons by eye. Therefore, Fig. 2d provides a more
consistent way of directly comparing the §z) and the
S(T) variability. Rms salinity variance is shown as a
function of z space (solid line). The dashed line shows
rms §(T) variance calculated from the mean S(T) re-
lation but with the variances transformed back into z
space using the mean T(2) profile for the period. The
tight T) curves (Fig. 2c) do express the fact that on
the daily timescal e there islittle mixing of water masses
and little influence of horizontal advection, which is
consistent with much of the variability being due to
internal waves. Figure 2d shows rms variances in (T)
that are several times smaller throughout much of the
water column.

This high T-S correlation reflects the potential for
obtaining improved S analyses from T. For instance, if
one were interested in determining salinity at 100 m,
the maximum uncertainty in Swould be 0.35 psu using
the S= S(2) profiles (Fig. 2b), whereas, if T wereknown,
uncertainty would be almost halved to 0.2 psu, if T-S
curves are used. There are, however, depths, or tem-
peratures, for which inference of Sfrom T-S properties
still leads to large uncertainties. These events happen,
for example, in places where advective intrusions come
about; the spike at about 17°C and 35 psu in Fig. 2c
and the rms variance peak at about 200 m in Fig. 2d
are examples. This feature is caused by inclusion of
profiles from the last three days of the period. Also, use
of the T-Srelation does not work well where ahalocline
divides an isothermal layer (e.g., the 20°C water in Fig.
2c and the absolute rms variance T-S maximum in Fig.
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2d). In spite of these problems, the S(Z) rms variance
is aimost everywhere larger than the S(T) rms variance
(Fig. 2d), and therefore S(T) generally would be pref-
erable over §2) for these data.

A feature in Fig. 2 worth noting is the significant S
variability in the upper water column (e.g., 0-80 m, Fig.
2b), which seems to appear only in the rms variance in
z space. In fact, the §(2) rms variance is greater than
the S(T)-based rms variance by a factor of 7-8 at about
80 m (Fig. 2d). Thisfeature is the barrier layer, arather
common feature in the western tropical Pacific [e.g.,
Vialard and Delecluse (19984)] that lies between 30 and
70 m (roughly 40-m thick). The highly stratified water
column probably encouragesinternal wave propagation,
which then preserves the T-S relation, leading to high
Svariability but excellent resultsfrom correlating Swith
T in this region of the water column.

The conclusion is that it is very useful to use an S(T)
relation that is derived locally on these short timescal es.
We would expect this result to hold almost anywhere
in the global oceans. This result is not particularly sur-
prising, considering that the 10-day period israther short
for distinct water mass variations to occur. Nonetheless,
changes like the intrusion are likely to happen, even
over a few days. Unfortunately, this temporal density
of T datais hardly ever collected, and the scope of the
analysis needs to be enlarged to longer time periods,
which will permit other mechanisms to affect the Svar-
iability.

b. Weekly analysis: §(z) versus ST)

The focus hereis on the intraseasonal variability seen
when comparing weekly averaged profiles. The choice
of a week corresponds to the typical time between as-
similation cycles for current seasonal forecasting ap-
plications and for previous ocean assimilation studies
(Derber and Rosati 1989; Rosati et al. 1995; Rosati et
a. 1996; Carton and Hackert 1990; Kleeman et al.
1995). The representative box N is discussed (Fig. 3),
although the results from the other boxes are similar.
Nine profiles, one for each week (49-57), are shown
along with the ““mean’ profile in bold. Table 1 shows
the number of individual CTD profilesavailablefor each
week.

The weekly mean T and S profiles (both in zand T
spaces) were first calculated by omitting data from the
first level of most casts (top 15 m), which showed in-
consistencies and had to be ignored [see e.g., Ando and
McPhaden (1997)].

It is evident that there are considerable differences
between S(2) and S(T) variabilities. The latter presents
afairly compact series of profiles, suggesting that mix-
ing and nonlocal dynamics play minor roles. This ob-
servation also can be read from Fig. 3d, which shows
how the §(T) rmsvariance almost everywhereissmaller
than the S(2) rms variance. At depths where thisrelation
is not true (about 160 m and below 320 m), the S(T)
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Fic. 2. Data analysis. From the top left: (a) temperature profile, (b) salinity profile, (c) T-S
diagram, and (d) S(2) to YT) rms variance comparison for the 104 CTD casts at S1 location for
a 10-day period in Nov 1992 (see Fig. 1). Note that to transform the S(T) rms from T to z space
[in (d)] the average temperature profile [from (&)] has been used.

rms variance values are decidedly smaller than 0.05 psu
and not very different to the §(2) rms variance (although
the former variance contains some noise caused by the
data processing). The §z) rms minimum at about 160
m is peculiar. By looking at the single S(z) profiles and
noting the time of each profile, it is found that in the
last three weeks of January 1993 there is a considerable
and sudden increase in the upper-layer salinity (top 150
m in Fig. 3b). The cause appears to be a first-mode
Kelvin wave, as the respective temperature profiles aso
indicate, and the changes are consistent with an upward
displacement of about 50 m (corresponding to an av-
erage vertical velocity of about 8.3 X 105 m s * over
one week). The presence of a salinity maximum near
this depth then gives the anomalously small Svariability

because the salinity at 160-m depth just happens to re-
main the same after the displacement.

Similar results hold for the other two boxes SW and
SE (not shown), which again suggests that ST) rela-
tionships are persistent on the weekly timescale. One
could compare the validity of aclimatological S,(T) on
this timescale, but this comparison is discussed in sec-
tion 3c.

c. Seasonal analysis: S(T) versus S,(T)

The results to this point have demonstrated that sa-
linity and temperature are strongly correlated, at least
on timescales of weeks in the tropical Pacific, and that
this correlation supports the use of §T) functions for
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Fic. 3. Asin Fig. 2 but for the N box. The solid lines in (a)—(c) are the mean profiles and the
dashed lines their respective rms variances. Data refer to the weeks displayed in Table 1.

analyzing for salinity when temperature data are avail-
able. However, at sometimescale, variability of the §(T)
relationship is likely to become important. This section
compares, mostly qualitatively, the seasonally averaged
S(T) function from the NODC data in this study with
S,(T) from a climatological dataset (e.g., Levitus). The
former is obtained by averaging the individual weekly
profiles discussed in section 3b (cf. aso Table 1). Also,
since the Levitus seasonal definition and spatial grid do
not coincide well with those of this study’s data, linearly
interpolated averages of seasonal Levitus data are used
to get as close as possible to an appropriate climato-
logical value. In Fig. 4, these averages are compared
with the mean profiles from each of the boxes N and
SW along with associated rms variability, based on the
weekly variations, for the study dataset (the behavior
of the SE box, not shown, is similar to the SW box).
Although the two datasets are not entirely indepen-

dent (the climatol ogical dataset used all datafrom 1900
up to 1993, including those from this study), significant
salinity differences appear in both z and T spaces.
There are differences in all boxes, especially N. The
S(T) properties for the south differ mainly in the upper
water column (T = 22.5°C, corresponding to a depth
of about 160 m), whereas for the N box there is dis-
agreement throughout the main thermocline (from
about 100 to 310 m). Given the large variability in the
evaporation—precipitation forcing in this region [e.g.,
Ando and McPhaden (1997)], it is not unexpected to
find mismatches in the upper water column, but the
differencesin the N-box S(T) properties are surprising.
A plausible explanation is that thisis aregion of high
meridional salinity gradient; therefore, along-term av-
erage can smooth out much of the variability.

Last, by comparing the rms variability for the T)
curves, it is observed that even along time period, such
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TaBLE 1. Temporal distribution of the CTD data for the selected subregions. The second line is the number of weeks (from Jan 1992, for
convenience). The first column refers to the selected boxes (see Fig. 1). Bracketed weeks are ignored in the analysis.

Weeks in 1992 Weeks in 1993
45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
N ©) 9 ©) ()] 54 46 40 42 34 12 40 36 2 ©) (0) (D)
SW 20 24 25 61 51 2 22 29 30 14 (€] 11 29 23 26 13
SE (0 70 71 17 30 16 30 52 68 42 48 4 0 ©) (0) 0

as a specific season, is not described adequately by the 4. A salinity analysis algorithm

climatological dataset, which falls well outside the ob-
served seasonal variability over a considerable temper-
ature range. As a consequence, any temporally closer
source of §(T) information would represent a better op-
tion for inferring salinity. This result is why we have
chosen to seek different background S(T) fields for data
assimilation purposes. In the following sections some
results from a numerical model are examined, and how
S(T) relationships vary in a modeling context is con-
sidered.

Temperature: areca N

Salinity: area N

This section considers how the results derived above
can be applied in the context of data assimilation with
T profile data. The problem is how to combine a priori
(or forecast) temperature and salinity fields with the
measured in situ temperature (e.g., XBT) profile. The
emphasisis on trying to get the correct salinity, but the
dynamic heights obtained with various Sreconstructions
also are compared, since these also can be obtained from
altimeter data. Maintaining the a priori T) relation is
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Fic. 4. Comparison between climatological data (thick line) and seasonally averaged CTD data (lighter line) for the N (top) and SW
(bottom) boxes. From left to right: (a) and (d) temperature profile, (b) and () salinity profile, and (c) and (f) T-S diagram.
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the preferred method and is compatible with the prin-
ciple that water mass properties should be changed only
when experimental evidence is available, as suggested
in Haines (1994).

Although the data analysis in the previous sections
refersonly to limited areas in the western Pacific Ocean,
the assimilation method with model data presented in
this section is not so restricted and could be applied
over wide regions of the oceans, including difficult areas
such as those where temperature inversions are present
(Emery 1975; Emery and O’Brien 1978). To simplify
the initial discussion, we assume that the temperature
profiles are monotonic. This mostly is true in regions
within the band = 40°N [e.g., Emery and Dewar
(1982)]. At higher latitudes or in regions of particularly
high salinity variability (e.g., the eastern Atlantic, just
off the Gibraltar Strait, or the Mediterranean) the mono-
tonicity assumption is no longer met. The approach for
this more general case is discussed later in the section.

Even when monotonic temperature profiles are con-
sidered, the limited vertical extent of XBTs (typically
500 m) prevents one from determining uniquely the full
temperature profile. Usual XBT data assi milation meth-
ods leave the water column unmodified below the deep-
est temperature available (T,4), trusting that the internal
dynamics of the model will provide arealistic response.
Here adifferent approach, similar to that used by Cooper
and Haines (1996) for altimeter assimilation, is intro-
duced. It requires that T, will match the model water
of the same temperature by vertically shifting the model
water column until this match is the case. This method
preserves that part of the T and S hydrography below
the deepest temperature level, although T and S can
change as a function of depth. A big advantage of this
method is that it avoids initiating convection, which
could generate new water masses. This vertical dis-
placement isthe first stage of the assimilation procedure.
To get the salinity analysis within the depth range of
the XBT, the second stage of assimilation subsequently
assumes that the background T—S properties are pre-
served and are taken from the a priori model state. Fig-
ure 5a schematically shows how the water column is
modified by the analysis, both by vertical displacement
and when S(T) is preserved; this model state also is
compared to the persistence analysis (Fig. 5b), which
leads to permanent water mass modifications and easily
can lead to convective instability.

In the nonmonotonic case, for which S = S(T) is not
uniquely defined (i.e., it is not a function), we adopt the
solution of considering S = (T, 2) [or, alternatively, S
= T, o,), where o, is the density anomaly]. The idea
stems from the fact that vertical water column displace-
ments do occur, because of internal waves or mesoscale
features (Emery and Dewar 1982). Normally, these pro-
cesses do not modify to any great extent the water mass
properties, and therefore one can distinguish between
two (or more) isothermic parcels according to their
depth. Salinity isthen recovered from the nearest T point
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in Zin the background field. Also, to mimic the physical
picture, an upper limit to the vertical displacement can
be assigned. This limit will depend on the time lag be-
tween assimilation steps and on thelocation, particularly
the latitude.

5. Assimilation results

The data assimilation method presented in the pre-
vious section is tested by combining CTD data profiles,
one with another, and by combining different model
realizations. The procedure for the CTD data is as fol-
lows. The a priori hydrography is taken as the complete
CTD T and Sprofile dataat timet,. Then only the upper
water column (500 m) of the T field from a second CTD
at a different time t, (e.g., a week later) is used to
simulate an observed XBT at the analysistimet,. The
corresponding analysis Sfield is derived by vertical dis-
placement followed by T—S property preservation based
ontheapriori T and Sprofiles. The true Sfield at time
t, is available as a control field to check the accuracy
of the method. The reference depth z,, = 500 m is
chosen as this depth is the normal maximum reached
by XBT probes. An analogous approach is adopted later
for combining numerical model fields.

There is no unique way of assessing techniques like
thisone. Three measures of successin reproducing fields
are considered. The first is the dynamic height integral,
0-500 m, which often has been used (Emery 1975; Em-
ery and Dewar 1982; Kessler and Taft 1987; Delcroix
et al. 1987; Vossepoel et al. 1999). However, a measure
of the details of the vertical density structure also is
defined by employing a 1-norm quantity defined by

Ao = 2 [loa() — 0o(1)AZ(1)]/z, @

where the subscripts A and O stand for assimilation (or
analysis) and observation/truth, respectively; Az is the
layer thickness; and i is the level index. Thus Eq. (1)
supplies an estimate of the error in the density at all
depths, preventing compensations that can occur in the
dynamic height measure. Further, to check whether the
assimilation improves the vertical S profiles, a relative
assessment (in percent), using a 1 norm, is calculated:

0 Y 18(0) — S0)Az()I

0

BT Yo - sopa > @

where the subscript B stands for background or a priori
field. According to Eqg. (2), ASranges from a maximum
of 100% in the ideal case to —« when 3, S;(i) —
So(i)]Az(i) tendsto zero. A negative A Sthuswill signify
that the assimilation has worsened the background S
profile. The assessment indices (1 and 2) are evaluated
for the part of the water column that extends from 15
to 500 m. Retaining the structure of section 3, that is,
decreasing frequency from daily to seasonally, some of
the assimilation method results are presented.
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Fic. 5. Schematic representation of the two stage analyses (right) obtained by combining model
and XBT water columns (left), for the monotonic case. On the right, the density anomaly (o) is
shown. (@) This paper’s method: the model is displaced to match the bottom of the XBT (stage
1) and the T-S preservation is applied (stage 2). The shaded layer (5°C, 35 psu) highlights added
water, caused by the vertical displacement. (b) Direct insertion of the XBT into the top 500 m
of the model: the absence of a displacement causes an unstable layer (15°C, 36 psu, crosshatched).
Also, the unaltered S profile introduces another unstable layer (15°C, 36.5 psu, forward hatched).

a. Daily assimilation

The first test has been carried out by selecting two
CTD profilesat the S1 location (Fig. 1), eight days apart,
that is, t, = day 0 and t, = day 8 (Fig. 6).

Despite a water mass intrusion that has occurred at
t,, for o = 26 kg m~3, the T-Scurvesfor thetwo profiles
very closely resemble each other (Fig. 6¢). This resem-
blance suggests that agood salinity analysisisattainable
by preserving the T-Srelation. By contrast, the salinity
in z space varies appreciably, therefore discouraging a
persistence-type approach.

The actual salinity analyses are shown in Fig. 6b.
Here S is the observed true profile, Sy, is the a priori
profile that would be preserved if salinity were unal-
tered, and S;; isthe analysis preserving the T-Srelation.
It is evident that the S;; analysis represents the control
profile very well, and this result is confirmed by the

very high AS index (above 81%). One of the biggest
|So — Ss discrepancies is near the surface, within a
shallow layer (roughly 25 m thick). The water intrusion
at about 200 m also is not picked up by this paper’'s
method, because the background field does not contain
that water mass type. This failure shows up in the dif-
ference between S, and Sg; at about 215 m. Last, the
positive impact of the assimilation is highlighted further
by the small figures of both the Ao index and the dy-
namic height difference (D, — Dg;) (Fig. 6d).

b. Weekly assimilation

The assimilation also was applied to the weekly av-
eraged profiles (see section 3b), assimilating between
weekly averaged profiles two weeks apart. The example
here is from the SE box. In addition, a parallel analysis,



2020

Temperature (day: 8)
(@ | ‘ 5 =

ol
ool

30.0

27.5

25.0

22.5 st e
= (TS

20.0 i H
,_l (T-S)g

2 175
=

15.0 |7

12.6

10.0 28

7.5

5.0
33.5

34.0 34.5 35.0 35.5 36.0
S (psu)

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLUME 16
Salinity
0 I N T ;
®) R’\ : z
50 [ \\\\ :
100 i : ? :
150 i : f i
s
~ 200 i : = ;
G S o S
< 250 e
2 See // 3
® 300 /}
350 ; ‘ f
}/ iAS = B1.1 %
400 : /r : :
450 f
500 ’ I/
335 3840 345 350 355 36.0
S (psu)

Density anomaly (o)

0 i ; | ; :

150 R R R k

. 200 ; :

£ W\

£ 250 : :

5 R \\
Do~ Dgz; =:0.15 dyn cm:

L e
Do+Dgr = 0.05 djn cm| : K

350 T ! : ; \

400

500 : ‘ : - :
21 2 23 24 25 26
o, (kg m™)

RN
Eiii\i

FiG. 6. Data assimilation. From the top left: (a) temperature profile, (b) salinity profile (Sy; is
this paper’s analysis), (c) T-S diagram, and (d) density anomaly for two profiles eight days apart
at Sl location. Note that the assimilated and control T profiles are coincident, having assumed no
errors in the T measurement. The AS figure, calculated by Eq. (2), is shown in (b) whereas the
Ao [Eg. (1)] and the dynamic height differences are in (d). For consistency, (D, — Dg,) and Ao
have been evaluated by using the T, profile, instead of T,.

which uses the Levitus climatological T-S for this re-
gion, also was carried out.

This study considered t, = week 53 and t, = week
55 (Fig. 7). As implied by the AS;; index, the T-S
background yields a 59% better analysis than does |eav-
ing S(2) unmodified. A further confirmation is given by
the dynamic height estimation [—1.2 dyn cm for (2)
compared with 0.2 dyn cm for §T)]. For the climato-
logical dataset comparison, the two T-S dynamic
heights differ substantially (i.e., |[Dy; — Dg| < Do —
Dgrwl), as do the Ao indices (Aosr < Aogy) (Fig. 7d),
mainly due to differences in the top 100 m. This result
is because the climatological dataset T-S curve differs
considerably from the measured one (Fig. 7¢).

To check the impact of the vertical displacement
(stage 1, Fig. 5), the 500—1000-m dynamic height for
the Sy, and Sg; analyses also was computed. Although
the displacement isnot very large (16 m), it does slight-
ly improve the description of the water column below
Zref .

An interesting feature in the S; salinity profile (Fig.
7b) is seen above 50-m depth where an isohaline layer
ispresent. When observed temperatures are higher than
any temperature in the a priori field (always near the
surface), we assume that the water is just heated, and
therefore the salinity is not changed and the whole of
the warmer layer takes the salinity of the warmest wa-
ters in the background field (cf. Figs. 7a, b).
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Fic. 7. Asin Fig. 6 but for the two weekly averaged profiles two weeks apart, for the SE box. Here also
the assimilation performed by using climatological T-S relations is shown (subscript ““cl’’). Moreover, (D,
— Dgy) and Aoy have been evaluated by using the T, profile.

c. Seasonal assimilation

Two weekly averaged profiles 10 weeks apart for the
SW (Fig. 8) box are considered. In this case t, = week
46 and t, = week 56.

In this SW box, the background and observed S(z)
profiles differ substantially (Fig. 8b) and the corre-
sponding T-Scurves also show considerable differences
(Fig. 8c). In particular, awater intrusion with o, between
approximately 23.7 and 24.4 kg m~2 is present at t,.
Although this feature cannot be captured by the assim-
ilation method (cf. S, and Sg; in Fig. 8b, between 80-
and 120-m depth), the AS;; is still over 70%, indicating
avery positive impact of the assimilation scheme. This
impact aso is seen in the D, — Dy index, which is

equal to about 0.3 dyn cm (Fig. 8d). The climatological
dataset does not perform nearly as well, with |D, —
Dgrql = 3.9 dyn cm, even bigger than |D, — Dy

As in the weekly assimilation, the vertical displace-
ment (of the same magnitude, 16 m) again provides an
improved 500—1000-m dynamic height.

d. Model field assimilation

We have taken the first steps toward implementing
this scheme in a model. In collaboration with the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWEF), a further test has been performed by using
two instantaneous HOPE model outputs. This ocean
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Fic. 8. Asiin Fig. 7 but for two profiles separated by 10 weeks (seasonal assimilation), and for the SW
box.

model is the one used as part of a coupled seasonal
prediction project at ECMWE The model is primitive—
equation-based, three-dimensional, and uses z coordi-
nates with variable surface height. Forcing is provided
by surface solar heat flux, wind stress, and precipitation
[see Wolff et al. (1997) for a more detailed description].
Only the equatorial Pacific cross section is shown here.
Figure 9a shows the thermal field for the upper water
column showing the strong stratification and an upward
thermocline slope to the east. This configuration implies
that vertical displacements or thickness variations of the
water columns would induce large changes to the den-
sity distribution.

The two realizations discussed areinitialized with the
same fields but then run for three months each, using

different wind stress forcing. The surface heat fluxes
also will differ to the extent that they depend on the
SST and wind fields. This time integration is long
enough to generate large differencesin the hydrography,
as shown by the temperature difference section (Fig.
9b). The main temperature differences (as much as
—1.8°C) are found east of the international date line for
depths up to 200 m, where the thermocline is more
pronounced in Fig. 9a. Large differences (about 1.8°C)
are present also in the upper water column between 260°
and 280°E. Salinity differences also are quite distinct
as shown by the difference cross section (Fig. 9c), and
are spread over most of the top 200 m across the basin.
In particular, large values are found between 200° and
240°E, ranging from 0.45 psu in the upper water column
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Fic. 9. Data assimilation using HOPE model outputs along the equatorial tropical Pacific. The two 3-month runs were initialized in the
same way and thereafter only the wind stress forcing was different. (a) Background temperature section after 3 months; (b) temperature
difference between background and control run (contour interval is 0.4°C); thisincrement is the one used by the assimilation scheme. Salinity
difference (contour interval is 0.1 psu): (c) before and (d) after assimilation.

to —0.25 psu lower down. A considerable minimum also
is seen in the eastern part of the section (about —0.85
psu). The sign of the salinity differences generaly is
opposite to that of the temperature differences such that
there is not a density compensation.

Assimilation is applied to run B (background, shown
in Fig. 9a), using the temperature increments shown in
Fig. 9b but maintaining the T) relationship from run
B. The salinity difference results are presented in Fig.
9d and show a clear improvement over most of the



2024

section. All of the extreme values present before assim-
ilation seen in Fig. 9c have been reduced considerably,
especially between 200° and 220°E and east of 260°E.
A minor negative effect has been induced below the
main thermocline between 150° and 200°E, presumably
by discrepancies in the T-S relationships that develop
over the 3-month period. In spite of this effect, the as-
similation has led to a satisfactory AS index of about
23% improvement.

6. Discussion and further work

An alternative approach to including a salinity anal-
ysis as part of a temperature-profile XBT data assimi-
lation framework has been presented. It embraces the
hypothesis of T-S relationships as its principa corner-
stone. The novelty comes from using T and S fields
from recent data, rather than from any climatological
dataset. The main motivation is that the usual approach
of using a long-term average T-Srelationship from cli-
matological data generally is found to be inadequate in
reconstructing the density field. We suggest therefore
that atemporally closer T-Sfield, such as from a model
prediction or any recent CTD data, will provide a better
solution.

A CTD dataset for a region of the western tropical
Pacific was analyzed and it was shown that one can use
T-S relationships to link them very accurately for time
periods on the order of afew weeks, except sometimes
in the uppermost layer (about 50 m). The assimilation
scheme is useful both for CTDs and model realizations.
In the former case, values for the 15-500-m dynamic
height differences (i.e., [D, — Dg|) rarely bigger than
2 dyn cm were obtained. Comparing this accuracy to
altimetry shows that 2-3 dyn cm is a lower limit given
by the satellite observational accuracy when low-fre-
quency barotropic changes can be neglected (Katz et al.
1995). It also has been shown that with assimilation
performed using the climatological T-S relation, only
mediocre results are obtained, with [Dy, — Dgy| nor-
mally bigger than 3.5 dyn cm. This result indicates the
inadequacy of the climatological dataset in representing
the water mass properties at any given time, possibly
partly because of the high degree of smoothing in z
space that was used. In particular, note that keeping S(2)
fixed sometimes leads to better dynamic height analyses
than does using climatological water properties (e.g.,
Fig. 8d; although in this case compensations in the ver-
tically averaged density field contribute to producing
this result).

While the results shown are promising, it should be
emphasized that the analyzed CTD data only refer to a
few limited areas, and therefore it has not been shown
that this assimilation scheme will perform well globally.
However, even when temperature inversions or water
intrusions occur, the scheme still can yield positive out-
comes at other levels in the water column. One of the
implicit requirements of the scheme is that a sufficient
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stratification, that is, a wide enough T range, be present
in the a priori water column. In the tropical regionsthis
condition is met easily but problems may arise as one
moves poleward, as described by Emery and Dewar
(1982). Their suggested borderline at around 40°N calls
for further work to examine the XBT assimilation prob-
lem in midlatitudes.

Other measurements also could be employed to im-
prove the S analysis, especially near the surface. Vos-
sepoel et a. (1999), for instance, propose a way of
inferring salinity corrections by incorporating a further
constraint to the T-S preservation given by independent
observations of sea surface height (SSH) (however, they
also assumed that the sea surface salinity was known).
However, good statistics are required to deduce which
part of the salinity profile is likely to require altering.
More important, the SSH accuracy, together with the
uncertainty in the level of dynamic height reference,
means that dynamic height may not provide sufficient
additional information to be useful if the a priori T-S
relation is sufficiently well known. Last, even when an
accurate enough dynamic height is available to provide
independent data, some salinity errors may compensate
each other in the density profile and thus still be un-
detectable.

Despite these pitfalls, we believe the synergistic use
of T (correcting Susing T-Sfunctions) and SSH datasets
will be the most useful way forward in reconstructing
the density field for ocean and coupled modeling ex-
periments.
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