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Tnstitut de Ciéncies del Mar (CSIC), Barcelona, Spain

Abstract The circulation in the Algerian Basin is characterized by the presence of fresh-core eddies that
propagate along the coast or at distances between 100 and 200 km from the coast. Enhancements in the
processing of the Soil Moisture and Ocean Salinity (SMOS) data have allowed to produce, for the first time,
satellite sea surface salinity (SSS) maps in the Mediterranean Sea that capture the signature of Algerian
eddies. SMOS data can be used to track them for long periods of time, especially during winter. SMOS SSS
maps are well correlated with in situ measurements although the former has a smaller dynamical range.
Despite this limitation, SMOS SSS maps capture the key dynamics of Algerian eddies allowing to retrieve
velocities from SSS with the correct sign of vorticity.

1. Introduction

Horizontal surface density gradients in the ocean are responsible for surface geostrophic currents on scales
where Earth rotation is important. These currents are systematically computed using along-track altimetric
measurements of sea surface height (SSH), but the limited number of altimeters can lead to errors in their
location [Pascual et al., 2006]. On the other side, satellite measurements of sea surface temperature (SST) are
better suited to locate flow patterns under the appropriate environmental conditions and can be exploited to
retrieve density anomalies and, thus, velocities at the ocean surface through the Surface Quasi-Geostrophic
(SQG) approach [Isern-Fontanet et al., 2006a]. Nevertheless, in some areas salinity contribution to density may
dominate over temperature contribution, which can induce wrong signs in the vorticity retrieved from SST.
This situation can be found in the Algerian Basin [Isern-Fontanet et al., 2014], which is located at the entrance
of the Mediterranean Sea. The launch of the European Space Agency (ESA) Soil Moisture and Ocean Salinity
(SMOS) satellite mission pioneered the measurements of sea surface salinity (SSS) from space [Mecklenburg
etal., 2015]. However, processing issues have impeded the generation of SSS maps in the Mediterranean Sea
to capture key ocean features such as the Algerian eddies [Font et al., 2013].

The Mediterranean Sea, a hot spot for climate change [Giorgi, 2006], is characterized by an excess of evapo-
ration over precipitation and river runoff, which is compensated by the entrance of fresher waters from the
Atlantic. These incoming waters spread through the basin, affecting its surface circulation [e.g., Millot and
Taupier-Letage, 2005]. In the Algerian Basin, Atlantic waters form a well defined eastward coastal current that
can become unstable, generating fresh-core coastal eddies that propagate downstream. These eddies can
detach from the coast but remain trapped in the basin following relatively well defined patterns at distances
~100-200 km away from the coast [Isern-Fontanet et al., 2006b]. The eddy activity in the region enhances the
mixing of the recently entered fresher Atlantic waters with the saltierambient ones, strongly affecting the spa-
tial distribution of salinity and, therefore, playing a major role in the surface circulation of the Mediterranean
Sea [see Isern-Fontanet et al., 2004, and reference therein]. The dynamics of these Algerian eddies were mainly
investigated using SSH and SST [e.g., Taupier-Letage et al., 2003]. However, Isern-Fontanet et al. [2014] showed
that the direct application of the SQG framework to retrieve currents from SST has some limitations in the
Algerian basin due to the seasonal change of the relative orientation of SST and SSS gradients [e.g., Puillat
etal., 2002].

Recent studies have demonstrated the potential of new satellite measurements of SSS to describe features not
well captured by SST maps such as fresh-core Gulf String rings [Reul et al., 2014; Umbert et al., 2015]. However,
eddies in the Algerian Basin are more difficult to detect by SMOS because they are attached to the coast
or located at distances from coast were the contamination from land in the L band microwave is important
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[Font et al., 2013]. In this study we show that new improvements in the processing of SMOS data (E. Olmedo
et al,, Enhanced retrieval of the geophysical signature of SMOS SSS maps, submitted to Remote Sensing of
Environment, 2016) and the exploitation of the synergy between SSS and SST fields [Umbert et al., 2014] lead
to the detection of Algerian eddies in SSS maps and, consequently, to the improvement of ocean currents
retrieval using SMOS measurements.

2. Data and Procedures

Three years (2011-2013) of SSS maps have been derived from L1B Brightness Temperature (Tb) products mea-
sured by SMOS and provided by ESA. First, Tb have been geolocalized in 25 km Lambert Azimuthal grid and
corrected for the atmospheric, galactic, Sun glint, and roughness contributions [Font et al., 2013]. After that,
debiased, non-Bayesian L2 SSS anomalies have been derived using the methodology proposed by Olmedo
et al. (submitted manuscript, 2016). Finally, absolute L2 SSS have been generated by adding the annual
climatology from the World Ocean Atlas (WOA) [Zweng et al., 2013]. Moreover, daily Reynolds SST [Reynolds
et al., 2007] provided by NOAA and Absolute Dynamic Topography (ADT) maps generated by AVISO [AVISO
Altimetry, 2012] have been used. ADT maps have optimized parameters for the Mediterranean Sea and use
the regional Mean Dynamic Topography computed by Rio et al. [2014]. For validation purposes, near surface
in situ measurements provided by Argo floats from Coriolis have been used.

L2 SSS derived from SMOS measurements have been used to build SSS maps using a two-step procedure.
In a first step, SMOS SSS daily L3 maps at 1/4° x 1/4° resolution have been produced by means of a succes-
sive corrections analysis applied over time periods of 9 days using the same influence radii as in WOA [Zweng
et al., 2013]. The time window in L3 maps has been chosen as 3 times SMOS revisit period (3 days), which
provides good enough global coverage. These L3 maps are generated on a daily basis. The second step of
the procedure aims at reducing the noise level and increasing the time resolution by applying multifractal
fusion [Umbert et al., 2014], combining 9 day L3 SSS maps with daily SST maps. Previous studies unveiled the
strong correlation between SST and SSS gradients in the Algerian Basin, which suggests that both fields share
information [e.g., Millot and Taupier-Letage, 2005]. Indeed, all ocean scalars sharing the same multifractal
structure should verify that their gradients are related by means of a smooth matrix field, which led to the
multifractal fusion technique proposed by Umbert et al. [2014]. In this study, we have used the modified
version of this technique proposed by Olmedo et al. [2016] to merge L3 SSS maps with Reynolds SST maps
at 1/4° x1/4° and generate daily L4 SSS maps. The domain of influence taken into account to produce SSS
maps has been restricted to the western Mediterranean.

3. Results

An assessment of the quality of the SSS maps in the Algerian Basin ((2°W,10°E) x (36°N,40°N)) is obtained
by comparing them to in situ measurements provided by Argo floats. First of all, salinities from L4 SSS maps
have been spatially interpolated onto Argo positions. Then, the values of Argo near-surface salinity have been
discretized by bins with a bin width of 0.01 (see Figure 1). The central SMOS measure for each bin is the average
of all values of SMOS SSS lying inside that bin, while the central Argo measure corresponds to the middle point
of the bin. When analyzing such central measures, the averaged linear correlation between SMOS and Argo
is 0.73. In addition, this linear correlation increases with the bin size, for example, the correlation becomes
0.87 for a bin size of 0.03. The sensitivity of SMOS SSS to salinity variations is being assessed by averaging
the standard deviation of all bins, which is 0.15. The comparison between satellite and in situ measurements
is also underlining that L4 SSS maps have a smaller dynamic range than Argo salinities (Figure 1). The scale
factor between satellite and in situ salinities has been estimated in two different ways. For the first way, it has
been taken as the quotient between the range of observed Argo salinities and the range of averaged SMOS
salinities giving a scale factor of 3.20. For the second way, it has been taken as the slope of the linear regression
between Argo salinities and the averaged SMOS salinities, which yields a smaller scale factor of 2.58. Finally,
we have computed the standard deviation of the differences between salinities measured in situ and salinities
interpolated from L4 SSS maps, which is 0.39 considering only those salinities that have a physical meaning
in the Mediterranean Sea, i.e., S < 40.

A qualitative comparison between L4 SSS and SSH (ADT) maps is revealing a good coherence between struc-
tures at scales shorter than a few hundred kilometers (Figure 2). This is evident for the two fresh-core patterns
approximately centered at 37.3°N,2°Eand 37.5°N,7.5°E that correspond to anticyclonic vortices (SSH increases
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38.5 toward the eddy center). Furthermore,
the westernmost eddy has been tracked
from 3 January to 4 March featuring an
] eastward propagation along the coast
38.0 B and its splitting into two eddies (see
the supporting information). The SSS sig-
nature of this eddy and its evolution
L + p have been found to be in agreement
7 with SSH maps. In addition, it has been

I + \ i observed that some SSS signatures coin-
|+ \ cident with SSH structures are unnoticed

H 1 in SST. Nevertheless, some caveats are
37.0 N being observed: the temporal variability
of salinity in L4 SSS maps is sometimes
too fast, some eddies that are observed in
H - SSH and SST are not always captured by
36.5 — —— —— —— ‘ the SSS field, and some potential artifacts

36.5 37.0 37.5 38.0 38.5 -
S may still be present.

Argo

Figure 1. Scatterplot of binned SSS observations. Dots correspond to Tofurther analyze the geophysical consis-
the mean value of salinity from SMOS SSS maps within each bin of in tence of SST, 5SS, and SSH, the three fields
situ salinities from Argo and vertical lines corresponds to their standard have been interpolated onto a common

deviation. grid. Then, vorticity has been calculated
from SSH (1) as

() = fgvzn(?o, (1)
0

where V = (9,,9,), g = 9.8 ms™' is gravity and f, = 8.9510™ s~' the Coriolis parameter. Finally, SST,
SSS, and vorticity anomalies (T7, ', and 7/, respectively) have been computed by applying a band-pass filter
with cutoff wavelengths equal to 100 km and 300 km. Vorticity is invariant under Galilean transformations,
which facilitates the identification of patterns when strong larger-scale flows are present. Band-passed vortic-
ity unveils the presence of some structures increasing the qualitative agreement between vorticity and SSS
anomalies for the smallest structures (Figure 2). This is evident for the anticyclonic structure (¢’ < 0) observed
in SSH centered at 39.2°N, 6.2°E that was obscured by the presence of a nearby cyclonic structure (£’ > 0)
seen in the vorticity field around 38.5°N, 7°E, which is in a good correspondence with SSS anomalies and,
to a lesser extent, with SST anomalies. In general, in all the processed maps the patterns of SSS anomalies
tend to be correlated with SST anomalies although the sign of this correlation can change as discussed in the
introduction.

A quantitative comparison between L4 SSS and SSH maps involves an objective definition of a vortex to be
able to extract their properties. Since Algerian eddies are anticyclonic fresh-core vortices, we are focusing
on the identification of vortex cores with negative vorticity. Therefore, vortex cores have been identified in
altimetric SSH maps using the procedure proposed by Isern-Fontanet et al. [2003] and /Isern-Fontanet et al.
[2006b]: a vortex core is a simply connected region with values of the Okubo-Weiss (W) parameter smaller
than —0.2¢,, and the same sign as vorticity, where o, is the spatial standard deviation of W. The Okubo-Weiss
parameter has been computed from SSH as

@\ (o [
Weo=te [(axay) -(54) (W)] | @

This definition captures the core of Algerian eddies, which is characterized by very small isopycnal salinity
gradients, while the surrounding cell of these eddies is characterized by a strong slope of isohalines with
respect to isopycnals, an indication of intense mixing of fresh waters with the denser ambient waters
[Isern-Fontanet et al., 2004]. Once anticyclonic vortex cores have been identified in SSH fields, the probability
density functions of negative anomalies S’ and T’ inside and outside anticyclonic vortex cores have been
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Figure 2. Snapshot of (top) SSS, (middle) SSS anomaly (S'), and (bottom) SST anomaly (T”) corresponding to 6 January
2013. Solid lines in Figure 2 (top) correspond to SSH. In Figures 2 (middle) and 2 (bottom) maps black lines indicate
positive (solid) and negative (dashed) vorticity isolines estimated from SSH.

evaluated monthly to unveil any seasonal variability. Results show that the probability of having negative
SSS anomalies inside anticyclonic eddies in winter is significantly larger than 0.5 (~ 0.7, see Figure 3), while
the probability of having negative anomalies outside eddies is ~0.5. Some further insight is being obtained
by analyzing the probability of having negative SST anomalies inside vortex cores. As shown in Figure 3, this
probability is very low in winter (~ 0.25), indicating that the Okubo-Weiss criterion mainly captures warm-core
vortices. The probability of having negative SSS (SST) anomalies inside the eddy core drops (grows) to ~0.5
in summer, similar to the probability for the region outside anticyclonic vortex cores.

One key dynamical variable for the description of ocean flows is buoyancy b(x), which can be approximated as

b(x) ~ —gpy" [a (TK) = Ty) + B (S®) — So)] » 3)

where « < 0 and >0 are the thermal expansion coefficient and the haline contraction coefficient,
respectively, computed from the Equation of State for Seawater and T, S,, and p, are a reference temperature,
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1.0 — — — T T T T T T T salinity, and density. The evaluation of
H 4 the contribution of temperature and
0.8 -{  salinity to buoyancy gradients is com-
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021 7 where j is the imaginary unit and
F 1 Vi = 9, +id, [see Isern-Fontanet et al.,
0.0~ T T T ! ! ! ! ! 2014, and references therein]. The phase
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0(x) of the complex ratio r(x) quantifies

Figure 3. Seasonal evolution of the probability of finding negative the degree of alignment of salinity and
salinity (black) and temperature (red) anomalies within an anticyclonic temperature gradients and the magni-

eddy core (solid dots) and outside eddy cores (circles). . . .
Y 4 tude |r(X)| their relative strength. The

above ratio has been computed within

anticyclonic cores observed during win-
ter months (December—March). The results show that the probability of observing |r| <1 is 0.7, implying that
even without correcting the smaller dynamic range of SSS maps, buoyancy gradients within Algerian eddies
are dominated by salinity. Moreover, during winter the contribution of SST and SSS to buoyancy gradients
tend to reinforce each other; i.e., SST and SSS gradients have opposite signs, as suggested by the probability
of having |0| < /4 which is 0.58. On the contrary, during other periods of the year both contributions may
tend to compensate as shown in the example of Figure 4.

Under the appropriate environmental conditions, the surface stream function y(X) can be derived from
surface buoyancy as [Isern-Fontanet et al., 2014]

W (k) = F)b(k), (5)

where () stands for the Fourier transform, k is the wave number vector, k = |E|, and F(k) is a transfer function
that can be theoretically derived using the Quasi-Geostrophic Potential Vorticity equation, which becomes
the classical SQG solution if constant stratification is assumed, i.e., F(k) ~ k=" [e.g., LaCasce and Mahadevan,
2006; Lapeyre and Klein, 2006]. If only SST is available, equation (5) can be modified to retrieve the stream
function from SST [see Isern-Fontanet et al., 2006b, 2008]. Alternatively, if SSH measurements are available, the
transfer function can also be empirically determined imposing that the stream function spectra is that of SSH
while the complex phase is that of SSS or SST [see Isern-Fontanet et al., 2014; Gonzdlez-Haro and Isern-Fontanet,
2014, for details]. Here we have used the latter approach, and we have computed a transfer function from SSS
w¢(X) and one from SST y(x) as

. In(k)l GIN
w5tk = ——==5(k) and (k) = ——T(k). (6)
Sk Tkl
5 6 5 6
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Figure 4. (left) SSH anomaly with the geostrophic velocities overplotted, (middle) SST anomaly with the velocities derived from SST, and (right) SSS anomaly with
the velocities derived from SSS corresponding to 12 May 2011.
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Once the surface stream function is available, surface velocities can be derived as v(X) = (=9,w, d,w). Notice
that, SSH is a direct estimation of the surface stream function, i.e., w(X) = gfo‘1 n(X). Figure 4 shows a compari-
son of the velocities derived from SSH, SSS, and SST during the period of the year for which there is a tendency
to compensation. L4 SSS maps correctly describe the sign of buoyancy, and therefore, vorticity of Algerian
eddies, while SST alone provides wrong signs because it is anticorrelated to buoyancy. An assessment of the
impact of salinities on the reconstruction of velocities from SSS has been obtained through the construction
of a census of vortex cores using the definition given by equation (2). To this end, we have estimated the
number of anticyclonic fresh-core vortices correctly identified in L4 SSS maps, i.e., vortices with negative S’
and negative circulations as derived from 5 and y, which have positive circulations when they are computed
from y. The results shows that at least 32% of anticyclonic fresh-core eddies identified in L4 SSS maps change
its polarity if they are observed with SST alone.

4. Discussion

The comparison against in situ measurements shows that the dynamical range of salinity is underestimated
implying that the sensitivity is lower. This smaller dynamical range is probably an effect of the technique used
for combining SST and SSS, which is a linear regression based on weighted averages on the surrounding of
the point of interest [OImedo et al., 2016]. Indeed, this local averaging leads to a deterioration of small-scale
gradients, although large-scale gradients are preserved. Interestingly, the typical difference of salinity
between the inner part of an Algerian eddy and the outer part found from in situ measurements was ~ 0.4
[e.g., Ruiz et al., 2002; Taupier-Letage et al., 2003]. Therefore, the current L4 SSS are close to the limit of detec-
tion of Algerian eddies that could explain why the eddy that propagates westward disappears sooner in L4
SSS maps than in SSH and SST (see the supporting information). Nevertheless, it is worth mentioning that it is
the first time that coastal eddies with signatures in salinity smaller than 0.5 have been consistently identified
and tracked [see Reul et al., 2014; Umbert et al., 2015].

In this study we have exploited the synergy between SST and SSS to improve the space-time sampling of
SSS and to enhance its quality. This approach is supported by the analysis of numerical simulations of the
Mediterranean Sea that confirmed the strong tendency of the SST and SSS gradients to be aligned
[Isern-Fontanet et al., 2014]. Interestingly, this alignment between SST and SSS gradients has a seasonal varia-
tion [e.g., Puillat et al., 2002], which is being captured by the L4 SSS maps. This is evident comparing SSS and
SST anomalies within the Algerian eddies shown in Figures 2 and 4 where negative salinity anomalies cor-
respond to positive or negative temperature anomalies depending on the period of the year. Nevertheless,
the capability to capture the signature of fresh-core eddies is limited between May and September, and it is
necessary to compare SSS with SSH and/or SST to separate the signature of Algerian eddies from spurious
patterns. Although we do not have yet a detailed explanation of these limitations, a preliminary exploration
of SMOS data suggests that the origin may come from a stronger land-sea contamination occurring during
summer due to very high temperatures on land. Besides, anticyclonic eddies have a probability of ~0.5 to have
cold cores during summer, which may be indicative of large phase shifts between SST and SSH in summer
[Isern-Fontanet et al., 2014].

Our results demonstrate that SSS is of key importance to retrieve the correct polarity of Algerian eddies during
summer. This points to the need to combine SSS and SST to estimate buoyancy and, then, surface velocities
as already suggested by Reul et al. [2014]. We have attempted to compute buoyancy from SST and SSS and,
then, estimate the surface stream function and currents, but the resulting velocities have been significantly
different from the velocities derived from SSH. The correction of the SSS dynamical range using the param-
eters estimated from the comparison with in situ observations solved this limitation and provided a velocity
field similar to the one provided by SSS. These results reinforces the observation that SSS is the dominant
contribution to the buoyancy of Algerian eddies and, therefore, that SSS alone provides the key dynamical
information that is not accessible from SST alone. Notice that the determination of buoyancy does notimprove
the retrieval of surface currents to respect SSS using the SQG framework if SSS and SST are in phase due to the
need to fix the kinetic energy using independent observations [Isern-Fontanet et al., 2008]. Finally, it is worth
mentioning that the fraction of eddies that have the wrong sign of circulation if SST alone is used has been
underestimated due to the limited capability to detect them in summer.

Long-term observations have unveiled a substantial increase in the loss of freshwater from the Mediterranean
Sea during the last decades, which would be consistent with an increase of salinity [Mariotti, 2010] and appears
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to drive an increase in the net water flux from the Atlantic Ocean [Fenoglio-Marc et al., 2013]. Algerian eddies
play a prominent role in diverting this flux of waters toward the center of the basin and, consequently, reduc-
ing the averaged salinity in the Western Mediterranean [Isern-Fontanet et al., 2004]. The characterization of
the nonlocal transport of fresher waters associated to these eddies requires the combined analysis of SSS and
SSH. Our results show that at least during winter, SMOS measurements capture their SSS signature allowing
to perform such a study. Moreover, the methods here used can, in principle, be applied to SMOS L2 data,
which would provide estimations of two-dimensional surface currents with better positioning of Algerian
eddies than current SSH maps allowing to overcome the sampling limitations of altimeters [Isern-Fontanet
etal., 2014].

5. Conclusions

In this paper it has been shown that the behavior of remotely sensed SSS anomalies is consistent with those
of SST and SSH and is particularly good in winter. Moreover, the comparison between these maps and in situ
salinities revealed that the SSS dynamical range is underestimated, which affects the quantitative estimates
of density anomalies using SST and SSS. Despite the present technological and methodological limitations
the new SSS maps can be used to obtain relevant information about the dynamics of mesoscale eddies in
the Mediterranean. In particular, it has been shown that the use of SSS improves the determination of surface
velocities using SQG-like approaches in comparison to SST, especially regarding the sign of vorticity.
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