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Issues About Retrieving Sea Surface Salinity in
Coastal Areas From SMOS Data

Sonia Zine, Jacqueline Boutin, Philippe Waldteufel, Jean-Luc Vergely, Thierry Pellarin, and Pascal Lazure

Abstract—This paper aims at studying the quality of the sea sur-
face salinity (SSS) retrieved from Soil Moisture and Ocean Salinity
(SMOS) data in coastal areas. These areas are characterized by
strong and variable SSS gradients [several practical salinity units
(psu)] on relatively small scales: the extent of river plumes is highly
variable, typically at kilometric and daily scales. Monitoring this
variability from SMOS measurements is particularly challenging
because of their resolution (typically 30-100 km) and because of
the contamination by the nearby land. A set of academic tests
was conducted with a linear coastline and constant geophysical
parameters, and more realistic tests were conducted over the Bay
of Biscay. The bias of the retrieved SSS has been analyzed, as well
as the root mean square (rms) of the bias, and the retrieved SSS
compared to a numerical hydrodynamic model in the semirealistic
case. The academic study showed that the Blackman apodization
window provides the best compromise in terms of magnitude and
fluctuations of the bias of the retrieved SSS. Whatever the type of
vegetation cover, a strong negative bias, greater than 1 psu, was
found when nearer than 36 km from the coast. Between 44 and
80 km, the type of vegetation cover has an impact of less than a
factor 2 on the bias, and no influence tfurther than 80 km from
the coast. The semirealistic study conducted in the Bay of Biscay
showed a bias over ten days lower than 0.2 psu for distances
greater than 47 km, due to an averaging over various geometries
(coastline orientation, swath orientation, etc.). The bias showed
a weak dependence on the location of the grid point within the
swath. Despite the noise on the retrieved SSS, contrasts due to
the plume of the Loire River and the Gironde estuary remained
detectable on ten-day averaged maps with an rms of 0.57 psu. Fi-
nally, imposing thresholds on the major axis of the measurements
brought little improvement to the bias, whereas it increased the
rms and could lead to strong swath restriction: a 49-km threshold
on the major axis resulted in an effective swath of 800-900 km
instead of 1200 km.
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1. INTRODUCTION

CEAN salinity is a key parameter in oceanic and cli-

mate studies. Together with the ocean temperature, the
salinity influences the density of the water masses and ac-
tively participates in their formation and circulation. In situ
sea surface salinity (SSS) measurements, acquired by buoys
and oceanographic or commercial ships, remain sparse and
irregular, with large parts of the global ocean never sampled.
In order to fill these gaps, two missions carrying L-band
(1.4 GHz) radiometers have been recently proposed: the Soil
Moisture and Ocean Salinity (SMOS, ESA) [1] and Aquarius
(NASA/CONAE) [2] missions. Their objective is to estimate
the SSS on a global scale, with a precision over the open ocean
of 0.2 practical salinity units (psu) in 200 x 200 km boxes
on a ten-day average, so that the remotely sensed SSS should
be suitable for assimilation into ocean circulation models [3],
according to global ocean data assimilation experiment require-
ments. In the case of SMOS, this precision will be achieved
after averaging numerous salinity retrievals, as every region
of the global ocean will be visited by SMOS at least once
every three days.

This paper deals with SSS retrieval from SMOS data in
coastal zones. These zones are characterized by strong and vari-
able SSS contrasts (several psu) on relatively small scales: the
extent of river plumes is highly variable, typically at kilometric
and daily scales. For instance, on the French continental shelf
in the Bay of Biscay, in situ SSS measurements performed
near islands between February 2000 and April 2003 showed
an SSS seasonal variability of about 3 psu, and an interannual
variability reaching 1 psu [4]. Over nine years of hydrograph-
ical data collected during cruises in the Bay of Biscay, the
SSS has been found to vary from 30 to 36 psu, with a spatial
extent of these SSS contrasts that can reach 120 km in spring
[S]. The variability is expected to be higher (over 10 psu over
several hundreds kilometers) for larger river plumes, such as the
Amazon’s or the Mississippi’s.

Monitoring this variability from L-band satellite radiomet-
ric measurements is particularly challenging because of their
limited resolution (typically 30-100 km) and because L-band
measurements over the coastal ocean are contaminated by
the nearby land: recent global simulations of L-band land
brightness temperatures (Tb) showed a range of about 140 K to
300 K [6], compared to approximately 100 K for the ocean.
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Fig. 1. SMOS FOV (thick black line). The light gray (red in the color version)

ellipses represent 3-dB synthetic antenna pattern contours (Blackman exact
apodization window). The 40- and 90-km major axis limits appear in bold
medium gray (green). The thin black (blue) circles represent the locations of
the incidence angles 10°, 25°, 40°, and 55°. One dwell line is also shown
(dashed line).

The objective of this paper was to assess to what extent SSS
variability in coastal areas can be monitored with SMOS. On
the one hand, a set of academic tests were conducted with a
linear coastline and constant geophysical parameters. On the
other hand, more realistic tests were conducted over the Bay of
Biscay, where the Loire and Garonne Rivers create SSS plumes,
particularly in spring.

The methods and data used are described in Section II. The
impact of different apodization windows used in the image re-
construction to deduce SMOS Tb from the measured visibilities
is investigated in Section III. Under the SMOS configuration, an
ocean grid point is seen by several measurements with various
incidence angles, various resolutions, and various ellipticities.
The effects of thresholds on the major axis of measurement
ellipses and of the location of the measurements within the
swath are also investigated in Section III. Results are discussed
and summarized in Section IV.

II. METHODS AND DATA

A complete description of the SMOS 2-D interferometer
can be found in [1], [7]. Two-dimensional fields of Tb are
reconstructed in the antenna reference frame. The Stokes vector
at the antenna level is linked to the Stokes vector at sea surface
level by a linear matrix, that depends on the antenna gain
pattern and on the geometry of observation [8]. The sensor
images a 2-D field of view (FOV) in which Tb is acquired at
various incidence angles and spatial resolutions, therefore any
given point on the Earth is observed several times in successive
locations within the FOV as the satellite moves ahead, along
“dwell lines” parallel to the subsatellite track (Fig. 1).
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A. Direct Emissivity Models

Following the method used in [9], sea surface emissivity is
simulated using the two-scale model described in [10]. Sea
water permittivity is given by the Klein and Swift parameteriza-
tion [11] and the wave spectrum is modeled using Durden and
Vesecky parameterization [12] multiplied by 2, as proposed by
Yueh [13]. With this model, for sea surface temperatures (SST)
around 15 °C, the sensitivity of Tb (at nadir) to SSS is typically
—0.5 K -psu~?t, of Th to wind speed (WS) 0.2 K -m™! -, and
of Tb to SST close to 0 K - °C™%.

For land, two types of responses were considered: a soil cov-
ered with low vegetation (typically, grasslands or crops), and
a forest-covered soil. We approximated land Tb with two sim-
plistic models. In the case of a soil covered with low vegetation

Tblandl = Tbsea((), 80) + ATb (1)

with ATb = 100 K, @ the incidence angle and ¢ the azimuth
angle at the center of a SMOS measurement. In case of a
forest-covered soil, we considered Tb independent of ¢ and ¢

Tbianaz = 280 K. (2

In order to investigate whether these models are represen-
tative, we compared them to global simulations of L-band
Tb over land for year 1988, at different incidence angles and
in vertical and horizontal polarizations [6]. Mean Tb (Tb)
and their standard deviations (o) were computed for pixels
containing less than 5% of open water surfaces, over the globe
and over the Bay of Biscay. From Fig. 2, it can be seen that
the annual variation of Tbgjone and of Tbpisca, always ranges
between Tbiana1 (lower bound) and Tby,ngo (higher bound).
In horizontal polarization, Tbgiobe + 207Th,,,,,, and Tbpiscay £
20Tbp,.c., 2ls0 remain within the [Tbjandt, Tbianaz) interval
throughout the year. In vertical polarization at 50° incidence
angle [Fig. 2(e)], Tbiang; overestimates Tbyiope — O Tbon. and

TbBiscay — OTbgicay PY l€8S than 8 K in January and February.
However, the effect of this overestimation was neglected, as
it is small compared to the land-sea Tb contrast, limited in
time, and measurements acquired at incidence angles greater or
equal to 50° represent about 17% of all measurements acquired
within the SMOS FOV. This indicates that Tbjang1 and Tbyanqs
represent, respectively, the lower and upper bounds of Tb in
about 90% of the cases in horizontal polarization, and 70% in
vertical polarization.

B. Integration Over the Synthetic Antenna Pattern

The synthetic antenna consists in 69 antenna elements
distributed along three arms equally spaced, resulting in a
planar Y-shaped structure. Complex visibility functions are
obtained from the cross correlations between simultaneous
measurements of each pair of antenna elements. The image re-
construction links the visibilities to the field of Tb by an integral
relationship somewhat similar to a Fourier transform. The
equivalent gain pattern of the synthetic antenna is determined
by the limited size of the interferometer and the apodization
function applied to measured visibilities [14]. The 3-dB



ZINE et al.: ISSUES ABOUT RETRIEVING SSS IN COASTAL AREAS FROM SMOS DATA

2063

{(a) Tb at 0°inc. angle

280
2601 .
o LI S -
£ 2201
200
180}
. 750 100 150 200 250 300 350
Day of year
(b)Tb,, at 40° inc. angle (¢)Th, at 40° inc. angle
280 - 280
260 260" = 7T 0 N
< 240 S 260 ””/ L
2 220! B —
200 200
180F 1801
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Day of year Day of year
(d)Thy, at 80°inc. angle (e)Th, at 50° inc. angle
280 280 S
260 260} ' “»x\l:
< 240} < 240-; o LT Tl
2 220 F 220
200 2007
180} ) 180
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Day of year Day of year

Fig. 2. Temporal evolution of simulated L-band land Tb at (a) 0° incidence angle, 40° incidence angle in (b) horizontal and (c) vertical polarizations, and
50° incidence angle in (d) horizontal and (e) vertical polarizations. Land Tb simulated for pixels containing less than 5% of open water surfaces are averaged over

the globe (light gray solid line, or blue solid line in the color version: Tbgiope, light gray or blue dashed lines: Tbygiobe £ oTn

globe) and over the Bay of Biscay

(black or green solid line: Tbgiscay, black or green dashed lines: Tbpiscay T UTbB;:my)‘ Tb computed with the simplistic model are shown in medium gray
dashed-dotted lines or red solid lines (upper line: forest case, lower line: soil with low vegetation cover case).

width of this 2-D weighting function is approximately 2.2°.
The ground weighting function (GWF) is obtained through
intersecting the synthetic antenna pattern function with the
surface of the Earth.

The measured Tb is related to Tb' in element area by inte-
grating Tb’ weighted by the GWF. The integration is computed
in the plane tangent to the surface of the Earth

Tb = //Tb'(x,y)GWF(:c,y)dmdy. 3)
.y
z and y define the position (in kilometers in the tangent plane)

of the measurement in the SMOS instantaneous FOV and
correspond to an incidence angle ¢ and an azimuth angle ¢.

Assuming that the variations of Tbj,,q and Tbge, with 8
and ¢ are linear within the GWF, Tb’ is taken out of the inte-
gral and computed using geophysical “equivalent parameters.”
These equivalent parameters (SSS, SST, WS) are integrated
over a “mean GWE” i.e., a GWF the characteristics of which
correspond to the mean characteristics of all the GWF within
the SMOS FOV. Neglecting nonlinear effects of 6§ and ¢ was
tested and found to generate retrieval biases always smaller than
0.03 psu in salinity. The equivalent parameters approach has
been validated in SMOS soil moisture studies, for geophysical
parameters much more variable than over the ocean [15]. These
studies also showed that the main contribution of inhomo-
geneities in the GWF to Tb variability could be described as
the sum of contributions of surface fractions weighted by the
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GWEF. Hence, if GWF, ,,(z,y) represents the GWF for given
incidence and azimuth angles, the sea fraction is defined as
follows:

+15Q km +15Q km
Jsea(0, ) = GWFq,,(z,y)Bs(z,y)dzdy  (4)
~150km —150km

where Bs(z,y) is equal to 1 if the surface element is covered
with sea, 0 otherwise. With this definition, fse. is comple-
mented to unity by the weighted land fraction. Thus, Tb in
coastal areas, Tbeoast, can be deduced from both Tby.,q and
Thsea weighted by land and sea fractions

Tbeoast (61 ‘P) = fsea(gy W)Tbsea(ey 99) + [], - fsea(gv W)}Tbland-
5

The integration in (4) is computed for x and y between
—150 and +150 km with a 5-km step. The main contribution
to the integral is found between —100 and +100 km.

Because the GWF has negative side lobes, fractions can
in principle be slightly negative. The sum of fractions being
normalized to 1, fractions can also be slightly greater than 1.
Nevertheless, since negative side lobes have a limited extent,
such cases are very seldom after the integration of (4) has been
carried out.

The ellipses of resolution of the SMOS measurements cor-
respond to the 3-dB synthetic antenna pattern contours repre-
sented in Fig. 1. The major axis of these ellipses is referred to
as “major axis” in this paper.

C. Retrieval Model

A description of the retrieval method can be found in [7].
A maximum likelihood Bayesian approach was used, taking
advantage of the a priori information available about physical
parameters. In the antenna reference frame, the Tb modeled
using the direct models described in Section II-A Tb mod ' \ere
fitted to a set of measured Tb Tb™®* acquired at various
incidence angles and spatial resolutions by minimizing the cost
function

[T —Tb ™4 (0,,, p;, . ..

=2
o2

n n

2 2
7)] +Z [PL J2p10} )
i 20
(6)

Tb;°* are simulated at incidence angles 68,, using the direct
model, with the addition of a Gaussian noise of variance ai; Di
are physical parameters that influence the Tb (i.e., SSS, SST,
wind components,. . .); p;o are a priori estimates of the p; with
a priori variances 0%. Typically, o, ranges from 2 K to 4 K
and the square roots of @ priori variances for SST and WS are
equal to 1 °C and 1.5 m - s7. SSS is not constrained (ogss =
100 psu). A general least square iterative algorithm was used to
retrieve the p; values that minimize the cost function. This also
provided variance estimates 02-2 on the retrieved parameters.

In order to study the effect of land contamination, retrievals
were conducted with Tb ™ computed assuming no land con-
tribution and a homogeneous ocean surface.
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Fig. 3. Coastline configuration for the academic study. Grid points are repre-
sented by black dots and the subsatellite track by an arrow.

The error on the retrieved SSS was given by the difference
between retrieved SSS and reference SSS.

D. Academic Study

In this part, all relevant parameters were controlled in order
to separate their effects on the quality of the retrieved SSS
and ease results interpretation. The selected configuration was a
linear coastline parallel to the equator. Geophysical parameters
were set to constant values: 35 psu for SSS, 20 °C for SST,
and 2 m-s~! for WS, The retrieval was conducted over grid
points 4 km apart, located close to the center of the FOV on a
line perpendicular to the coastline (Fig. 3). The major axis of
the measurements are oriented in a direction very close to the
perpendicular to the coastline, maximizing land contamination
effects (as the tilting of the satellite track with respect to the
South-North direction is small, its influence is expected to be
negligible).

Sea fractions corresponding to this configuration are shown
in Fig. 4 for various incidence angles and distances to the
coast. At 28 km from the coast, the sea fraction decreases when
the incidence angle increases, indicating that land is gradually
entering the main lobe of the GWF. For greater distances to the
coast (48-128 km), the sea fraction oscillates when incidence
angles increase (note that fractions greater than 1 are obtained):
this is due to land alternately entering negative and positive side
lobes of the GWF.

We studied the influence of the following parameters on
the bias of the retrieved SSS with respect to the distance to
the coast.
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Fig. 4. Sea fractions versus incidence angle, for various distances to coast

and measurements taken in the center of the swath along the subsatellite track
shown in Fig. 3. Academic study, Blackman window.

* Various thresholds on the major axis: Discarding mea-
surements with large major axes is a way to limit land
contamination (lower bias), however it also decreases the
number of measurements used for the retrieval, hence
increasing the root mean square (rms).

« Two types of land cover: Low vegetation and forest.

« Three alternative apodization windows (Fig. 5): Rectan-
gular, Blackman (exact) and Kaiser (with the o parameter
set to 13). The choice of the apodization window is a
tradeoff between improving the spatial resolution of the
reconstructed Tb and reducing the Gibbs phenomenon that
introduces oscillations in the reconstructed Tb [16].

E. Semirealistic Study

A study was conducted with a realistic coastline in the Bay
of Biscay, covering longitudes from 0° W to 6° W and latitudes
from 43° N to 49° N. In order to investigate the impact of the
location within the swath on the error on the retrieved SSS, two
orbits were selected: an ascending orbit with a subsatellite track
coinciding with the French Atlantic coastline [Fig. 6(a)], and a
descending orbit with a subsatellite track located approximately
300 km east from the same coastline [Fig. 6(b)].

Realistic SSS and SST fields were simulated by a high-
resolution (5 km) numerical 3-D hydrodynamic model, MARS
3-D [17]. Within the hydrostatic assumption, the model solves
the three equations of motion and of continuity, allowing the
calculation of currents, temperature, salinity, and dispersion of
dissolved elements. We selected simulations conducted over
the March—April 2001 period when strong cross-shore SSS
gradients occurred [Fig. 7(a)], due to a mean south-west wind
direction from September to March, high river runoffs and
relatively low vertical mixing in spring {5]. At that time, SST
was around 12 °C-15 °C (Fig. 8).

The WS was set to a constant value of 10 m - s™. Previous
studies have shown that the SSS error is very sensitive to SST
range, but little sensitive to WS range [9]. Hence, using a
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Fig. 5.  GWFs corresponding to various apodization windows and incidence
angles: Blackman (exact) at (a) 1° and (b) 58° incidence angle, rectangular at
(c) 1° and (d) 58° incidence angle, Kaiser (o = 13) at (e) 1° and (f) 58°
incidence angle. The axes labels are distance in kilometers. The color
scale is defined as follows: considering £ = 1073 max |GWEF]|, the scaled
GWF, GWFgc, is given by GWFgg = log,o(GWF/e) + ¢ for GWF > ¢,
by GWFsc = — log;((—GWF/e) — ¢ for GWF < —¢, and by GWFgc =
GWF for —¢ < GWF < e. max |GWF| is equal to 1.6 - 10~2 for (a), 3.4 -
10~3 for (b), 4.3-10~2 for (c), 9.7-10=3 for (d), 1.1-10~2 for (e),
2.3-1073 for (f).

realistic WS would not lead to major differences in SSS error,
as long as the error on WS remains the same.

Retrievals were also performed over fields of constant geo-
physical parameters, with an SSS of 35 psu, an SST of 12 °C
and a WS of 10 m-s7!, in order to assess the land
contamination-induced biases of the retrieved SSS.

The land surface response was that of a soil covered with
low vegetation, and the simulations were performed using the
Blackman apodization window. Retrievals were conducted over
the same 15-km hexagonal grid (ISEA grid, [18]) that will be
used in the SMOS operational processor. As in the academic
study, various thresholds on the major axis were tested.

SSS errors (i.e., differences between retrieved and reference
SSS) were computed for each grid point and then averaged
over all grid points having the same range of distance to the
coast, within 5-km intervals, in order to obtain the bias b on the
retrieved SSS

N
; (SSS; — SSSi°f)

b= 7
= ™
where SSS; (respectively SSS™) is the retrieved (respectively

reference) SSS on grid point 4, and NV the number of grid points.
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Fig. 6. (a) Ascending and (b) descending orbits used in the semirealistic

study. The subsatellite track is represented by black stars, ISEA grid points by
black dots.

The rms of the bias was given by

N
ST (sss, - sSSE) —p2 ()

=1

1
ms =, | ——
N -1

In order to investigate possible improvements of the rms,
we performed time integrations: Simulations and retrievals
were run over a two-month period and for each grid point,
and the retrieved SSS was averaged over ten days (i.e.,
15 satellite passes between April 14 and 24, 2001) and one
month (43 passes between March 30 and April 29, 2001). To
save computation time, we limited the SMOS FOV to 600 km
in front of the subsatellite point, instead of 1000 km in the rest
of this paper. This increases the standard deviation of the error
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Fig.7. (a) SSS simulated by the MARS 3-D model (5-km resolution degraded
to 15 km, date of simulation: April 21, 2001). (b) Retrieved SSS (realistic
radiometric noise). Blackman window, soil with low vegetation cover, no
threshold on the major axis, ascending orbit.

Sea Surface Temperature from MARS 3D model

Celsius degrees

(\“’\ww
4 3 ON %—« "‘“{:—’-M-w SR S A R T
B°W %W 4% 3% 2w Py °

'*-«w‘-\v,n»/

Fig. 8. SST simulated by the MARS 3-D model (5-km resolution, date:
April 21, 2001).

on the SSS over the open ocean by 15%, which is acceptable
for the purpose of this paper.

F. Radiometric Noise and Auxiliary Parameters Uncertainties

In the academic case, we divided the radiometric noise on
Tb by 20 and we set the a priori uncertainties on auxiliary



ZINE et al.: ISSUES ABOUT RETRIEVING SSS IN COASTAL AREAS FROM SMOS DATA

TABLE "1
RADIOMETRIC NOISE ON Tb AND UNCERTAINTIES ON AUXILIARY
PARAMETERS USED TO EVALUATE THE BIAS ON THE RETRIEVED SSS

Gysn assro

an (K) msY O Sections  Figures Remarks
Fig. 9, Error on retrieved
Academic study 0.1-02 0075 0.1 LA Fig. 10,  SSS 20 times lower
Fig. 11 than realistic error
Fig. - .
ULB.D) 12 Error on retrieved
. 1 pass 02-04 0.15 0.1 s S SSS 10 times lower
Semi- and 2) Fig. P
. than realistic error
realistic 14-a
study 10-day and Fie Realistic ¢
t-month 24 15 1 B3 e calistic error on

16-a retrieved SSS
averages

parameters to ogsTo = 0.1 °C and owsgo = 0.075 m-s~! in

order to reduce the number of retrievals needed to obtain a
very precise estimate of the bias, which could then be estimated
from one retrieval. Since SSS errors in the semirealistic case
were mostly analyzed on averages over several grid points, we
divided the noise and uncertainties by 10 in that case. Assuming
that the errors are Gaussian, this was equivalent to averaging
the error on the retrieved SSS over 400 and 100 retrievals,
respectively. For a given grid point, 100 retrievals correspond
to about three months of data and 400 retrievals to about one
year of data, according to the characteristics of the SMOS orbit
as implemented in the simulator used in this paper (salinity
retrieval software [19]). In the semirealistic case, we also com-
puted the rms of the bias obtained with a realistic noise on Tb
(0y,) and realistic a priori uncertainties on auxiliary parameters.
The noise and uncertainties are summarized in Table I.

III. RESULTS
A. Academic Study

Tests on various apodization windows (Section III-Al) and
thresholds on the major axis (Section I1I-A2) were conducted
for a soil covered with low vegetation. Patterns are similar
for a forest-covered soil, quantitative differences are shown in
Section II1-A3).

1) Apodization Windows: The bias on the retrieved SSS
depends on the apodization window used (Fig. 9). The bias is
lower than 0.2 psu for distances greater than 56 and 60 km
from the coast for the Blackman and the Kaiser windows,
respectively, and than 140 km for the rectangular window. The
main lobe of the rectangular window [Fig. 5(c) and (d)] has
the finest spatial resolution, however the magnitude of the side
lobes leads to high land contamination even far from the coast.
Consequently, SSS bias fluctuations are high as far as 140 km
from the coast. On the other hand, the side lobes of the Kaiser
apodization window [Fig. 5(e) and (f)] are strongly attenuated
whereas its main lobe has the coarsest resolution, hence it
leads to very low bias fluctuations (£0.07 psu for distances
to the coast greater than 80 km) but also to a strong land
contamination closer than 60 km to the coast. On the whole,
the Blackman window [Fig. 5(a) and (b)] represents the best
COmMpromise.

Fig. 9 was computed for a 65-km threshold on the major axis;
similar tendencies were observed for thresholds ranging from
40 to 80 km (not shown).
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Fig. 9. SSS bias versus distance to coast for different apodization windows.
Academic study, soil with low vegetation cover, major axis < 65 km.
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Fig. 10.  SSS bias versus distance to coast for different thresholds on the major
axis. Academic study, Blackman window, soil with low vegetation cover.

2) Thresholds on the Major Axis: Fig. 10 shows biases on
retrieved SSS versus distance to the coast for thresholds on
the major axis ranging from 40 to 95 km, using a Blackman
apodization window. For thresholds between 55 and 95 km,
biases are lower than 0.2 psu when further than 75 km from
the coast. For a 40-km threshold, biases are larger than 0.2 psu
up to 84 km from the coast and oscillate strongly between 25
and 84 km, due to land contamination. The 95-km threshold
shows little oscillation, and a more gradual decrease, with a
bias increasing in absolute value from 0.2 psu at 64 km from
the coast to 4.6 psu at 36 km. Biases become lower than
1 psu in absolute value from 32 km from the coast for the 55-km
threshold, from 36 km from the coast for the 65-km threshold,
and from 56 km for the 95-km threshold. All biases are similar
for distances greater than 88 km.

3) Land Cover Type: SSS biases for a soil covered with low
vegetation and for a forest-covered soil are shown on Fig. 11.
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Fig. 11. SSS bias versus distance to coast for different land covers. Academic

study, Blackman window, major axis < 65 km.

Between 40 and 80 km, the bias for a forested soil is about
twice the bias for a soil covered with low vegetation, due
to a stronger land contamination. For distances to the coast
greater than 80 km, the bias for a forested soil is lower than
0.2 psu and comparable to the one for a soil covered with low
vegetation.

B. Semirealistic Study

1) Ascending Orbit (Center of Swath Coinciding With
Coastline): Fig. 12(a) shows the bias on the SSS versus the
distance to coast, for various thresholds on the major axis and
a radiometric noise divided by 10. Averages are computed over
10 grid points minimum and 356 grid points maximum, 24 grid
points being the median.

As expected, near the coast the bias increases in absolute
value for thresholds on the major axis increasing from 49 to
90 km. The bias obtained with no threshold on the major axis
is slightly higher than for the 90-km threshold, indicating the
small impact of the additional measurements taken into account
by thresholds greater than 90 km. A comparison with Fig. 10
shows that bias values obtained in the semirealistic study are
lower than those of the academic study, with a bias becoming
lower than 0.2 psu in absolute value for all thresholds and for
distances to the coast greater than 52 km. This shorter distance
than the one obtained in the academic study is due to the
averaging over numerous geometric configurations within grid
points located at the same distance from the coast, resulting in
an average over very different land contaminations.

The rms (computed with a realistic noise) ranges from 0.6
to 1.8 psu for distances to the coast greater than 37 km for
all thresholds [Fig. 12(b)]. This is comparable to the values
obtained in [9] over open oceans: at 12 °C, SSS random
uncertainties range from about 0.9 to 3 psu, depending on
the location across track. For distances lower than 37 km, the
rms of the bias is high and varies with the threshold on the
major axis, indicating land contamination. It appears from both
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Fig. 12. (a) SSS bias versus distance to coast (radiometric noise and a priori

uncertainties on auxiliary parameters divided by 10) and (b) rms versus distance
to coast (realistic radiometric noise) for different thresholds on the major
axis. Semirealistic study, Blackman window, soil with low vegetation cover,
ascending orbit.

Fig. 12(a) and (b) that, in this configuration (i.e., center of swath
coinciding with the coastline), thresholds on the major axis
have no impact on the bias and rms further than 52 km from
the coast.

The bias and the rms obtained with homogeneous reference
SSS and SST were similar to those obtained with heterogeneous
reference SSS and SST. This indicated that the contribution
of oceanic heterogeneities to biases and rms was marginal,
the main contributions originated in land contamination and
radiometric noise on Tb (not shown).

The SSS error map [Fig. 13(a)] represents the retrieved
SSS minus the reference SSS (i.e., SSS simulated with MARS
3-D) for the ascending orbit, with a radiometric noise divided
by 10 and no threshold on the major axis. As expected, the
strongest differences are found close to the coast, where SSS are
systematically underestimated, since Tb increase due to land
contamination. Nevertheless, very high salinities (above 40 psu)
are retrieved in a few isolated pixels very close to the coast. For
most grid point located closer than 20 km to the coast, either
the algorithm does not converge, either it converges to very low
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Fig. 13. Maps of SSS error (difference between retrieved SSS and reference
SSS simulated by MARS 3-D model) that would be obtained by averaging
100 satellite passes: (a) Ascending orbit, no threshold on the major axis,
(b) descending orbit, no threshold on the major axis, (¢) descending orbit, major
axis < 49 km. Blackman window, soil with low vegetation cover.

(less than 10 psu) or very high salinities, sometimes even to
negative salinities. This is due to the fact that measured Tb were
outside the validity range of the model used in the inversion
and that the algorithm extrapolated values out of the range of
the lookup table used to compute Tb ™°¢ which could lead to
aberrant results. None of these very low or very high salinities
were obtained further than 40 km from the coast.

The spatial extent of areas of strong negative differences
reach a 2-3 pixel width along the western and southern coasts
of Brittany compared to a 1-2 pixel width along the Landes and
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Fig. 14. (a) SSS bias versus distance to coast (radiometric noise and a priori

uncertainties on auxiliary parameters divided by 10) and (b) rms versus distance
to coast (realistic radiometric noise) for major axis < 49 km (dashed line)
and no threshold on the major axis (solid line). Semirealistic study, Blackman
window, soil with low vegetation cover, descending orbit.

Spanish coast. This is due to the presence of numerous islands
off Brittany, adding to land contamination.

A map of the retrieved SSS (with a realistic noise) is shown
on Fig. 7(b). Despite the noise on the retrieved SSS and the spa-
tial extent of the contamination by the land, both SSS gradients
due to the discharge of the Loire River and the Gironde estuary
can still be seen. However, a quantitative use of such maps
would require temporal integration in order to reduce the noise
and provide an estimation of the location and spatial extension
of river plumes (see Section ITI-B3).

2) Descending Orbit (Center of Swath Located 300 km East
From Coastline): The SSS error maps obtained with no thresh-
old on the major axis [Fig. 13(b)] and a major axis lower than
49 km [Fig. 13(c)] are very similar until 4° W-5° W. Beyond
this limit, SSS is no longer retrieved in the second case due to
the severe restriction imposed on the major axis: from about
400-450 km from the satellite track to the edge of the swath,
all measurements are discarded by the threshold on major
axis length.
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(a) Maps of ten-day averages of reference and (b) retrieved SSS, and of (c) one-month averages of reference and (d) retrieved SSS. Blackman window,

soil with low vegetation cover, realistic radiometric noise, no threshold on the major axis, FOV limited to 600 km in front of the subsatellite point.

The SSS bias [Fig. 14(a)] is weakly affected by the location
in the swath: it remains lower than 0.2 psu for distances greater
than 52 km from the coast in both cases (49-km threshold and
no threshold). This is in agreement with previous studies, that
showed that SSS bias created by Tb bias varies by less than
20% from swath center toward swath edge [19]. On the other
hand, the rms [Fig. 14(b)] reaches about 2 psu at 50 km from
the coast for both cases (49-km threshold and no threshold), and
increases for greater distances up to 4 psu at 170 km, where the
grid points are in the edge of the swath. The rms is higher for
the descending orbit than for the ascending orbit [Fig. 12(b)],
being strongly dependent on the location in the swath [9].

3) Temporal Integration: Maps of retrieved and reference
SSS averaged over ten days are shown on Fig. 15(a) and (b).

Integration over such a period preserves most of the spatial
extent of the SSS gradients while reducing the noise: in the
Loire River plume (between 46° N and 47.5° N, and 2° W
and 4° W), for distances further than 40 km from the coast,
the error on the retrieved SSS is within —1.18 and 1.7 psu, the
mean bias is —0.003 psu and the rms is 0.57 psu (not shown).
These values are very similar to the ones obtained over the
whole map (not shown). A one-month integration [Fig. 15(c)
and (d)] significantly decreases the error (less than 1 psu in the
Loire River plume, not shown) on the retrieved SSS, although
the spatial variability of the SSS due to river discharges is
smoothed. However, this map still allows the determination of
the limit between coastal waters (SSS lower than 35 psu) and
open sea waters (SSS higher than 35 psu).
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Fig.16. (a) SSS mean bias versus distance to coast and (b) rms versus distance

to coast computed over: ten-day (black solid line), one-month (black dashed
line). Values obtained for one pass are recalled in gray (ascending pass: dark
gray dashed line, descending pass: light gray dashed line). Semirealistic study,
Blackman window, soil with low vegetation cover, realistic radiometric noise,
no threshold on the major axis. The temporal averages were computed with a
FOV limited to 600 km in front of the subsatellite point.

SSS bias as a function of distance to coast and averaged over
ten days and one month are shown on Fig. 16(a). Temporal
integration reduces the noise on the bias, with a bias becoming
close to zero for distances greater than 47 km. An integration
over a one-month period results in a bias very similar to the one
obtained with an integration over a ten-day period.

As expected, temporal integration reduces the rms
[Fig. 16(b)]. For distances greater than 47 km, the rms is
significantly improved by the temporal integration: whereas it
ranges from 1 to 4 psu for 1 satellite pass, it decreases to less
than 0.7 psu for a ten-day integration, and to less than 0.5 psu
for a one-month integration.

IV. DISCUSSION AND CONCLUSION

The aim of this paper was to assess the quality of the SSS
retrieved from SMOS data in coastal areas. An academic study
showed that the Blackman apodization window provides the
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best compromise in terms of retrieved SSS bias magnitude and
fluctuations, confirming what was expected in [7]. In a pes-
simistic geometric configuration, with the Blackman window
and a soil covered with low vegetation, SSS could be retrieved
with a bias lower than 0.2 psu for distances to the coast greater
than 75 km. The use of thresholds on the major axis of the
measurcments slightly reduced the bias but at the cost of higher
fluctuations. The influence of land cover was also investigated,
showing that for distance to the coast greater than 80 km, the
bias no longer depended on the type of vegetation cover.

A semirealistic study conducted in the Bay of Biscay gave
slightly better results than the academic study in terms of bias
with respect to the distance to the coast, with a bias lower than
0.2 psu in absolute value for distances greater than 47 km,
due to an averaging over various geometries (coastline orien-
tation, etc.) over ten days. The error on the retrieved SSS was
comparable to previous results [9] and depended strongly on the
location in the swath, whereas the latter’s influence on the bias
was weak. Restricting the major axis brought little improve-
ment to the bias on the retrieved SSS, whereas it increased
the error on the retrieved SSS and could lead to strong swath
width limitation: a 49-km threshold on the major axis implies
that 200-250 km of data at both swath edges are unusable for
retrieval, resulting in an effective swath of 800-900 km instead
of 1300 km.

The contribution of oceanic heterogeneities to biases and
rms was marginal: the main contributions originated in land
contamination and radiometric noise on Tb. Temporal integra-
tion reduced the error on the retrieved SSS, and significantly
decreased the rms for distances to the coast greater than 47 km.
Further than 47 km from the coast, a ten-day integration re-
sulted in an rms of 0.57 psu over areas of strong SSS contrasts:
this value is suitable for the monitoring of SSS variability in
coastal areas and of the spatial extent of river plumes such as
the Loire’s.

These results were obtained neglecting land contribution in
the retrieval; they could probably be improved by using an
inversion method that takes into account the presence of land
in the lobe. However, this approach would be computationally
heavy and requires knowledge of the land Tb with very good
accuracy.
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