WNANYJOWIW 1VDINHDAL

305

Salinity adjustments in the presence
of temperature data assimilation

A.Troccoli, M. Balmasedaq,
J. Segschneider, J. Vialard,
D.L.T. Anderson, K. Haines,
T.N. Stockdale and F. Vitart

Research Department

June 2000

This paper has not been published and should be regarded as an Internal Report from ECMWF.
Permission to quote from it should be obtained from the ECMWF.

European Centre for Medium-Range Weather Forecasts
— Europdisches Zentrum fur mittelfristige Wettervorhersage
w Centre européen pour les prévisions météorologiques a moyen




0

SALINITY ADJUSTMENTS AND TEMPERATURE ASSIMILATION

Abstract

In this paper we evaluate the role of salinity in the framework of temperature data assim-
ilation in a global ocean model that is used to initialise seasonal climate forecasts. It is
shown that the univariate assimilation of temperature profiles, without attempting to cor-
rect salinity, can induce first order errors in the subsurface temperature field. A recently
developed salinity scheme is used to improve the salinity field. In this scheme, salinity
increments are derived from the observed temperature, by using the model temperature
. and salinity based on the T-S relationship preservation assumption.

Two data assimilation experiments were performed for the 9-year period 1990-1998.
These show that the salinity scheme is effective at maintaining the halocline and thermo-
cline structures especially in tropical regions. In addition to the improvement of the mean
state, the scheme allows more temporal variability than relaxation to climatological data.
Some limitations of the scheme are on occasion apparent, however. These limitations might
be reduced in the future by use of altimeter sea level or sea surface salinity observations
from satellite. .

1 Introduction

A currently-used strategy to produce ocean analyses from which to begin seasonal forecasts
is to force an ocean model with the recent history of windstress, heat fluxes and precipita-
tion minus evaporation fields, and then use the analysed ocean state as initial conditions
in a coupled ocean-atmosphere model. It is mainly the subsurface structure of the temper-
ature fields which provides predictive skill on the time scale of a few months. The analysed
ocean states are not perfect, however, as both forcing fields and ocean models contain
errors. Ocean temperature data assimilation has proven to be capable of improving the
simulated upper ocean temperature structure in such a way as to be beneficial for seasonal
climate forecasting (e.g. Alves et al., 1999, Ji et al., 1998, Fischer et al., 1997, Rosati et
al., 1997). The seasonal forecasting system at the European Centre for Medium-Range
Weather Forecasts (ECMWTF') uses an ocean analysis in which in situ temperature data
have been assimilated.

Not much attention has been given to salinity in the context of temperature data as-
similation for seasonal climate forecasts. Hitherto the most common approach has been
to leave the salinity field unmodified when updating the temperature field. This is partly
because subsurface salinity observations available in near real time are very sparse, and
partly because the salinity field was thought to be of less importance for the density in
the upper tropical ocean. However, as pointed out by Cooper over a decade ago (Cooper,
1988), salinity sometimes plays an important role in determining the three dimensional
density structure even in tropical regions. More recently, salinity observations in the west-
ern equatorial Pacific revealed large interannual variations of salinity at subsurface levels
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(Kessler, 1999, Ji et al., 2000). The physical causes for the observed anomalies are not fully
explored yet, and it is therefore not clear to what extent the ocean analyses at ECMWF,
in which salinity is treated as a prognostic tracer, can reproduce the observed changes.

Another, more technical issue, is that not modifying salinity when updating temper-
ature may lead to generation of artificial and possibly unrealistic water masses which
subsequently can corrupt the simulated ocean state. We will show that this can cause
serious errors not only in salinity, but also in the temperature field.

Recently, several different attempts have been made to diagnose salinity even when
temperature is the only subsurface data available. Some of the proposed methods make
use of Empirical Orthogonal Functions (EOFs) to decompose the vertical structure .of
temperature (7) and salinity (S) profiles observed over limited regions and periods. The
EOQOFs thus obtained are used to derive salinity when direct observations of S are not
available. For example, Vossepoel et al. (1999) used 9000 T' and S observations in the
equatorial Pacific for the period 1975-96 (i.e. an average of about 3 observations in a
1° by 1° region per year), and Maes et al. (2000) used 778 profiles within the 10°5-10°N
band along 165°E for the period 1984-1992 (these were all the profiles for which S was also
measured). In the case of Vossepoel et al. (1999), the EOF's of the data provide a correction
to their first guess which is obtained from a climatological 7-S relation, so as to improve
the S variability. Maes et al. (2000), on the other hand, utilise the EOFs as a first guess for
reconstructing the salinity profiles (which might also be corrected towards a climatological
value in case deviations become too large). In both cases, however, the representativeness
of the EOF's depends on the availability of 7' and S observations. Because of the sparsity of
S data, it is difficult to extend these results to regions outside the tropical Pacific. Further,
the fact that EOF's can only represent structures that are present in the training data may
prevent reconstructing S profiles that have not been observed in the past.

An approach that overcomes some of the limitations of the methods described above
has been proposed by Troccoli and Haines (1999) (hereafter TH99). The basic idea is to
use the T-S relationships of the closest, in time and space, T and S profiles to reconstruct
the salinity profile from temperature information only. The approach has proven to be
successful in the reconstruction of observed salinity profiles in the western tropical Pacific
ocean when the T—S relationships are taken from observed profiles up to a few weeks
before the time of the reconstruction (TH99). In the work presented here, observed T-
S relationships are replaced by the T-S relationship of the model background, which is
derived locally from the model T and S profiles. The main advantage of this approach
compared to employing EOFs is that no learning period is needed. On the other hand, the
scheme relies on realistic model T and S profiles. In order to test the method in a data
- assimilation framework, experiments have been devised using an ocean global circulation
model, in which temperature data are assimilated. ‘

The work is organised as follows. In section 2 the ocean model, the data assimila-
tion system and the experiments are described. Results from the latter are presented‘ in
section 3. A discussion is provided in section 4.
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2 Experimental set-up

This section presents the experimental set-up adopted in this work. The set-up chosen is
slightly different from that used in the operational mode at ECMWF in that some param-
eters have been changed for this study. In particular, we use manually quality controlled
data so guaranteeing that the same temperature data are used in both experiments. Fur-
ther, the maximum depth to which data are assimilated is reduced from 1050 m to 425 m,
to match the bottom of the TAO mooring observation profiles. Finally, a 3-day window
is used in our experiments instead of a 10-day window in the operational set-up, thus giv-
ing more weight to the temperature observations in our experiments. In the following, a
brief description of the ocean model is given first. Then the data assimilation system is
described and, finally, the two experiments to test the TH99 salinity scheme are outlined.

2.1 Ocean model

The ocean model used in this work is the Hamburg Ocean Primitive Equation (HOPE)
model (Wolff et al., 1997) modified by the Seasonal Forecast Project at the ECMWF
and utilised for seasonal forecasting in coupled mode (e.g. Stockdale et al., 1998, Alves
et al., 1999). Here we only describe its main features. It is a 3-D primitive equation
model using z-coordinates and a variable sea surface height in a global domain. The model
uses an B grid with a horizontal resolution of 2.8° x 2.8° (longitude/latitude), plus an
equatorial refinement: the meridional resolution is 0.5° within 10° of the equator, and
increases smoothly from 0.5° to 2.8° between 10 and 30 degrees. In the vertical there are
20 levels, 12 of which are in the upper 425 m. The parameterization of the vertical mixing
uses a Richardson number dependent K-scheme, a modification of that of Pacanowski
and Philander (1981). The K-value is increased mainly within the mixed layer, which is
diagnosed as the depth-range in which temperatures differ by less than 0.5°C from the Sea
Surface Temperature (SST). In order to avoid numerical problems with static instability, an
ad hoc convection scheme is included, which mixes two adjacent model levels if dpy/dz > 0
locally, where py is the potential density.

The model is forced by daily average momentum, heat and fresh water fluxes taken from
the ECMWF atmospheric analysis system. In order to avoid unrealistic drifts, additional
weak restoring terms (time scale of 1 year) are applied to the 3-dimensional T' and S
fields by using annual climatological values from Levitus and Boyer (1994) and Levitus
et al. (1994) (hereafter referred to as Levitus). An additional weak relaxation (time scale
of 1 year) is applied to the Levitus surface S implying a damping time of 6 months for
the surface salinity. A strong relaxation (time scale of 3 days) is applied to the surface
temperature using weekly observational data (Reynolds and Smith, 1995).

2.2 Data assimilation system

The data assimilation method used in this study is an Optimal Interpolation (OI) derived
from Smith et al. (1991). The observations utilised are sub-surface temperature mea-
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Figure 1: Schematic of the vertical displacement (first part of the TH99 scheme). The
displacement is the difference between the depth of the deepest observed (or, as in our case,
the output of the OI) temperature (thin solid line) and the depth of the same temperature
in the model profile (bold solid line). This displacement is then used to lift (as in the
figure) or lower the model profile in order to complete the observed profile below the
deepest observed T' (dashed line).

surements, obtained mainly from the United States National Oceanographic Data Center
through the GTSPP (Global Temperature Salinity Pilot Project) data distribution net-
work. The main components of the observing system are the XBTs and TAO moorings
in the equatorial Pacific. TAO-type moorings in the tropical Atlantic from the developing
Pirata array and PALACE float data distributed through the GTS are also used, even
though these data types are much more recent and only impact towards the end of the
experiments. The OI method is used to map these sub-surface temperature observations
onto the model background. The observed 1" profiles are first interpolated onto the model
levels, which are treated independently from each other in the OI. The OI of the tem-
perature field (with the model T used as a background) is performed every 3 days, using
observations grouped in 3-day bins in the TAO region and 10-day bins elsewhere. The
data outside the TAO region are thus used more than once. Following Smith et al. (1991),
the background is given the same weight as an individual observation. The background
errors are expressed as anisotropic and inhomogeneous gaussian functions whose correla-
tion length scales near the equator are 1500 km zonally and 200 km meridionally. In all
the experiments described in this paper the assimilation is done over the levels from 2 to
12 (i.e. between 30 and 425 m depth). For further detail on the OI implementation in the
HOPE model see Alves et al. (1999).

In order to obtain the updated vertical salinity profiles (i.e. the salinity analyses),
the temperature profiles obtained by the OI are processed through an improved version
of the TH99 scheme. This scheme is in two parts. First, a vertical displacement of the
model background profile to match the bottom of the analysed T profile is made. The
displacement corresponds to the difference between the depth of the deepest analysed
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temperature and the depth of the same temperature in the model profile (an example is
shown in Fig. 1). The salinity profile is also shifted by the same amount. This first part of
the scheme reflects that isopycnal surfaces are often displaced even below the depth to which
observations usually extend, e.g. by internal waves. The matching should help to prevent
convective adjustments at the bottom of the observed profile. However, if the temperature
at the bottom of the analysed profile is outside the T' range of the model background,
no displacement is performed. Typically, this may happen in coastal regions and at high
latitudes. Second, the scheme computes an S analysis, using the 79 relationships from
the model T and S background profiles. For example, at a T' observation of 20°C, the
analysed S will be the same as the S present at the depth of 20°C water in the model
profile. '

No information other than the temperature analysis (OI in the present case) and the
model T" and S profiles is needed for the TH99 scheme to work (see Fig. 2). It is known,
however, that T-S preservation is not a good hypothesis when non-isentropic processes
are dominating (e.g. in the mixed layer or in the vicinity of river inflow) for which T
and S variations may be highly uncorrelated. Therefore, if the OI temperature is outside
the range of the model T profile (as it may typically happen near the surface), then the
model salinity is not modified. Also, in order to avoid applying the 7—S relationships of
near-surface water to deeper layers, the model 7-S relationship from the upper 50 m of
the water column is used only if the corresponding OI temperature is also near the surface.
Otherwise, no change is made to the model salinity.

" Model 0 ity T
T and S 1 st

T only

1

Temperature OI

analysed T

TH99 scheme

analysed S

[

Figure 2: Schematic of the data assimilation system. TH99 scheme is the salinity scheme.

In addition, a latitudinal filter has been applied to the salinity increments such that
the whole salinity increment is applied only within 30 degrees of the equator. Outside this
region, the weight given to the salinity analysis diminishes linearly to zero at latitudes
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poleward of 60 degrees. This is done to avoid implementing the TH99 scheme in areas
where the stratification is weak and S(z) persistence is more appropriate (see Emery and
Dewar, 1982).

2.3 Description of the experiments

Three experiments, listed in Table 1, are run to test the TH99 salinity scheme. They all
use the ocean model set-up described in section 2.1. The initial conditions are taken from
a spin-up run which has been relaxed with a 10-day time scale to the Levitus chmatology
at all depths. The experiments are run for the period 1990 to 1998.

Experiment | Period (yr) | Assimilation
CNT 1990-1998 none
T0I 1990-1998 Ol
TOIS 1990-1998 | OI+TH99

Table 1: The three experiments. OI stands for Optimal Interpolation (temperature data
only) and TH99 for the salinity scheme discussed in section 2.2.

To assess the impact of the TH99 salinity scheme on the OI analysis, two experiments
are considered: one in which the TH99 salinity scheme is added to the OI (T'0OIS) and the
other in which only the Ol is used (7'0I). In both experiments the temperature observations
are presented to the OI procedure first. In TOIS the TH99 scheme is applied locally as a
second step at each model grid point, as described in section 2.2. The T and S increments
thus calculated are then uniformly added to the model background over a 3-day period, in
order to allow the model to gradually adjust to the analysed density field. For reference,
a run with no data assimilation is also performed (CNT'), which will be mainly used to
check how the data assimilation affects systematic model errors.

3 Assimilation results

In this section we analyse the impact of the TH99 salinity scheme, by comparing the two
runs TOIS and TOI with observations (e.g. Levitus climatology) and the experiment
CNT. We first analyse the 9-year mean in section 3.1 and then we investigate the salinity
and the sea level variability in sections 3.2 and 3.3, respectively.

3.1 Analysis of the 9-year means

To investigate whether TH99 can improve the mean state, we examine time-averaged fields
from the entire run (i.e. the 9-year mean 1990-1998). We first consider the equatorial
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section through the Pacific and Atlantic oceans. The equatorial Pacific is an area relatively
rich in T" data and it is also a very important for seasonal forecasting.

Figure 3 and Figure 4 show temperature and salinity sections along the equator for
the Pacific and Atlantic ocean. In each figure, panel (a) shows the climatological average
from Levitus and panels (b-d) show the differences between CNT, TOI, TOIS and Levitus.
Although we will use Levitus as a measure of climatology, it should be born in mind that it
is not an absolute measure of the mean state of the oceans. For example the TAQ thermal
data have a somewhat different climatology in the west Pacific, either because of a different
averaging period or a better data coverage during the TAO period. We will first discuss
temperature. The dominant feature in Figure 3a is the sloping thermocline, which is an
important feature of these two oceans. The CNT experiment shows substantial deviations
of up to 3°C at the depth of the thermocline. The CNT experiment is warmer than Levitus
in the eastern Pacific and in the Atlantic ocean, and colder in the western Pacific. The
warmer temperatures in the Atlantic and eastern Pacific ocean are due to systematic bias
in the CNT experiment. This bias is linked to a too diffuse thermocline in the model,
possibly due to limitations of the mixing scheme combined with a poor vertical resolution.
The assimilation of temperature profiles helps to control these errors. Figures 3c and 3d
show that the errors are substantially reduced in TOI and TOIS, as a result of temperature
assimilation. The differences between the assimilation experiments and Levitus in the
western Pacific are likely to indicate differences between the Levitus and TAO climatologies.
Levitus is based on data from 1900 to 1993 whereas the experiments span the 1990-1998
period. We compared the Levitus climatology with the TAO climatology from Yu and
McPhaden (1999). and found that TAO was colder by about 2°C around 150 m depth in
the western Pacific. Since the long-term mean of CNT is already consistent with the TAQ
data, the assimilation of temperature data does not change the thermal structure of CNT
in the subsurface western Pacific very much.

Both the TOI and TOIS experiments improve the thermal state of the model at the
thermocline level. Below the thermocline, however, significant differences with respect to
Levitus, appear in TOI which is 1°C colder than Levitus around 300m and more than 2°C
warmer than Levitus below 500 m in the Atlantic ocean. It is 1.2°C warmer than Levitus
below 500 m in the eastern Pacific ocean. It must be noted that this corresponds to a
vertical displacement of the isotherms on the order of 100 to 200 m at these depths. The
differences between TOI and Levitus are thus quite large. These spurious differences are
not present in CNT and must therefore be induced by the assimilation. They disappear in
TOIS showing that the TH99 scheme helps to improve the deep ocean thermal structure
in the assimilation. A discussion about the possible causes of the differences in the two
experiments TOI and TOIS is deferred to later in this section, after introducing the salinity
fields.

Figure 4 shows the salinity sections corresponding to the temperature sections from
Figure 3. The Levitus climatology (Figure 4a) is characterized by relatively fresh water
close to the surface, an intermediate salinity maximum around the depth of the thermocline,
and monotonically decreasing salinity below. Low surface salinities are present at both
the eastern and western boundaries in both oceans due to strong precipitation and/or
river runoff. The subsurface salinity maximum is most pronounced in the western part
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Figure 3: Equatorial sections of temperature. (a) Annual mean Levitus climatology; (b)
the difference between the exp. CNT and Levitus averaged over the 9-year mean (1990-
1998), (c) as for (b) but for the exp. TOI and (d) as for (c) but the exp. TOIS. Negative
values are shaded.

of the basins. Because of errors in the specified surface freshwater flux and in the model
formulation, CNT is different from Levitus (Figure 4b). It is fresher near the boundaries
in the surface layer, and saltier around the subsurface salinity maximum. However, for the
section shown, the departure from climatology is small below 200 m.

Figure 4c shows that the assimilation of temperature data in experiment T'OI intro-
duces large changes in the salinity field in the subsurface. In particular, salinity is lower
than Levitus at around 200 m (by up to 0.8 psu in both the western Pacific and Atlantic).
Below 300 m, salinity is higher than Levitus (by up to 0.2 psu in the Pacific and 0.6 psu
in the western Atlantic). This indicates an export of salt from intermediate to deeper
layers, as will be discussed later. The additional correction of salinity in experiment TOIS
(Figure 4d) results in smaller differences with respect to Levitus salinity. The large differ-
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Figure 4: As in Fig. 3 but for salinity.

ences with Levitus that were present below 300 m in experiment T'OI essentially disappear.
At the thermocline level, they are significantly diminished in the Atlantic ocean. In the
Pacific, the maximum deviations from Levitus are halved. All in all, below the depth of
50 m, TOIS shows a promising improvement over Ol when compared to Levitus. The
behaviour of all three experiments is very consistent in the surface layer, but as mentioned
earlier, we do not expect the TH99 scheme to improve surface layer salinity.

We can now start discussing possible causes of the differences between TOI and TOIS.
Figure 5 shows meridional sections along 30°W of climatological temperature and of an
instantaneous model output from T'OL After only three months, the temperature structure
reveals large errors in the equatorial region. The isotherms between 5°N and 5°S have been
displaced downwards in an unrealistic way in TOI This is most likely caused by strong
vertical mixing or convection in TOI Very weakly stratified or unstable water columns can
be created as the result of temperature assimilation in regions where there is a subsurface
salinity maximum. Below this maximum, S decreases with depth and static stability is
ensured by the temperature stratification. If the temperature increments given by the
OI scheme in TOI are such as to decrease the vertical T stratification in these regions,
(while S is left unchanged) the water column may become statically unstable. The model
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mixing scheme then responds by spuriously increasing the vertical mixing. This is strongly
reduced by the TH99 scheme in T'OIS: the scheme adjusts the salinity profile in order to
preserve TS characteristics and thus mainly ensures static stability.
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Figure 5: Meridional temperature section at 30°W. Left: initial conditions (i.e. clima-
tology). Right: instantaneous field after a 3-month model integration with an Optimal
Interpolation temperature assimilation (experiment T'OI).

The spuriously increased mixing is most likely to occur where the salinity maximum in
the main thermocline is relatively prominent or, more generally, when the salinity gradient
below the S maximum is large. This explains why differences between T'0OI and T'OIS are
more pronounced in the equatorial Atlantic where the subsurface S maximum is stronger
than in the Pacific.

An objective way of identifying those areas most likely to be affected by the enhanced
mixing is provided by the following analysis. The stability of the water column can be
expressed as the derivative of py = pg(©, S) with respect to depth (z positive upward):

dps Bps\ dO [8ps\ dS de ds
dz &%) (ae)s dz+(65 I er gty )

where pj is the potential density, f the potential temperature o and 3 the thermal and
haline expansion coefficients. In a statically stable water column dpg/dz is negative. In
TOI the temperature profile is changed while the S profile is retained. If dS/dz is positive,
this can lead to a statically unstable profile if temperatures are reduced at that depth by
the OL. The critical value of the temperature stratification (d©/dz)y, which would cause
convection to begin (when dpy/dz is zero) is given by:

do\ _pdS_ _dS
(5),;;3;—7 @

where v = (0, 5) > 0.

10 ' Technical Memorandum No. 305



SALINITY ADJUSTMENTS AND TEMPERATURE ASSIMILATION | 90~

If we assume, as shown by TH99, that temperature variability in the thermocline occurs
mostly through vertical displacements of the water masses, it is possible to compute the
minimum vertical displacement of the water column for which this will happen. The smaller
this value, the greater the risk of spurious convection. Figure 6 shows the results of such
evaluation with the temperature and salinity fields taken from the Levitus climatology
along the equatorial section (left) and the 30°W meridional section (right). The solid lines
show the minimum displacement, while the dashed line gives the depth at which instability
occurs. The plot on the left shows that the Atlantic sector (between 50° W and 10° E)
is more prone to instability than the Pacific sector. In the Atlantic, upward shifts of the
temperature profile of between 15 m and 60 m (solid line) are generally sufficient to make
the water column unstable at depths that vary between 90 m and 240 m (dashed line). In
the Pacific these displacements are always more than 70 m and generally well over 100 m.
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Figure 6: Minimum vertical displacement which would destabilise the water column (solid
line) and depth of the corresponding level (dashed line). Along the equatorial section (a)
and Atlantic meridional section at 30°W (b).

The above analysis yields a more rigorous confirmation of what could have been deduced
from the climatological S in Fig. 4a: the S maximum in the Atlantic is up to 1 psu larger
than in the Pacific, but the S values at depth are very close in the two oceans.

The smaller amount of temperature data collected in the Atlantic is another contribut-
ing factor as to why the T differences between T'OI and T'OIS are more pronounced in the
equatorial Atlantic than in the Pacific, in particular in the thermocline. In the Atlantic
during 1990-98 the main source of T profiles are XBT casts along shiptracks, so that ob-
servations at one location are only made a few times per year. Some of these will tend
to generate spurious mixing and to erode both the temperature and salinity stratification.
The only opposing effect to these damages to the T' and S fields will be the relaxation to
climatology which acts on the slow time scale of 1 year. On the other hand, in the Pacific
ocean there are frequently repeated observations at the same location from the TAO array.
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Once the salinity gradients have been eroded, the following temperature observations can
constrain the temperature field without generating any spurious mixing or convection. The
temperature field is thus very well constrained whereas the salinity field is still in error.

Note that in TOI, the assimilation makes no temperature increments below 425 m
depth. This is an extreme “data sparsity” problem, and means that if the analysis starts
to go wrong, there is nothing to bring it back other than the very slow relaxation to
climatology. Thus, once a warm column begins to develop at these depths, it may be hard
to stop. Extending the temperature analysis to lower depths might reduce this problem,
or at least push it down deeper. In the experiments presented here, we chose 425 m
instead of the operationally used 1050 m in order to match the depth to which TAO
observations extend. It is mainly XBT observations that extend to greater depth. It might
also be possible to formulate a bottom boundary condition of some sort to the temperature
increments to help ensure stability. It is clear, however, that the present formulation of
TOI has severe problems in maintaining the thermocline in the equatorial Atlantic.

To further study the impact of the TH99 scheme, we consider now a meridional sec-
tion at the same location as for Figure 5 (30°W) but now for the nine year mean of the
experiment. Figures 7a-d show the T and S fields for both TOI and TOIS and the dif-
ference between the two experiments (Figs. Te-f). The T field is characterised by a tight
thermocline between 8°S and 13 °N, whereas the S field presents two salinity maxima, and
corresponding haloclines, one at about 17°S and the other at about 24°N. In Figs. 7a-b,
starting at the base of the main thermocline, an anomalous warm and salty water column
is seen in T'OI in the neighbourhood of the equator. Such a feature is not present in the
Levitus climatology: it is a manifestation of the spurious mixing activity discussed pre-
viously. On the other hand, the T and S fields of T'OIS look more realistic (Figs. 7c-d),
with only a slight bulge in the salinity field on the 34.6 psu isohaline near the equator and
a corresponding though smaller bulge in the T field (5 and 6°C isotherms). This suggests
that some strong mixing may still be occurring intermittently in the TOIS experiment,
probably due to the fact that the assimilation does not take into account the actual depth
of each observation profile (the deepest assimilation level is fixed, at 425 m). The differ-
ence between T'OI and TOIS along this section (Figs. 7e-f) shows large discrepancies in T’
and S, especially in the 7°S - 8°N band, where the stability analysis (Fig. 6b) shows that
instabilities are most likely. ' '

We are now going to investigate the effect of the differences in 7" and S between T0I and
TOIS on the density field. Fig. 8a shows an equatorial section of density and Figures 8b-c
of temperature and salinity, respectively. In both oceans TOI is lighter than TOIS at
the pycnocline level (around 150 m) and denser below. In the Pacific ocean, T' differences
between the two experiments are small (Fig. 8b). The density differences are thus mainly
linked to the salinity (e.g. saltier water in TOI below the pycnocline results in denser
water). In the Atlantic ocean, there is a competing effect of T" and S on the density field
(e.g. with TOI warmer and saltier below the thermocline). However, the salinity effect is
once again dominating.

It is interesting to see the effect of these density differences between the two experiments
in term of sea level. Because of the compensating effects of T' and S differences, and because
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Figure T: Meridional sections at 30°W of the 9-year mean (1990-1998). Temperature (a)
and salinity (b) for the Ol-only run (exp. T0I); Temperature (c) and salinity (d) for the OI
plus salinity scheme run (exp. TOIS); TOIS-TOI temperature difference (e) and TOIS—
TOI salinity difference (f). Negative values are shaded. The enhanced vertical mixing is
evident in T'OI between 7°S and 8°N (a-b). This causes large differences both in 7' and S
between TOIS and TOI (e-f).
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Figure 8: Equatorial section of the difference TOIS-TOI for the 9-year mean (1990-1998)
for (a) gy, (b) temperature and (c) salinity. Negative values are shaded.

of vertical compensation between denser water in TOI below the pycnocline and lighter
water above, the overall difference in sea level is generally small. Along the equator in the
Pacific and in the Atlantic, TOIS has a higher sea level than TOI, but the difference does
not exceed 2 cm for the nine-year average (not shown).

3.2 Salinity variability

In the previous section we have shown that the use of the TH99 scheme generally improves
the mean state of the ocean. However, for seasonal climate forecast initialization, the
variability is also of concern. In this section we will examine how the TH99 scheme affects
the salinity variability both by looking at differences between the time varying salinity
fields in TOI and in TOIS and by comparing them with other modelling and observational
results. Comparisons with CTD observations will also be made. In the next section we
will compare the simulated sea level with Topex/Poseidon (T/P) sea level observations.

We focus attention on the tropical western Pacific ocean because subsurface salinity
observations are relatively abundant in this region throughout the 1990-1998 period. The
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section along 165°E is one of the best observed but even here data coverage is poor. The
most thorough analysis of the temporal variability of salinity along the 165°E section is that
of Kessler (1999) (hereafter K99). We will compare results from our model assimilations
with K99’s analysis, though direct comparison is not easy, since Kessler had to fill data
gaps and smooth the results. Sometimes the section is occupied only twice in a year and
then only at a couple of stations. Figure 1 from K99 illustrates this point very well.

Figure 9a shows the temporal evolution of the salinity maximum at 165°E, averaged
over 3°S to 5°S for both T'OI (dashed) and TOIS (solid). Kessler’s interpolated values are
shown by the heavy curve. We use the S maximum from the model and compare it with the
equivalent observed quantity which has been recalculated for us by Kessler (priv. comm,),
rather than the value of S on 0y = 24.5 kg m™3 as in K99. The times of observations are
shown by the crosses on the time axis. Only anomalies are plotted, relative to a mean
spanning the years 1990-1996. The mean value salinity for K99 is 35.83 psu. The model
mean values are all fresher than this. The difference is largest for TOI, 0.24 psu, somewhat
smaller but still sizeable in the case of TOIS, 0.19 psu, and smallest in the case of the
control, 0.11 psu. It should be noted, though, that these smaller values are partly due to
the model vertical resolution which is much lower than that of CTDs.

With respect to the variability, the two assimilation experiments capture the low fre-
quency signal seen in the data quite well, with high values in 1990-91, low values in 1992-93
and then increasing until 1996. This rising trend already discussed in K99 is not maintained
after 1996 and salinity values drop in 1997. The extension of K99’s analysis, to include
later values after 1996 (priv. comm.), confirms the drop in salinity (Fig. 9a). Although the
T'OI values do not reach as low as those in TOIS, the drop from the peak in 1997 is just
as large. The control integration CNT does not show such a large drop as either of the
assimilation experiment and indeed agrees better with K99. We will return to this point
later.

‘The model results all show more variability than the K99 curve, which is however a
heavily smoothed interpretation of the data. It is difficult to say how appropriate the
model variability is, but we note that both TOI and TOIS have larger fluctuations than
CNT, and so there is a possibility that the data assimilation is introducing noise into the
salinity field.

Still, it is not clear from this figure if TOIS is better than T'OI or not. In Figure 9b, the
anomalous depth of the salinity maximum is shown for the two experiments. The analysed
depth from K99 is also shown, again heavily smoothed. This figure shows less obvious
agreement between the model values and K99’s analyses. What is obvious is that TOI has
much wilder excursions than is the case for TOIS. These large excursions are related to
the spurious mixing events in TOI discussed earlier. Although they are most acute at the
equator, they can also occur off the equator as this figure shows. In terms of mean values,
TOIS is closest to K99’s data: 158 m for TOIS against 166 m for the latter. The mean
values for TOI and CNT are 150 m and 144 m, respectively.

We now look at specific profiles and consider the event emphasised by Ji et al. (2000),
for which salinity seems to play an important role in the density structure. Ji et al.’s two
assimilation experiments, one with only 7" data and the other with T plus altimeter data,
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Figure 9: Temporal evolution at (165°E, 3-5°S) of the salinity maximum (a) and its depth
(b) for TOI (dashed), TOIS (solid), CNT (dotted) and Kessler (1999) data (heavy line)
with respect to their own 1990-1996 mean. The times of observations are shown by the
crosses on the time axis.

yielded a large sea level difference (up to 9 cm), spanning several degrees of latitude around
the equator between 140°E and 140°W, starting early in 1995 and peaking in mid-1996. In
order to try to explain the cause of this sea level discrepancy, they examined the observed
salinity difference taken from two CTD profiles at (165°E, 2°S), one at the beginning of
the episode (2 May 1995, hereafter CTD95) and the other near its peak (10 July 1996,
hereafter CTD96). In particular, the CTD95 salinity profile is fresher than the CTD96,
down to a depth of about 180 m. Ji et al. argue that the interannual S variation would
account for about 5 to 10 dyn cm difference comparable with the estimate of Maes and
Behringer (2000).

In Figures 10a-b we consider the same two CTD profiles and compare them respectively
with the May 1995 and July 1996 monthly average profiles for 7Ol and TOIS. These
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comparisons will not be exactly equivalent because there is only one CTD profile available
for each month at the chosen location, thus precluding a temporal average. [On a time
scale of order one month, the CTD rms variability could be as large as 0.2 psu in the
thermocline and even larger closer to the surface (Fig. 2 in TH99).] As a reference, the
Levitus annual salinity profile at (165°E, 2°S), to which TOI and TOIS are relaxed, is also
plotted in Figs. 10a-b.

The agreement of the S profile for May 1995 for TOI and TOIS with CTD95 is not
particularly good (Fig. 10a). However, while the salinity maximum in TOI is marginally
closer to CTD95, the shape of the profile in TOIS is more realistic both at the surface
and at depth. As a consequence of the enhanced mixing, the S profile in TOI is almost
homogeneous: S varies by only about 0.3 psu in the top 500 m, about half that of TOIS.

The observed salinity maximum in CTD96 of about 36 psu is not reached by either TOTI
or TOIS (Fig. 10b). However, TOIS agrees generally better than TOI with the observed
profile, CTD96. In particular, the depth of the S maximum for TOIS is closer to that
of CTD96. Both model profiles present a peculiar inversion at 250 m to 300 m depth.
Since this is present in both TOI and TOIS we conclude that it is not a feature of the TH
scheme. As it is not present in CNT, it must be caused by the OI procedure, and may be
related to the fact that the T assimilation is done level by level.

Vossepoel and Behringer (2000) (hereafter VB) compare their model results with CTD
casts also, using casts close to those shown in Fig 10. Ji et al. (2000) do not show model
salinity profiles so we can not compare with their results. The fit to CTD96 in the top
250 m in Fig. 16 of VB is also poor, and worse than in TOIS by up to 50%: near the
surface the difference with CTD96 is 0.25 psu compared to 0.17 psu in TOIS, and at the
depth of the S maximum it is 0.75 psu compared to 0.5 psu in TOIS. Yet, below 250 m
the fit to CTD96 in VB is very good, better than in either of our assimilation runs or in
- our control run. This may arise in part from the time scale used to relax the salinity to
climatology: we have a relaxation constant of 1 year, whereas they use a value of 50 days.
However, it is generally not easy to compare the results of two assimilation methods. The
VB method is active only in the upper hundred meters or so. In our approach, there is no
such restriction.

Whilst one would expect a better fit at depth (as in Fig. 16 of VB, or indeed between
Levitus and CTD96 in Fig 10b), it should also be noted that some salinity variability is
still present even below 250 m. For example, Fig. 2 in Vossepoel et al. (1999) shows a
standard deviation of 0.1 psu at around 300 m, even though a much more local analysis
yielded a value of 0.02 psu (Fig. 2 in TH99). In any case, this salinity variability indicates
that a strong feedback to climatology is not necessarily desirable.

The salinity variability is further analysed by means of a Hovmoller plot of S(z) at
(165°E, 2°S) for TOI (Fig. 11a) and TOIS (Fig. 11b). The episodic and extended flooding
of the deeper layers with high salinity water (more than 35 psu, i.e. unshaded regions) is
clearly visible in T'OI, as for instance in the 1993-95 period. This is the effect of the strong
vertical mixing discussed in section 3.1 and it does not appear in TOIS (Fig. 11b).

The interannual S variability in the TOIS run looks generally plausible. Several features
of the variability seem to correspond with K99’s data from Figure 9, although the location
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Figure 10: Salinity profiles at (165°E, 2°S) from instantaneous CTD data (solid lines) and
monthly averages for TOI (dash-dotted) and TOIS (dashed) for May 1995 (a) and July
1996 (b). Also plotted is the annual Levitus salinity profile (dotted) to which TOI and.
TOIS are relaxed. |

of the data is slightly further south than the area plotted here. Note that the persistent
salinity maximum (S larger than 35.4 psu), from the beginning of 1990 to the second
half of 1991, as well as the salinity up-lifting, corresponding to the 1991-1992 El-Nifio,
are in agreement with the observations. Also, the shoaling of the S maximum associated
with the 1994-1995 warm event and the increase in the salinity maximum starting at the
beginning of 1996 are represented by TOIS. Figure 11 also shows the dates on which the
two profiles of Figure 10 were taken. Because of the relatively high frequency variability
in both model assimilations, it is clear that comparing individual profiles can give only
limited information on how well interannual variability is represented. This fact, coupled
with the sparsity of the observed data and thus our inability to produce plots such as
Figure 11 from data, means that a detailed and reliable assessment of TOI and TOIS in
terms of salinity variability is not possible. Clearly some broad features are captured, as
shown in Figure 9, but salinity data does not (yet) have the space time coverage to say
much more than this.
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Figure 11: Salinity as a function of depth and time at (165°E, 2°S) for TOI(a) and for
TOIS (b). Shading for values smaller than 35 psu. Contour interval is 0.2 psu.

3.3 Sea level variability

We will now assess the impact of the TH99 scheme on the sea level variability. We begin
by considering the 1995-96 period. Ji et al.’s temperature data assimilation experiment
showed poor representation of sea level in the case when only 7" was assimilated and this
lead them to examine the role of salinity. Our corresponding experiment, TOI, does not
show this disagreement when compared to T/P altimeter data. This does not mean that
we recreate the subsurface salinity well but the convective readjustments present in 701
lead to little or no changes in sea level. In particular, in terms of sea level, both TOI and
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TOIS are able to reproduce this particular event rather well: differences between TOI and
TOIS, as well as between each of them and altimeter data, are within 2-3 cm, for this
region (after removing the 1993-1995 mean in each case).

In Figures 12a-d we show the comparison between the T/P sea level observations and
TOIS (a and c) and TOI (b and d) in terms of rms errors (a-b) and correlations (c-d)
for the period 1993-1998. These plots have been constructed by taking the T/P gridded
products (Le Traon et al., 1998) and the corresponding model fields.

Along the equator in the Pacific, the agreement between the two assimilation experi-
ments and the sea level observations (i.e. T/P) is good. Rms errors with respect to T/P
are about 3-4 cm for both TOIS and TOI (Figs. 12a-b), with TOI marginally better than
TOIS. One region where the rms-error differences are larger than the 2-3 cm rms error
in T/P is located in the central Pacific at (140°W, 8°S, Fig.-12a). What gives rise to
this difference has yet to be determined but we know it is a problem in T'OIS since the
rms difference between T'OI and T/P shows no anomalous behaviour there whereas TOIS
shows large errors (cf. Figs. 12a-b). This is further confirmed by Figure 13 which shows
the rms differences between T'0OI and TOIS.

Rins errors in the equatorial Atlantic are generally larger than in the equatorial Pacific.
The better performance of the Pacific over the Atlantic is mainly caused, as noted in
section 2.2, by the larger amount of temperature data available for assimilation in the
Pacific. In the Atlantic, T observations are more sporadic since they derive from the XBT
network rather than the TAO-type array in the Pacific which reports daily.

The correlations between T/P and model sea level (Figs. 12c-d) basically confirm the
results supplied by the rms errors. In the equatorial Pacific, the correlation is larger than
90% for both TOIS and TOL In the equatorial Atlantic, the correlation is less encouraging
as it exceeds.70% only in a limited domain.

It should be pointed out that in the rms errors and correlations thus far presented
the seasonal cycle is included. We also removed the seasonal cycle, so as to analyse the
interannual variability (figures not shown), and diagnosed three different behaviours for
the Pacific, Atlantic and Indian Ocean. In the Pacific the assimilation experiments (70T
and TOIS) have a better fit with T/P than experiment CNT. In the Atlantic, instead, the
opposite is true, i.e. CNT is better than both TOI and T'OIS. Lastly, in the Indian ocean
all three experiments are roughly equivalent. These diverse behaviours can be explained
by the different amount of temperature observations available for assimilation. In the case
of the Pacific, the amount of data is such as to constrain well the interannual variability,
whereas the sporadic availability of measurements in the Atlantic affects the variability in
such a way as to worsen the interannual variability. Finally, in the Indian ocean where
the T observations are even less abundant than in the Atlantic, the impact of the data
assimilation is nearly negligible.

20 Technical Memorandum No. 305



0

SALINITY ADJUSTMENTS AND TEMPERATURE ASSIMILATION

(TOIS-T/P) RMS erro

SoE

r (107 m) for 1993-98
- . T

i

Q
e
=
;
110°E 160°E 150°W 100°W 50°wW 0°
(TOI—-T/P) RMS error (107 m) for 1993—98
YTt 7 D o T U T
[}
©
=
:
110°E 160°E 150°W 100°W 50°W 0°
° b=
2 =
110°E 160°E 150°W 100°w 50°W 0°
3}
o
2
©
]

Longitude

Figure 12: Sea surface height rms errors (a-b) and correlations (c-d) for TOIS and TOI
with respect to TOPEX/Poseidon for the period 1993-98. In (a-b) contour interval is 1 cm
and shading for values greater than 3 cm; in (c-d) contour interval is 0.1 (10%) and shading
for values greater than 0.5 (50%). Data are masked in the vicinity of land points.
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Figure 13: As in Figs. 12a-b but for TOI with respect to TOL

4 Discussion

The salinity scheme proposed by Troccoli and Haines (1999) has been applied to the ocean
model used at ECMWF, by combining it with the pre-existing temperature Optimal In-
terpolation (OI) procedure. An experiment in which salinity was corrected (TOIS) has
~ been run for the 19901998 period and was compared with one in which only temperature
is updated (TOI). The 9-year mean analysis has shown promising results for TOLS, with
significant salinity improvements, with respect to T'OI, especially below 50 m depth. In-
deed, persisting S(z) in regions where salinity decreases with depth can lead to first-order
error in the model mean state. The water column can become statically unstable and lead
to spurious vertical mixing when the temperature increment tends to decrease the thermal
stratification. This has a particularly dramatic effect in the tropical Atlantic where there
is a strong salinity maximum and where there are not many data to constrain the tem-
perature field. In the experiment TOIS, these first-order errors are virtually eliminated as
the TH99 scheme allows preservation of Water mass properties, thus preventing spurious
convection from occurring.

In spite of the fact that the salinity profile is generally better reproduced by TOIS than
TOI, the sea level variability, measured by the rms errors between the T/P sea surface
height and the two model experiments, is not noticeably improved with TOIS. In fact, rms
errors and correlations are slightly better in TOI, when referred to an independent data
set such as T/P sea level.

The approach of this paper has been to use in situ thermal data to correct salinity. An
EOF-based similar type of approach has also been tested by Maes (1999) and Vossepoel et
al. (1999), but in their schemes an extensive back history of salinity is needed both in space
and time in order to derive the EOFs. This is a serious limitation in applying the scheme
in a global assimilation system such as that used at ECMWEF. Indeed, one of the regions
of improved response of our scheme was shown to be the Atlantic where the mean state
was substantially improved. The Atlantic, an area with limited T and S data coverage,
was not considered by either Maes (1999) or Vossepoel et al. (1999).

22 Technical Memorandum No. 305

wucnlwsnoihion ol dnons

0°



SALINITY ADJUSTMENTS AND TEMPERATURE ASSIMILATION L 90~

We have shown that the TH99 scheme has its limitations. Both Vossepoel and Behringer
(2000) and Maes and Behringer (2000), have extended their schemes to include altimetry.
This is clearly a next step for us too. The use of altimeter data in the ECMWF system
has been explored with encouraging results by Segschneider et al. (2000). We have not yet
combined the scheme described here with altimeter data from T/P but work is in progress.
One of the main reasons for us becoming interested in salinity came from comparing the
model sea-level with real-time altimeter data as part of the DUACS programme of the
European Community. This lead to a realisation that salinity was being handled badly in
our real-time analysis system. Therefore, we believe that adding the altimeter information
to the system presented in this work can only improve the performance of our simulations.

Both Vossepoel and Behringer (2000) and Maes and Behringer (2000) have considered
using surface salinity. A better representation of the sea surface salinity (SSS) would greatly
improve the top 50 m of the vertical salinity profile, as found by Reynolds et al. (1998).
The SSS signal is unable to penetrate below this depth, but combining surface salinity
measurements with the TH99 scheme should provide a better analysis throughout the
water column. This is not idle speculation as there is a real prospect that SSS observations
from satellite will become available in the not-too-distant future (Lagerloef et al., 1995),
which would thus render this solution possible.

All in all, our results show a method which can overcome many of the troublesome
aspects of a univariate OI scheme. It is not, however, a panacea. The concept of T—S
conservation is inappropriate in the surface layer, but the TH99 method does seem to work
moderately well beneath this layer. Hence, SSS data would greatly help to improve the
assimilation scheme. In fact, whilst we could obtain some improvement in the salinity
analysis either by including altimeter data or improving the assimilation scheme, it seems
unlikely that the salinity field will be well reproduced in ocean models without the inclusion
of salinity observations, not only at the surface but also from the subsurface.
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