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Abstract—The Soil Moisture and Ocean Salinity (SMOS) Earth
Explorer Opportunity Mission was selected in May 1999 by the
European Space Agency Earth Observation Programme Board
to provide global and frequent soil moisture (SM) and sea surface
salinity (SSS) maps. SMOS’ single payload is the Microwave
Imaging Radiometer by Aperture Synthesis (MIRAS) sensor,
an L-band two-dimensional aperture synthesis interferometric
radiometer with multiangular and polarimetric imaging capa-
bilities. The definition of the SMOS Level 2 Processor requires
the selection of the optimum operation mode (dual-polarization
or full-polarimetric) for each application, the specification of the
required auxiliary data, and the optimum retrieval algorithms.
Using the SMOS simulator and based on the experience gained
in previous works, this paper presents a study of the SM and SSS
retrieval capabilities over homogeneous pixels, in the two modes
of operation with different auxiliary data. It is found that SSS
retrievals using the first Stokes parameter measured in the dual-po-
larization mode perform somewhat worse than using the vertical
( vv) and horizontal ( hh) brightness temperatures measured in
the full-polarimetric mode, and the performance degrades for cold
waters due to the lower sensitivity of the brightness temperature
to SSS at low sea surface temperature (SST). Due to the larger
angular variation of hh and vv, SM retrievals using hh and
vv measured in the full-polarimetric mode exhibit a significant

better performance over bare soils than over vegetation-covered
soils. Over vegetation-covered soils vegetation parameters (opacity
and albedo) can be inferred over a 550–km swath width in the
full-polarimetric mode. However, since the first Stokes parameter
is independent of both geometric and Faraday rotations, it is very
robust in the presence of instrumental and geophysical errors.
In the SSS retrieval problem and in the SM retrieval problem
(with hh and vv measured in the full-polarimetric mode), the
performance of the retrieval algorithms tested is not significantly
altered if the model parameters are not exactly known, but are left
as adjustable parameters in the optimization process.

Index Terms—Aperture synthesis, L-band, ocean salinity,
radiometry, retrieval, soil moisture.
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TABLE I
MAIN SCIENTIFIC REQUIREMENTS OF THE SMOS MISSION. SEE ALSO

http://www.cesbio.ups-tlse.fr/data_all/pdf/SMOS_MRD_V5.pdf

I. INTRODUCTION

THE SCIENTIFIC requirements of the Soil Moisture and
Ocean Salinity (SMOS) mission are listed in Table I. Mi-

crowave radiometry at L-band can achieve these requirements.
However, real aperture radiometers require very large antennas
( 4 m) to achieve a moderate spatial resolution ( 50 km) from
a low earth orbit. To overcome this problem, and reduce mass,
SMOS makes use of two-dimensional (2-D) aperture synthesis
interferometric radiometry techniques for the first time in earth
observation from space. A synthetic aperture interferometric ra-
diometer forms a brightness temperature image in the direction
cosines domain by a Fourier
synthesis technique of the cross correlations of the signals
collected by each pair of receiving elements. In the Microwave
Imaging Radiometer by Aperture Synthesis (MIRAS) sensor,
the receiving elements are distributed along three arms 120
apart, and they are spaced wavelengths (Fig. 1),
producing an optimum hexagonal sampling of the Fourier
domain [1]. However, since the Nyquist criterion for hexagonal
sampling ( wavelengths [1]) is not satisfied, the
reconstructed 2-D brightness temperature image suffers from
aliasing1 [Fig. 2(a)]: earth replicas or “aliases” overlap with the

1The antenna spacing d = 0:875 wavelengths was selected to optimize the
instrument’s angular resolution, while keeping a swath wide enough so that the
revisit time is satisfied.
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Fig. 1. SMOS payload module (MIRAS) phase B configuration (courtesy of
EADS-CASA Espacio, Spain): Y array with 3 arms 120 apart, with 21 light
and cost effective front-ends (LICEFs), plus two redundant LICEFs per arm
(one LICEF and one LICEF/NIR) in its opposite direction in the hub. Spacing
between adjacent elements is 0.875 wavelengths.

earth image, determining the instrument’s alias-free field of
view (FOV). In the real situation, sophisticated image re-
construction algorithms [2], [3] are required to account for
instrument imperfections and obtain the brightness tempera-
ture maps in the antenna reference frame (level 1b data: ,

; Table II) from the calibrated observables (level 1a data;
Table II).

The unique characteristics of the SMOS imaging configura-
tion are as follows:

• 2-D imaging capabilities in dual- or full-polarization
modes [4];

• multilook and multiangular imaging of each pixel as the
satellite advances. In a series of consecutive snap-shots,
pixels move from the top to the bottom of the alias-free
FOV [vertical arrows in Fig. 2(b)], appearing in different
positions and being observed under different incidence an-
gles, with different spatial resolution and radiometric sen-
sitivities.

II. RETRIEVAL OF GEOPHYSICAL PARAMETERS:
STATEMENT OF THE PROBLEM

The geophysical parameter retrieval algorithms [level 2: soil
moisture (SM) and ocean salinity (OS) retrieval; Table II] must
then be tailored to take full advantage of the SMOS imaging
characteristics and, in particular, to its multilook and multian-
gular imaging capabilities. In addition, since there is a single
receiving unit per dual-polarization antenna, two modes of op-
eration are foreseen in SMOS [4], which are summarized as
follows.

• Full-polarimetric mode: In order to avoid image blur-
ring, there are two alternate measurement cycles. During
the odd periods (2.4 s long) the antenna polarization
switches are 1.2 s at polarization to obtain ,
and then: 0.4 s in the so-called -mode, 0.4 s in the

Fig. 2. (a) SMOS observation geometry. The half space in front of the array
is mapped into the unit circle in (�; �) coordinates. The alias-free FOV that
is imaged by the instrument is marked in light gray and is enlarged up to the
earth “aliases” limit by taking into account the sky contribution. (b) Properties
of the alias-free FOV mapped from direction cosines coordinates in (a) to
cross-track and along-track coordinates: incidence angle range from 0 to
� 60 (dashed contours centered at nadir) and radiometric sensitivity ranges
from 3–7 K (dashed–dotted lines centered at boresight). Platform parameters:
mean platform altitude of 775.5 km, tilt angle of 32 of the array boresight with
respect to nadir. Instrument parameters are listed in Fig. 1(a). As the platform
moves, a pixel on the earth is imaged in different positions of the alias-free
FOV following a vertical line (vertical arrows).

TABLE II
SKETCH OF SMOS PROCESSOR LEVELS AND DATA PRODUCTS. SEE ALSO

http://www.esa.int/export/esaLP/ASE5HBUG0SC_smos_0.htm

-mode, and 0.4 s in the -mode so as to achieve in these
last three steps all the possible combinations between

and polarizations, and obtain , as well as
, where and
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are the third and fourth Stokes parameters.2

During the even periods (2.4 s long) the and polariza-
tions are interchanged.

Due to the different integration time, in the odd periods the ra-
diometric sensitivity of the images is times smaller
than that of and (integration time is three
times longer for ). For the same reason, in the even periods,
the radiometric sensitivity of is times smaller than that of

and . In addition, and are
hermitian and can be averaged. Therefore, over homogeneous
scenes and in the antenna reference frame “the sensitivity of
the vertical, horizontal, and complex cross-brightness temper-
atures in the MIRAS polarimetric mode is thus the same” [4].

• Dual-polarization mode: is sequentially mea-
sured at and linear polarizations in the antenna
reference frame [Fig. 1(a)], with an integration time of
1.2 s at each polarization. A whole set of and

images is then measured after 2.4 s.
In the full-polarimetric mode, the effective integration time

per polarization is smaller s s than in the dual-
polarization mode, leading to a poorer radiometric sensitivity
(larger noise) by a factor of [4].

If the correlation of the noise in the visibility samples were
taken into account, the larger the brightness temperature, the
larger the noise [5]. However, this is a second-order effect, and
the correlation in the noise in the visibility samples measured in
the same time interval can be safely neglected. In this case, the
resulting noise map in the domain is shown in Fig. 2(b)
(contour lines from K to K). In the boresight
direction [ ], the radiometric sensitivity is 2.4 K
(dual-polarization mode), and out-of-boresight it is amplified by
the inverse of the antenna radiation pattern , and by the
obliquity factor (Appendix II).

The retrieval of geophysical parameters can be formulated in
the antenna ( and ) or in the earth reference frames (
and ), provided the appropriate corrections are applied.3

Both formulations require a precise knowledge of the observa-
tion geometry and the Faraday rotation , which
is not negligible at L-band, and even worse, can exhibit strong
inhomogeneities ( 1 km) within a SMOS pixel ( 30 km),
which is an added difficulty in the correction. An alternative
approach first proposed in [7] consists of formulating the re-
trieval problem in terms of the first Stokes parameter4 obtained
as the sum of two brightness temperatures

(1)

2T is negligible at L-band (it has never been measured within the resolution
of any L-band radiometer), and therefore the images formed from the cross-
polarization cross-correlations T = (T �jT )=2 and T = (T +jT )=2
are very likely to be the same: T = T � T =2.

3Atmospheric/ionospheric losses and upwelling/downwelling brightness
temperatures (mainly a function of surface height, atmospheric pressure, water
content, and total electron content), and sky (cosmic/galactic) downwelling
brightness temperature attenuated by the atmosphere/ionosphere in the down-
welling path, scattered in the direction of observation and attenuated again by
the atmosphere/ionosphere in the upwelling path, must be known and corrected
for previously to retrieval of the geophysical parameters.

4Simulation studies and experimental data at L-band show thatT � 0, both
over the ocean and over land. In this case, I � T +T = T +T , which
is computed in the antenna reference frame to avoid the singularities that appear
in the earth reference frame, if the dual-polarization mode is used (Appendix I).

which is invazriant to rotations (does not require a knowledge
of the geometric and Faraday rotations), and the radiometric
sensitivity is not degraded [there are not singularities: see Ap-
pendix II and Fig. 8(c)]. This formulation of the problem can
be used in the dual-polarization mode in order to maximize
the integration time and achieve the best radiometric sensitivity.
Therefore, it is not clear a priori which are the optimum opera-
tion modes and retrieval schemes.

The process to retrieve the geophysical parameters on a pixel
basis is sketched below as follows.

• Determine if a pixel is a land, sea, or mixed pixel.
• Track the pixel as it moves in the alias-free FOV in a se-

ries of consecutive snap-shots. Tracking can be performed
in the direction cosines coordinates [Fig. 2(a)] or
in the along-track/cross-track coordinates [Fig. 2(b)]. The
second option is preferred once the pixels are mapped on
an earth-fixed grid.

• For each snap-shot, interpolate and (or and
wherever there are not singularities) from the

grid where the image reconstruction is performed5 to the
geographical position of the pixel being tracked at that
particular snap-shot. This process can be performed with
the same window for all pixels, providing the same angular
resolution in all directions, but different spatial resolution
on ground, or with a “strip adaptive” processing window
[8] tailored to provide the same spatial resolution at all
directions.

• Correct for sky (cosmic and galactic noise) and atmo-
spheric/ionospheric effects: signal attenuation, upwelling
brightness temperature, downwelling brightness tempera-
ture scattered in the direction of observation.

• For each snap-shot, the error (variance) between the
model and the measured data at all incidence angles
must be minimized, obtaining a set of estimated parame-
ters [9]. Two different formulations are studied

(2)

where is the number of measurements
acquired of the same location in a satellite overpass,

is the error covariance matrix that
depends on the SMOS operation mode and the reference
frame (antenna or earth-based; see Appendixes I and II),
and is a vector that contains the mod-
eled and measured observables, and its structure depends
on the formulation of the retrieval problem:

5To minimize error amplification effects, image reconstruction algorithms
must operate on a (�; �) grid that is the reciprocal of the (u; v) one sampled
by the array [1].
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• if the
problem is formulated in terms of the brightness temper-
atures in the earth’s reference frame.

• if the
problem is formulated in terms of the brightness temper-
atures in the antenna’s reference frame.

•
if the problem is formulated in terms of the

first Stokes parameter.
The number of measurements of each pixel depends on the

pixel’s distance to the satellite ground-track. As the pixel’s
distance to the ground-track increases, the pixel is imaged
fewer times, the angular variation is reduced [Fig. 2(b)], and
the instrument’s noise increases, which translates in a de-
graded performance in terms of the quality of the retrieved
parameters. Figs. 3 and 4 show two examples of simulated
brightness temperatures over sea and land plotted as a func-
tion of the incidence angle, as they would be measured by
SMOS (in the full-polarimetric mode) for different conditions.
The number of observations varies with the distance to the
ground-track, and it is indicated in the title of each subplot.
At the ground-track it is 73, increasing up to 80 at 220
km from the ground-track and then rapidly decreases down to
11 at 550 km.

The formulation of the retrieval algorithm (1) in terms of
in the earth reference frame, or in terms of

in the antenna reference frame, requires a precise knowledge of
the Faraday rotation. The first formulation is advantageous in
the full-polarimetric mode, since in the dual-polarization mode
there are large errors in the regions close to the singularities
[cross-like region in Fig. 8(c)]. As already mentioned, the singu-
larity problem can be avoided if the retrieval is formulated in the
antenna reference frame by replacing and by and

, respectively. However, since polarization mixing [(A1.1)
and (A1.2)] reduces the angular signature of and , while
still requires a precise knowledge of the Faraday rotation to pass
from to , this approach is not considered in this
study.

Finally, the formulation of the problem in terms of avoids
the singularity problem, and the need to know both Faraday and
geometric rotations provides the smaller noise (in the dual-po-
larization mode), but since the angular variation of is smaller
than that of and , the number of parameters that can be
retrieved may be affected as well.

In order to test different SMOS operation modes and retrieval
approaches, numerical simulations for both sea surface salinity
(SSS) and SM are based under the following assumptions and
simplifications.

• The interferometric radiometer instrument is ideal, only
perturbed by noise due to finite integration time. If the first
Stokes parameter measured in the dual-polarization mode
is used in the retrieval, the noise is computed for each pixel
using the sum of the diagonal elements in (A2.2). If
and are measured in the full-polarimetric mode, the
noise is computed for each pixel as the elements (1, 1) and
(2, 2) of (A2.3a) and (A2.3b), depending if the snap-shot
is odd or even.

• Regardless of its size and orientation, the pixel is homo-
geneous (land or sea), described by parameters that are
constant in all its area: sea surface salinity, sea surface
temperature, and wind speed in the case of sea; surface
temperature, albedo, optical thickness, soil roughness, and
moisture content, in the case of land.

• The brightness temperature model is the same in the direct
model used to compute the simulated brightness tempera-
tures and in the inverse model used in the retrieval. In the
case of salinity retrievals, the impact of instrument biases
and/or geophysical modeling errors has already been ana-
lyzed separately in [9].

These assumptions allow to make an homogeneous intercom-
parison study providing the minimum parameter retrieval errors.
In any other situation (inhomogeneous pixel, or other instru-
mental errors rather noise), the retrieval performance will be
degraded.

A. Sea Surface Salinity Retrievals

Sea surface salinity has already been retrieved from L-band
radiometric measurements at constant incidence angles [10],
and with multiangular measurements using WISE data [11],
[12]. The main difficulty of the SSS retrieval problem is the
sea state correction, usually characterized only in terms of the
10-m-height wind speed (WS) or the significant wave height
(SWH). At nadir, the sensitivity of the brightness temperatures
to SSS is SSS K/psu at an SST
of C, decreasing with temperature, and that to WS is

WS K m/s . Taking into account
the range of variability of the SSS (30–38 psu) and the WS (
to m/s), the WS may mask completely the SSS signature,
unless it is properly accounted for. Since the wind produces
a small variation of the brightness temperatures at both polar-
izations , a first-order approximation has been used to
model its effects [7], [9], [13]

SST SSS WS SST SSS

SST
WS

WS (3)

where SST SSS is the emissivity
of a perfectly flat sea surface (no wind), and is the reflec-
tion coefficient6 that depends on the sea water dielectric constant
that depends on the SST and SSS. The wind speed sensitivity
has been modeled using a linear fit to Hollinger’s measurements

WS K m/s [14].
Additional advantages of the formulation of the retrieval

problem in terms of the first Stokes parameter are the following.

• It minimizes the effect of the uncertainty in the dielectric
permittivity models [15], [16], since the difference of the
first Stokes parameter computed with the
two models is approximately constant versus incidence
angle [13].

6The reflection coefficient is the square of the absolute value of the Fresnel
reflection coefficient of the electric field.
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Fig. 3. Simulated series of brightness temperature values as a function of the pixel cross-track position [Fig. 2(b)] over the ocean for (a) SSS = 35 psu, SST =
15 C, U = 0 m/s and (b) SSS = 35 psu, SST = 15 C, U = 10 m/s. Vertical polarization: upper curves, and horizontal polarization: lower values. The
number of observations for each cross-track distance is indicated in the titles of each subplot.

Fig. 4. Simulated series of brightness temperature values at vertical (upper curves) and horizontal (lower curves) polarizations as a function of the pixel cross-track
position [Fig. 2(b)] for T = 290 K and (a) no vegetation and flat, dry soil SM = 0, (b) no vegetation and flat, wet soil SM = 0:4, (c) vegetation-covered
(� = 1 Nep, ! = 0:1), and roughed (h = 1), dry soil SM = 0, and (d) vegetation-covered (� = 1 Nep, ! = 0:1), and roughed (h = 1), wet soil SM = 0:4.
The number of observations for each cross-track distance is indicated in the titles of each subplot.
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Fig. 5. Sea surface salinity retrieval algorithm performance versus pixel
position in the swath. Left column: wind speed = 0 m/s, right column: wind
speed = 10 m/s. In each plot: first Stokes parameter computed in dual-
polarization mode (left side) and T and T computed in full-polarimetric
mode with perfect Faraday and geometric rotation (right side). From top
to bottom: Case 1: all parameters as free variables, Case 2: WS auxiliary
information, Case 3: SST auxiliary information, and Case 4: WS and SST
auxiliary information.

• It minimizes the effect of swell, since
under swell conditions is approximately constant versus
incidence angle [17].

The minimization problem uses the Levenberg–Mar-
quardt method with a cubic polynomial line search and
Gill–Murray Hessian update methods7 [18].

The following four different retrieval methods have been
analyzed.

• Case 1: SSS, SST, and WS are free variables [Fig. 5(a) and
(b)].

• Case 2: SSS and SST are free variables, and WS is per-
fectly known from auxiliary data [Fig. 5(c) and (d)].

• Case 3: SSS and WS are free variables, and SST is per-
fectly known from auxiliary data [Fig. 5(e) and (f)].

• Case 4: SSS is a free variable, and SST and WS are per-
fectly known from auxiliary data [Fig. 5(g) and (h)].

7Matlab optimization toolbox.

“Free variables” are assigned to an initial value equal to
the measured one by a different sensor or model [11]–[13]
(including a random term to simulate the measurement error),
and they are left to vary inside an interval of width equal to
plus and minus the standard deviation of the error associated to
the sensors providing that measurement. In these simulations,
random initial values are selected: SSS SSS psu,
SST SST C, and WS WS m/s (Gaussian pdf
parameters: mean value 1 standard deviation).

For the four cases, Fig. 5(a)–(h) presents the rms error com-
puted from the retrieved SSS and the true SSS from 200 Monte
Carlo simulations. On the left column [plots Fig. 5(a), (c), (e),
and (g)] the conditions are SSS psu, SST C (solid
line), C (dashed line), C (dotted line), and WS

m/s. On the right column [plots Fig. 5(b), (d), (f), and (h)],
the conditions are the same except that WS m/s. On
the left-hand side of each plot, simulation results correspond to
the use of the first Stokes parameter measured in the dual-po-
larization mode, and on the right-hand side, to the use of
and measured in the full-polarimetric mode assuming per-
fect Faraday and geometric rotation corrections. The analysis of
Fig. 5(a)–(h) shows the following.

• The SSS retrieval error decreases with increasing SST,
since the brightness sensitivity to SSS increases with SST.

• The SSS retrieval error in terms of computed in the
dual-polarization mode is higher than in terms of and

computed in the full-polarimetric mode because the
number of measurements is halved,8 and it is not compen-
sated by the smaller noise.9 For WS m/s, the degra-
dation factor is for cold water and decreases with in-
creasing SST. For WS m/s, the degradation factor is
nearly constant versus SST.

• The SSS retrieval error is very similar in the full-polari-
metric mode for both WS m/s and 10 m/s, and
the estimated WS values are very close to the actual ones
(see [13] for results with experimental data, results not
shown in this study). In the dual-polarization case, using
the first Stokes parameter the error even slightly decreases
for WS m/s, since the wind effect in is approx-
imately a constant value versus incidence angle and ab-
sorbs errors in the estimation of SST.

• The SSS retrieval error is very similar in all four cases,
which allows to have some errors in the auxiliary data. If
the SST and/or WS were known from auxiliary data, but
with a given error, and their corresponding values were
set as constant parameters, the SSS retrieval error would
be larger.

The trend of the retrieved values is in agreement with
recent results from other authors in dual-polarization and

8The number of data points is halved since in each snap-shot, a pair of mea-
surements (T and T ) are added to generate a single I value.

9Not to confuse: 1) the radiometric sensitivity that depends on the integration
time per snap-shot (that depends on the operation mode) and the pixel’s posi-
tion in the alias-free FOV (due to the antenna pattern and the obliquity factor,
Appendix II); and 2) the number of measurements or observations of a given
pixel as it passes through the alias-free FOV, which depends on the distance to
the ground-track. It is the combination of both things, plus the geophysical pa-
rameter retrieval algorithm and auxiliary data availability, that determines the
ultimate retrieval performance.
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full-polarimetric modes, assuming that Faraday rotation
effects are the same at a scale of 500 km and are per-
fectly corrected for [19]. If the ionosphere is not homo-
geneous within a SMOS pixel the retrieval performance
will degrade, while with the first Stokes parameter the per-
formance will be the same. Similar results are found for
SSS psu.

Finally, depending on the accuracy required and the tem-
poral/spatial variability (Table I), the retrieved SSS must be av-
eraged in time and/or space. In [9], the result of using SSS tem-
poral averages in blocks of 10 and 30 days, to reach the goal of
0.1-psu salinity error is shown, despite the natural variability of
the variable under measurement.

B. Soil Moisture Retrievals

Over land, the dynamic range of the brightness temperature
is larger than over sea (Fig. 4, for different soil moisture condi-
tions), and additionally, the SM required accuracy is not as crit-
ical as in the SSS retrieval problem. The brightness temperature
model used in the simulations is the model, as used in the
multiangular and dual-polarization soil moisture retrievals pre-
sented in [20] and [21]10

or (4)

and

(5)

(6)

where is the reflection coefficient of the (flat) soil that
depends on the soil moisture through the dielectric constant,

is a soil roughness parameter, Q is the polarization mixing
factor, is the vegetation attenuation, is the vegetation
opacity, and is the vegetation single-scattering albedo. For
simplicity, it has been assumed that and are the same at
both polarizations and independent of the incidence angle.

In the SM retrieval problem, the number of vari-
ables is larger than in the SSS retrieval problem:
soil surface moisture SM , soil surface temperature ,
roughness , vegetation opacity , and albedo .

The minimization technique used is the same as for the SSS
retrieval problem (Section II-A). The following three different
retrieval methods have been analyzed.

• Case 1: SM, , , , and are free variables [Fig. 6(a)
and (b)].

• Case 2: SM, , and are free variables, and and
are known without error from auxiliary data [Fig. 6(c) and
(d)].

10In the present study, the single-scattering albedo has not been neglected
(! 6= 0).

Fig. 6. Soil moisture retrieval algorithm performance versus pixel position
in the swath. Left column: no vegetation, right column: dense vegetation. In
each plot: first Stokes parameter computed in dual-polarization mode (left side)
and T and T computed in full-polarimetric mode with perfect Faraday and
geometric rotation (right side). From top to bottom: Case 1: all parameters as
free variables, Case 2: soil (T and h ) auxiliary information, Case 3: soil
(T and h ) and vegetation (! and � ) auxiliary information.

• Case 3: SM is a free variable, and , , , and are
known without error from auxiliary data [Fig. 6(e) and (f)].

Even though the sensitivity of the error (2) is larger than in
the SSS case, the speed and accuracy of the retrieval is also im-
proved by reducing the search limits of the free variables within
reasonable bounds: , C,

, Nep, and . Since
the soil surface temperature is expected to geographically vary
more over land than over the sea, and the temperature of the veg-
etation layer can be different from the soil, the range of values
is larger than in the SSS retrieval problem.

Fig. 6(a)–(f) presents the rms error computed from the re-
trieved SM and the true SM from 200 Monte Carlo simulations.
On the left column [plots Fig. 6(a), (c), and (e)], a very ideal
scenario is presented: a perfectly flat soil without vegetation.
The conditions are: SM (solid line), 20% (dashed line),
and 40% (dotted line), C, , , and

(no vegetation). On the right column [Fig. 6(b), (d), and
(f)], a difficult scenario is presented: very rough soil covered by
a dense vegetation layer. The conditions are: SM (solid
line), 20% (dashed line) and 40% (dotted line), C,

, Nep, and . Sample brightness temper-
atures for these two scenarios are provided in Fig. 4. The most
important feature is the strong decrease of the brightness tem-
peratures sensitivities to SM in the presence of vegetation. On
the left-hand side of each plot simulation results correspond to
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the use of the first Stokes parameter measured in the dual-polar-
ization mode, and on the right-hand side to the use of and

measured in the full-polarimetric mode assuming perfect
Faraday and geometric rotation corrections.

Despite our simulation parameters are very stringent, our
analysis [Fig. 6(a)–(f)] confirm previously reported results [20],
and retrievals with experimental L-band radiometric data [21],
that have formulated the retrieval process in terms of and

over the earth’s surface. From this analysis, the following
conclusions can be summarized.

• In most retrieval schemes (use of different auxiliary data),
the SM retrieval error is smaller over bare soils or sparse
vegetation covers than over dense vegetation-covered soils
[21], and it is smaller if the full-polarimetric mode is used
( and over the earth’s surface11), instead of the
dual-polarization one with the first Stokes parameter12 due
to the larger angular variation of and as compared
to that of I. This can be understood, since the number of
measurements is halved.

• The SM retrieval error rapidly increases above 300 km
half-swath in most conditions as the number of measured
data rapidly decreases [Fig. 2(b)], in accordance with [21].

• The SM retrieval error decreases with drier soils, con-
firming the results presented previously in [21]. This is
attributed to the smaller relative error in the brightness
temperatures (same radiometric sensitivity, but larger
brightness temperature).

• Over densely vegetated soils Nep , knowledge
of soil parameters ( and ) improves the quality of
the SM retrievals, but the SMOS requirements are not met
( , Table I).

• Knowledge of the vegetation parameters further improves
the SM retrieval errors, especially if the first Stokes param-
eter is used in dual-polarization mode. In this case, within
a 600-km swath, the retrieved SM errors within require-
ments (Table I). Under the assumption that the timescale
of variations of is substantially higher than for SM, a
scheme has been suggested to use values retrieved in
the central part of the field of view on a previous orbit, as
a priori information in order to improve the retrieval con-
ditions for SM in the outer parts of the field of view [21].

However, experimental measurements over vineyard
fields have shown a rapid opacity increase after soil irriga-
tion due to water absorption [22, Fig. 7]. In this situation,
the preferred option is to retrieve all vegetation parame-
ters in a 600-km swath in one satellite overpass from
the multiangular radiometric measurements themselves.

• Fig. 7 shows the retrieval capabilities for and , for
the dual-polarization (left side) and full-polarimetric (right
side) modes and different soil moistures. The error esti-
mates are very large if the first Stokes parameter is used,
but dramatically improve in the full-polarimetric mode

11T and T over the earth’s surface can only be obtained in the so-called
full-polarimetric mode, since in the dual-polarization mode the errors near the
singularity regions [Fig. 8(a)] tend to infinite.

12In Fig. 6(e), the situation is the inverse one, which may be due to the nu-
merical noise associated to the very low retrieved errors.

Fig. 7. Retrieved (a) vegetation opacity (�) and (b) single-scattering albedo
(!) corresponding to Case 1 with thick vegetation layer [Fig. 6(b)], for
dual-polarization mode using the first Stokes parameter (left side), or for the
full-polarimetric mode using T and T over the earth’s surface. Simulation
parameters: vegetation: � = 1 Nep, ! = 0:1, soil: T = 290 K, h = 1,
and SM = 0% (solid line), 20% (dashed line), and 40% (dotted line).

( Nep, Nep, , ). Con-
trary to the SM estimates, the errors in the retrieved param-
eters decrease for wet soils, in accordance to [21], since
the brightness temperature contrast between bare and veg-
etated wet soils is larger than if the soils were dry (see
Fig. 4).

• For rough, homogeneous, and dense vegetation-covered
soils, the rms error is smaller than m m
(4%) only for a 600-km swath, for dry and moderately
wet soils provided auxiliary information is used.

III. CONCLUSION

This study has analyzed the impact of different operation
modes of SMOS (dual-polarization and full-polarimetric), dif-
ferent SSS and SM retrieval methods, and different auxiliary
data for an ideal instrument just limited by thermal noise due
to finite integration time, and for an ideal scenario with con-
stant geophysical parameters (homogeneous for all the varying
pixels’ size and orientation) and perfect correction of Faraday
and geometric rotations. The main conclusions can be summa-
rized below as follows.

• Sea surface salinity retrievals show a better performance
if the full-polarimetric mode is used.

• Soil moisture retrievals perform much better if the full-po-
larimetric mode is used, which allows also to infer vege-
tation parameters (opacity and albedo) over a 600-km
swath, even over dense vegetation areas.

However, since the use of measured in the
antenna reference frame and in the dual-polarization mode is
more robust in the presence of geometric rotations and Faraday
rotation (at any spatial scale, or even within the SMOS pixel),
it should not be discarded, especially in the SSS retrieval case,
which has the most stringent accuracy requirements.

The performance of the SSS retrieval algorithms is not sig-
nificantly altered when the model parameters are initialized to
the values of the auxiliary data, and are then left as free vari-
ables to be adjusted in the optimization process (Case 1), or
when error-free auxiliary data are used for all model variables
(Case 4). In the SM retrieval algorithms formulated in terms of
the first Stokes parameter, the use of error-free auxiliary data
does significantly improve the quality of the retrieved SM, al-
though rarely satisfies the requirements . In the
full-polarimetric mode, the improvement is small. In both SSS
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Fig. 8. Amplification of the noise standard deviation in the transformation from the antenna reference frame to the earth reference frame (one over � times
the square root of the noise covariance matrix elements). (a) Full-polarimetric mode at H-polarization odd period or V-polarization even period [element 4-4 in
(A2.3a) or 1-1 in (A2.3b)], (b) full-polarimetric mode at V-polarization odd period or H-polarization even period [element 4-4 in (A2.3a) or 1-1 in (A2.3b)], and
(c) dual-polarization mode [element 1-1 or 2-2 in (A2.5)]. Cross-like region is singular. Graybar truncated at 10 for better representation.

and SM retrieval algorithms, the simultaneous retrieval of the
following several variables eases the stringent requirements on
the accuracy of the auxiliary data need:

• for sea salinity retrieval: sea surface temperature, wind
speed and significant wave height;

• for soil moisture retrieval: soil moisture, soil surface tem-
perature, soil roughness, vegetation opacity, and albedo.

These results can help to define the SMOS operation mode:
dual-polarization mode over oceanic regions and sea surface
salinity retrievals using the first Stokes parameter (computed
in the antenna reference frame), and full-polarimetric mode
over land regions. These results should also help to reduce the
amount of data to be stored and down-linked, and can be taken
into account in the definition of the SMOS L2 processor.

APPENDIX I
TRANSFORMATION FROM THE ANTENNA

TO THE EARTH REFERENCE FRAMES

A significant difference between the two modes of operation
of SMOS is the brightness temperatures transformation from the
antenna to the earth reference frame.

• Full-polarimetric mode: the brightness temperatures in the
earth reference frame13 ( , , , and ) are com-
puted from the measured brightness temperatures in the
antenna reference frame ( , , , and ) by in-
verting [6, eq. 3]

(A1.1)

where and ,
is the rotation angle through the ionosphere due

to Faraday effect, and is a geometrical-related rotation
between polarizations.

13T and T correspond to the horizontal and vertical brightness tempera-
tures, usually referred asT andT . In this study, theT andT nomenclature
is followed to indicate that it has been obtained from interferometric measure-
ments of two antennas at the same polarization.

• Dual-polarization mode: assuming , the
brightness temperatures in the earth reference frame (
and ) are computed from the measured brightness tem-
peratures in the antenna reference frame ( and ) by
inverting [6]

(A1.2)

which is singular whenever
.

APPENDIX II
NOISE COVARIANCE MATRICES

Antenna Reference Frame

Due to the polarization mixing, the antenna temperatures at
and polarizations are very similar and the radiometric sensi-
tivity is very similar as well [Fig. 2(a)]. There-
fore, since the measurements at both polarizations are taken in
different time intervals, the noise covariance matrices of the
pixels in the antenna reference frame are diagonal.

• In the full-polarimetric mode: the diagonal elements are
not equal, since the integration time is different for each
polarization, and it is different from the odd to the even
snap-shots

(A2.1a)

(A2.1b)

where the diagonal elements contain the variances of ,
, , and , respectively, and the error variance

varies with the pixel position within the field of view as
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, being the variance at bore-
sight, the normalized antenna radiation pattern, and

the obliquity factor.
• In the dual-polarization mode

(A2.2)

where the diagonal elements contain the noise variances
of and , respectively.

Earth Reference Frame

The inverse matrices of and also trans-
late the errors from the brightness temperatures measured in
the antenna reference frame ( , , , and )
to the errors in the brightness temperatures in the earth refer-
ence frame ( , , , and ). The inverse of

is , which is never singular.

However, the inverse of is singular wherever
. In the earth reference frame, the noise

covariance matrices can be obtained from (A1.1) and (A2.1), or
(A1.2) and (A2.2), for the full-polarimetric and dual-polariza-
tion modes, respectively.

In full-polarimetric mode: See (A2.3), shown at bottom of
page. Note the following.

• In the odd and even periods, the noise variance in the
brightness temperature images in the earth reference frame
is not the same at horizontal polarization (element 1-1), at
vertical polarization (element 4-4), and the cross-polariza-
tions (elements 2-2 or 3-3).

• On average, in the earth reference frame, for homogeneous
scenes, the radiometric sensitivity at both polarizations is
the same [element 1-1 of (A2.3a) equal to element 4-4 of
(A2.3b), and element 4-4 of (A2.3a) equal to element 1-1
of (A2.3b)].

• The inverse of the noise covariance matrix is never infinite.
• If the integration time for the four steps in the full-polar-

ization mode was the same (first measurement cycle, and
-, -, and -modes) and equal to s s, the co-

variance matrix in the odd and even periods would be the

same, and the noise covariance matrix in the antenna and
in the earth reference frames would be the same

(A2.4)

However, as explained in [4], this timing configuration
is not feasible in SMOS, since it produces a large image
blurring.

In dual-polarization mode:

(A2.5)

Note the following.

• The inverse of the noise variance in the brightness tempera-
ture image in the earth reference frame is the same for both
polarizations.

• The noise variance tends to infinite wherever .

Fig. 8(a) and (b) shows the inverse of times the square root
of the elements 1-1 and 4-4 of (A2. 3a) as a function of the
coordinate, that correspond to the radiometric sensitivity (ex-
cept for the antenna radiation pattern and the obliquity factor)
at h- or v-polarizations in an odd period, or v- or h-polarizations
in an even period. Fig. 8(c) shows the squared root of the diag-

onal elements of (A2.5) as a function of the
coordinates, that corresponds to the radiometric sensitivity (ex-
cept for the antenna radiation pattern and the obliquity factor)
at H- and V-polarizations. Note that the radiometric sensitivity
tends to infinite along a cross-liked shape, difficulting the geo-
physical parameter retrieval.
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