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Abstract. Temperature Salinity (T-S) diagrams emphasize the relationship between observed values of temperature and salinity in the ocean and connect them to density. Specific T-S curves characterize water masses and can be used to identify them in regions other than their formation area.
The SMOS and Aquarius/SAC-D satellite missions provide a means to study the temporal variation of the surface T-S signature for the first time on a global scale. The present study derives experimental satellite based T-S diagrams. The main objectives are to characterize the (co-) variability of Sea Surface Temperature (SST) and Sea Surface Salinity (SSS) and to understand the unique
information that SMOS and Aquarius are providing with respect to existing climatology or in-situ
data as well as the processes governing the distribution and variability of SSS. The T-S diagrams
are produced from SMOS and Aquarius Optimal Interpolated SSS and OSTIA SST. They are
compared with T-S diagrams derived from an ARGO Optimal Interpolated product and the World
Ocean Atlas 2009 climatology, respectively. The temporal variability is studied for each ocean basin. Comparison with the ARGO based T-S diagrams might provide evidence of SSS biases and
errors currently experienced by the satellites. A method is under investigation to separate the retrieval errors from the additional information that the satellite data may contain with respect to the
ARGO data. Linking the information from the horizontal T-S diagrams with vertical profiles can
hopefully provide insight into water mass formation and help to identify potential formation areas.
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1. Introduction
Temperature Salinity (T-S) diagrams emphasize the relationship between observations of ocean
temperature and salinity and connect them to density. Typically they are derived from vertical profiles such as CTD casts. A specific T-S pair is called a water type, while a T-S curve (i.e. a range of
values) is called a water mass. Water mass can also refer to a water body with the same formation
history. A water mass is formed at the ocean surface under specific conditions which determine the
temperature and salinity. Processes that modify water characteristics are precipitation (P) and
evaporation (E), solar heating or surface cooling, freezing or melting of sea-ice, river run-off and
horizontal/vertical advection and mixing. Assuming that T and S are conservative properties, i.e.
that away from the surface they can only be modified by mixing, specific T-S curves can be used to
identify water masses in regions other than their formation area and to trace their movements. On a
global scale, water masses are typically divided into upper (0-500m), intermediate (500- 1500) and
deep or bottom (>1500m) water masses. All of these water masses have their origins at the surface,
where the bottom water with very cold temperatures is typically formed at high latitudes. An overview of the major water masses is given by [1]. An introduction to water mass formation can be
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found in [2]. Until now, water mass classification has been dependent on in-situ measurements such
as CTD casts which have poor temporal and spatial coverage. Typically the upper meters of the profiles are not taken into account, since measurements are less reliable there. With the SMOS [3] and
Aquarius/SAC-D [4] missions, satellite observations of Sea Surface Salinity (SSS) have become
available with global coverage and higher temporal frequency. Together with space borne Sea Surface Temperature (SST) measurements it is now possible for the first time to observe the surface TS signature on a global scale and to assess also its temporal (co-)variability. Since water mass formation takes place during the winter months, when deep convection is possible and no seasonal
thermocline prevents the surface water from penetrating into greater depths, especially the winter
surface T-S signature can provide a link to the evolution of water masses in deeper layers. This
study presents experimental satellite-based, horizontal T-S diagrams as a means to study the temporal evolution of covariability of SST and SSS. The main objectives are to characterize the variability
of SSS in relation to existing climatology, to understand the unique information that SMOS and
Aquarius SSS data are providing with respect to climatology or in-situ measurements and to improve our understanding of the processes governing the distribution and variability of SSS. In the
present study, T-S diagrams are produced from SMOS and Aquarius Optimal Interpolated (OI) SSS
(Level 3 products, L3) and the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA)
SST [5]. The satellite-based T-S diagrams are compared with ARGO based T-S diagrams which use
SST and SSS from Near Real Time ARIVO monthly fields (in the following referred to as ARGO
NRT) [6]. Comparison with the these T-S diagrams might provide evidence of SSS biases and errors currently experienced by the satellites (due to e.g. the roughness models applied in the SSS retrieval at L-band or external noise sources such as Galactic noise, Sun glint or RFI, [7]). SST and
SSS from the World Ocean Atlas 2009 (WOA 09, [8,9]) are used for the comparison with climatology. Section 2 gives a short overview of the data sets used in this study and of methods applied.
Section 3 presents first results and section 4 provides a brief discussion and outlines future work.
2. Methods
2.1. Data sets
ESA’s SMOS mission was launched in November 2009 and is in its operational phase since
May 2010. Its Microwave Imaging Radiometer using Aperture Synthesis (MIRAS) measures
brightness temperature at L-Band from multiple incidence angles. Sea Surface Salinity (SSS) is then
retrieved with an iterative inversion scheme [10]. We use a monthly SMOS L3 OI product with a
spatial resolution of 1˚ by 1˚ derived from ascending passes obtained with v550 of the L2OS processor. Aquarius/SAC-D is a combined active/passive US/Argentinean mission launched in June
2011 and it is operational since December 2011. A key capability of Aquarius lies in its L-band
scatterometer which provides collocated roughness information needed as auxiliary parameter for a
proper SSS retrieval [11]. We use Aquarius v2.0 L3 SSS smoothed monthly fields with a spatial
resolution of 1˚ by 1˚ [12]. The OSTIA data set provides daily foundation temperature fields derived from the satellites of the Group of High Resolution SST (GHRSST) project, merged with insitu observations and optimally interpolated to a grid with 1/20˚ resolution [5]. We have averaged
the daily fields to a monthly product with a 1˚ by 1˚ resolution. For the ARGO NRT fields the Near
Real Time ARGO profiles provided by Coriolis are quality checked and interpolated onto a regular
grid in combination with other local arrays (mooring and CTD data) using the In Situ Analysis System (ISAS, [13]). Monthly fields are provided with a 0.25˚ by 0.25˚ resolution at the equator. The
latitudinal resolution increases towards the poles. We have averaged the fields to a 1˚ by 1˚ grid.
The WOA 09 data set provides a climatology of ocean temperature and salinity on a 1˚ by 1˚ grid
composed of the objectively analysed in-situ data available in the World Ocean Database from 1955
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to 2006. The time period of the study is currently limited to 2011, since the ARGO NRT product
has only recently been reprocessed and updated to 2012. Therefore we are using the entire year of
2011 of SMOS and five months (August to December 2011) of Aquarius data.
2.2. Horizontal T-S diagrams and temporal variability
Based on the water mass classification of [1], we have divided the global ocean into seven major ocean basins (Figure 1). For each region SST is plotted against SSS. This has been done for
monthly and seasonally averaged data. Density is calculated using the equation of state TEOS10
[14]. Therefore temperature and salinity have been converted to conservative temperature (given in
˚C) and absolute salinity (given in g/kg). Otherwise salinity will be given in psu (practical salinity
unit) according to the Practical Salinity Scale (PSS78). For the comparisons with ARGO NRT and
WOA 09 we have also calculated the differences between OSTIA SST and ARGO NRT/WOA 09
SST and between SMOS/Aquarius SSS and ARGO NRT/WOA 09 SSS respectively and plot dSST
against dSSS. In order to better understand seasonal variability of the SSS pattern, we have also calculated the seasonal cycle as a spatial average within each region for every month.

Figure 1. Map showing the selected seven areas

2.3. Potential formation areas
A first attempt to connect the TS diagrams to the observation of water masses has been to trace
the characteristic SST and SSS ranges of the major water masses specified in [1], i.e. in which
months and in which areas the horizontal T-S signature is in agreement with the vertical profile of a
specific water mass. The extension of these areas is compared for the different products and also
compared with the ‘best guess’ formation areas indicated in [1].
3. Results
3.1. T-S diagrams and dSST vs. dSSS
Figures 2 and 3 show the seasonally averaged T-S diagrams and the corresponding dSST vs.
dSSS plots for the North Pacific and the South Atlantic (other areas not shown). The North Pacific
displays a large range of SST since the region contains both subpolar and subtropical waters. Water
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with colder SST tends to have also fresher SSS. The SSS range is relatively constant over the four
seasons, while the SST range in summer (JAS) is about 7K smaller with respect to the other seasons.

Figure 2. (upper panels) Seasonal averages of T-S diagrams for the North Pacific. Contour lines indicate surface density σ [kg/m3 -1000 kg/m3]. (lower panels) Seasonal averages of dSST vs dSSS calculated with respect to the ARGO
NRT data. The spatial mean and standard deviation of dSSS and dSST are noted on the respective plots.
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An interesting feature is the rib-like pattern which occurs during boreal winter and spring for
SST between 5˚C and 17˚C and is seen by all three data sets (WOA 09 not shown). SMOS and
Aquarius show very similar patterns compared with ARGO NRT but SMOS is on average 0.39 psu
fresher in the second half of the year (JAS and OND) while Aquarius is almost unbiased
(mean(dSSS)) = - 0.09 psu). The spatial standard deviation of dSSS lies between 0.22 and 0.26 psu
for SMOS and is 0.39 psu for Aquarius.

Figure 3. As Figure 2 for the South Atlantic
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In the South Atlantic the SST range is smaller with 12-28˚C. Also here colder SST are connected with fresher SSS. Only for SSTs above 25˚C also SSS as low as 31-32 g/kg can be observed.
This is seen in all three data sets (WOA 09 again not shown), especially during austral summer
(JFM). SMOS shows again fresher SSS with a bias of -0.27 and -0.24 psu in JFM and AMJ, respectively. For the second half of the year the bias is reduced to -0.16 psu. The spatial standard deviation for SMOS SSS lies between 0.3 to 0.38 psu and is 0.31 psu for Aquarius.
3.2. Seasonal variability of SSS
Figure 4 shows the spatial mean SSS and standard deviation for every month for the North Pacific and the South Atlantic. In the North Pacific ARGO NRT (red curve) and WOA 09 (orange)
show a small seasonal cycle with a peak-to-peak amplitude of 0.3 psu and 0.23 psu, respectively.
SMOS (blue) is considerably fresher than ARGO NRT, WOA 09 or Aquarius except for April 2011.
The standard deviation however is comparable. Aquarius (green) is in good agreement with ARGO
NRT but shows a larger standard deviation, especially in November and December.
The South Atlantic displays an almost constant average SSS of about 36 psu (ARGO NRT and
WOA 09). ARGO NRT shows the largest standard deviation. The difference between ARGO NRT/
WOA 09 and SMOS is largest from January to May and decreases towards the end of the year.
Aquarius shows slightly saltier SSS as compared to ARGO NRT or WOA 09.

Figure 4. Seasonal cycle of spatially averaged SSS for the North Pacific (left) and the South Atlantic (right). The respective products are colour-coded. Error bars indicate the standard deviation.

3.3. Potential formation areas
Figure 5 shows potential formation areas for the Western North Pacific Central Water
(WNPCW) and Eastern North Pacific Central Water (ENPCW). The T-S ranges of these two water
masses are quite similar with 10-22˚C/34.2-35.2 psu and 12-20˚C/34.2-35 psu for WNPCW and
ENPCW, respectively. Therefore we have combined them for a first attempt to define potential
formation areas. As mentioned before, water mass formation takes place during the winter months.
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In these months the horizontal surface T-S signature should be very similar to a vertical T-S profile.
As can be seen from Figure 2 especially the SST range is much larger than the specified 10-22 ˚C.
In areas with warmer SST, stratification may play an important role in preventing water mass formation. Areas with colder SST could be potential formation areas for other water masses.

Figure 5. Potential formation areas for the water masses Eastern North Pacific Central Water (dark grey) and Western
North Pacific Central Water (light grey) according to [1]. The upper (lower) panel shows the areas where the winter
(autumn) average of SST and SSS are within the ranges 10-22˚C and 34.2-35.2 psu, respectively. Each contour represents the border of the spatial extent for the respective products.

During winter (JFM) SMOS/OSTIA, ARGO NRT and WOA 09 show a very similar geographical distribution. The area covered by SMOS is somewhat smaller in the west, probably due to quality control data flagging near the coast line. The formation areas indicated by [1] are located further
north and cover a much smaller area. The latter may be due to the fact that a water mass is not only
defined by its range of values but also by a specific relation in the vertical. For WNPCW the indicated formation area (light grey box) has some overlap with the geographical distribution indicated
by the contour lines. For the ENPCW (dark grey box) there is no overlap in winter and a very small
overlap in autumn.
During autumn (OND) the extension of the potential formation areas is smaller, especially on
the western side. This can be expected as the surface cooling is just beginning in autumn, i.e. SSTs
are not yet cold enough and stratification may still play a larger role. Aquarius is in good agreement
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with ARGO NRT, the area inferred from SMOS is again smaller as compared to either of the three
products.
Further studies are necessary to understand the surface signature of water masses and the link
between the horizontal and vertical T-S relationships.
4. Conclusions
The availability of SMOS and Aquarius data makes it possible for the first time to study the
temporal variability of the surface T-S signature. Therefore it is crucial to understand the nature of
the differences (in the following referred to as mismatches) between the satellite data and climatology or in-situ data. Some part of the mismatches will be caused by retrieval errors but others could
be induced by geophysical signals, such as near surface stratification during rain events [15],which
is not detectable in the ARGO NRT data. We are currently investigating methods to separate the
SSS retrieval errors from the additional information that the satellite data may contain with respect
to the ARGO NRT or WOA 09 data. Therefore we have classified the T-S mismatch (Figures 2 and
3, bottom panels) into four categories (quadrants in Figure 6, left panel). The right panel of Figure 6
shows the geographical mismatch distribution in combination with contours of E-P. In this case,
areas in which precipitation exceeds evaporation coincide well with areas in which SMOS sees
fresher SSS than ARGO NRT (cyan and yellow quadrants). There are however also areas in which
such collocations cannot be found. Further studies are needed in order to understand the full information provided by the T-S mismatch. We are planning to assess also the impact of other factors,
e.g. wind speed or RFI, on the mismatches.

Figure 6. An example of combined mismatch (right) with contours of E-P superimposed (solid contours: P>E, dashed
contours: E>P), contour levels are 3 mm/day, the zero contour line has been omitted. We use precipitation from
CMORPH [16] and evaporation from OAFlux [17]. The colour scheme is explained on the left according to the dSST
vs dSSS plot in Figures 2 and 3 (e.g. cyan: overestimation of SST, underestimation of SSS). The more intense the colour, the larger the mismatch. A mismatch smaller than 0.5 is indicated in white, mismatches which are mostly SST
driven are indicated in light green.

Future work will also include additional datasets. We are planning to use L3 binned products of
both SMOS and Aquarius. The SMOS Barcelona Expert Center has recently released a reprocessed
SMOS product at 0.25˚ resolution which aligns the 2012 data set with the last reprocessing campaign. This data and the updated ARGO NRT data make it possible to extend the study period to
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2012, so that we will have two complete years of SMOS data and almost one year and a half of
Aquarius data. Further we intend to refine the geographical study areas (e.g. using SST gradients as
boundaries or focusing only on potential formation areas). Longer time series will help to better understand the seasonal signal and in the long term to identify shifts or trends in the surface water
mass formation.
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