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[11 The Soil Moisture and Ocean Salinity (SMOS) mission of the European Space
Agency was successfully launched in November 2009 to provide global surface soil
moisture and sea surface salinity maps. The SMOS single payload is the Microwave
Imaging Radiometer by Aperture Synthesis (MIRAS), an L band two-dimensional
aperture synthesis interferometric radiometer with multiangular and polarimetric imaging
capabilities. SMOS-derived soil moisture products are expected to have an accuracy

of 0.04 m*/m® over 50 x 50 km® and a revisit time of 3 days. Previous studies have
remarked the necessity of combining SMOS brightness temperatures with auxiliary data to
achieve the required accuracy. However, the required auxiliary data and optimal soil
moisture retrieval setup need yet to be optimized. Also, the satellite operation mode
(dual polarization or full polarimetric) is an open issue to be addressed during the
commissioning phase activities. In this paper, an in-depth study of the different retrieval
configurations and ancillary data needed for the retrieval of soil moisture from future
SMOS observations is presented. A dedicated L2 Processor Simulator software has been
developed to obtain soil moisture estimates from SMOS-like brightness temperatures
generated using the SMOS End-to-End Performance Simulator (SEPS). Full-polarimetric
brightness temperatures are generated in SEPS, and soil moisture retrievals are performed

using vertical (7,) and horizontal (7};,) brightness temperatures and using the first
Stokes parameter (7;). Results show the accuracy obtained with the different retrieval
setups for four main surface conditions combining wet and dry soils with bare and
vegetation-covered surfaces. Soil moisture retrievals using 77 exhibit a significantly
better performance than using 73, and 7., in all scenarios, which indicates that the
dual-polarization mode should not be disregarded. The uncertainty of the ancillary data
used in the minimization process and its effect on the retrievals is thoroughly evaluated,
and an optimum soil moisture retrieval configuration is devised.

Citation: Piles, M., A. Camps, M. Vall-llossera, A. Monerris, M. Talone, and J. M. Sabater (2010), Performance of soil
moisture retrieval algorithms using multiangular L band brightness temperatures, Water Resour. Res., 46, W06506,
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1. Introduction

[2] Although soil only holds a small percentage of the
total global water budget, soil moisture plays an important
role in the Earth’s water cycle; it is a key variable in the
water and energy exchanges that occur at the land surface—
atmosphere interface and conditions the evolution of weather
and climate over continental regions. Global observations of
the Earth’s changing soil moisture are needed to enhance
climate prediction skills and weather forecasting, which will
benefit climate-sensitive socioeconomic activities, including
water management, agricultural productivity estimation, and
flood and drought hazards monitoring [Entekhabi et al.,
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1999; Krajewski et al., 2006; Wagner et al., 2007].
Despite being a critical state variable of the Earth system, its
high spatial and temporal variability makes soil moisture a
difficult parameter to measure, and there are no current
observing systems to monitor it globally. Nevertheless, in
the last decades, several studies have remarked the potential
of using L band microwave remote sensing to monitor soil
moisture [Njoku and Entekhabi, 1996; Schmugge et al.,
2002], and two space missions have been proposed to
globally measure soil moisture using this technology: the
European Space Agency (ESA) launched the Soil Moisture
and Ocean Salinity (SMOS) satellite mission in November
2009 [Kerr et al., 2001], and NASA will launch the Soil
Moisture Active Passive (SMAP) satellite mission in 2014
[National Research Council, 2007].

[3] The SMOS mission aims at providing the first global
measurements of the Earth’s surface soil moisture with an
accuracy of 0.04 m*/m® over 50 x 50 km® and a temporal
resolution of 3 days. There is also a high interest in ob-
taining vegetation water content maps with an accuracy of
0.2 kg/m? from future SMOS observations [European Space
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Agency, 2003]. The SMOS payload is a totally new type of
instrument, the Microwave Imaging Radiometer by Aperture
Synthesis (MIRAS), that provides two-dimensional bright-
ness temperature (75) measurements of the Earth at dif-
ferent incidence angles with a ground resolution varying
between 30 and 100 km, depending on the position on the
field of view [Martin-Neira et al., 2002]. MIRAS can work
in two operation modes: the dual-polarization and the full-
polarimetric modes. In dual-polarization mode, MIRAS
measures the Ty values in horizontal and vertical polariza-
tions, whereas in full-polarimetric mode, MIRAS measures
the four Stokes parameters (see Appendix A).

[4] The theory behind L band microwave remote sensing
of soil moisture is based on the large contrast between the
dielectric constants of dry soil (~4) and water (~80)
[Jackson and Schmugge, 1989; Ulaby et al., 1981]. The
dielectric constant of soils is highly related to the soil
moisture content s,,, and depends on the soil type [Wang and
Schmugge, 1980; Dobson et al., 1985]. In addition to the
soil dielectric constant, other soil and vegetation parameters
are known to play a significant role in the L band micro-
wave emission and therefore must be accounted for in the
retrieval process, namely, surface temperature 7, surface
soil roughness (determined using the soil roughness
parameter A,), vegetation albedo w, and vegetation optical
depth 7 (from which vegetation water content maps can be
derived [van de Griend and Wigneron, 2004]). Several
configurations have been proposed for decoupling the con-
tribution of each of these surface parameters and hence
retrieving soil moisture from SMOS observations. For
instance, Wigneron et al. [1995] presented the possibility of
simultaneously retrieving s,,, and 7 (the two-parameter (2-P)
retrieval method) using experimental L band observations
over crop fields. The so-called 3-P retrieval method, in
which T is retrieved in addition to s,, and 7, is applied to a
synthetic simulated data set as given by Pellarin et al. [2003].
By extension, the N-P retrieval method, where N corre-
sponds to the number of parameters that are retrieved, is
analyzed by Pardé et al. [2004] and Camps et al. [2005]. In
all these studies, the parameters are retrieved by minimizing
a cost function which accounts for the weighted squared
differences between measured and simulated brightness
temperatures, using for the latter the 7 — w radiative model
[Ulaby and Wilson, 1985; Mo et al., 1982], and between the
retrieved quantities and their estimated values, with weights
reflecting a priori uncertainties on these variables.

[5s] Since different retrieval setups lead to different
accuracy results, an in-depth study of the different cost
function configurations for retrieving soil moisture estimates
from future SMOS observations is paramount. Although
some retrieval issues regarding the parameters to be
retrieved have been analyzed in the above-cited studies, the
a priori information used in the retrievals and its required
uncertainty are key aspects yet to be determined. Also, the
optimum MIRAS operation mode (dual polarization or full
polarimetric) is still an open issue. In the present study, the
performance of different retrieval configurations, depending
on the a priori information that is used in the retrievals and
its associated uncertainty, is analyzed using SMOS-like Tp
values generated by the SMOS End-to-End Performance
Simulator (SEPS) [European Space Agency, 2006]. To
obtain soil moisture from SEPS realistic 7p, this study uses
the L2 Processor Simulator. The L2 Processor Simulator is a
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dedicated software developed from the experience gained in
previous works on SMOS-derived salinity studies [Talone
et al., 2009; Sabia et al., 2010] and land field experiments
at L band [Monerris, 2009]; it is a simplified version of the
ESA’s SMOS Level 2 Processor, which integrates the
forward model and optimization algorithm described in
section 2, and is designed to be used with SEPS output data.
Hence, the parameters dominating the microwave emission
at L band (s, A, Ts, w, and 7) have been considered as
possible a priori information to be used in the retrievals, and
the uncertainties of s,,, and %, over bare soil scenarios and of
w and T over vegetation-covered scenarios have been tuned
from very large values to very restrictive conditions in dif-
ferent L2 Processor simulations. Note that T is assumed to
be known from thermal infrared remote sensing with an
accuracy of 2 K [Wan, 2008]. Setting this rather strong
constraint on T has been shown to be preferable in previous
L band retrieval studies [Pellarin et al., 2003; Pardé et al.,
2004; Davenport et al., 2005]. Then, when all uncertainties
are set to large values, all parameters are free and retrieved
(i.e., an N-P approach). In contrast, when a high constraint
is imposed on a parameter, it is set to a constant value, and
therefore, it is not retrieved (i.e., 2-P is explored when a
high constraint is imposed on 4, and w and sy, and 7 are free
and retrieved). Also, parameters are retrieved using vertical
(Tyy) and horizontal (7};,) polarizations separately and using
the first Stokes parameter (7;), which may be linked to the
choice of the full-polarimetric mode or the dual-polarization
mode, respectively. From these simulations, the uncertainty
of the ancillary data used in the minimization process and its
impact on the retrieval of soil moisture and vegetation
optical depth from SMOS-like observations is thoroughly
evaluated, the use of the two polarizations separately and of
the first Stokes parameter are explored, and an optimal
retrieval configuration is devised.

2. Soil Moisture Retrieval

[6] Soil moisture retrieval consists of inverting a geo-
physical model function by finding the set of input variables
(soil moisture and other model parameters such as soil
temperature, soil roughness, vegetation albedo, and vege-
tation opacity) which generate the brightness temperatures
that best match the “observed” brightness temperatures. The
geophysical model function used in this study to mimic the
Earth emission at L band, the so-called forward model, is
described in section 2.1. In the case of SMOS, auxiliary data
must be combined with SMOS-like modeled brightness
temperatures on a cost function which must be well defined
and adequately minimized to retrieve soil moisture fulfilling
the mission requirements. The simulation strategy and the
optimization scheme used in this paper to devise an optimal
soil moisture retrieval configuration from SMOS data are
fully described and analyzed in section 2.2.

2.1. Forward Model

[7] The bare soil emissivity depends on its surface
roughness (determined using the soil roughness parameter
hy), temperature T, and soil dielectric constant, which is in
turn related to the soil moisture content s, and soil type
[Choudhury et al., 1979]. When the soil is covered by
vegetation, its emission is affected by the canopy layer: it
attenuates the soil emission and adds its own contribution.
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Table 1. Selected Values of Soil Moisture, Soil Roughness
Parameter, Soil Temperature, Vegetation Opacity, and Vegetation
Albedo for the Four Master Scenarios®

sy kg LK  TNp)  w
Bare dry soil 0.02 0.2 300 0 0
Bare wet soil 0.2 0.2 300 0 0
Dry soil plus canopy 0.02 0.2 300 0.24 0
Wet soil plus canopy 0.2 0.2 300 0.24 0

“Here s,,,, soil moisture; 4, soil roughness parameter; T, soil temperature;
T, vegetation opacity; w, vegetation albedo.

In this study, the well-known 7 — w radiative transfer model
has been used to model the forward brightness temperatures
at L band [Mo et al., 1982; Ulaby and Wilson, 1985]. This
model is based on two vegetation parameters, the optical
depth or opacity 7, which accounts for the attenuation, and
the single-scattering albedo w, which accounts for disper-
sion of the radiation within the vegetation:

Top = (1 —w)(1 =7)(1 +Tsy)Tv + (1 = Ts)Tsy, (1)

where T, (p = & for the horizontal polarization and p = v for
the vertical polarization) are the modeled brightness tem-
peratures, I's(f, p) is the soil reflectivity, (0, p) is the
transmissivity of the vegetation layer, T is the effective soil
temperature, and 7y is the effective temperature of the
vegetation.

[8] The soil reflectivity I's(d, p) depends on incidence
angle 6 and polarization p and can be expressed as

I's(0,p) = [(1 — Q)T$(6.p) + OT$ (0, p)] exp[—hycos™(0)]  (2)

where T'¢ (0, p) is the power reflection coefficient of the flat
soil (squared amplitude of the Fresnel reflection coefficient)
that depends on the soil moisture through the dielectric
constant [ Wang and Schmugge, 1980], O is the polarization
mixing factor, n expresses the angular dependence of
roughness, and #; is the soil roughness parameter [Wang
and Choudhury, 1981].

[9] The transmissivity of the vegetation layer (6, p) can
be expressed as a function of the vegetation optical thick-
ness 7 and the incidence angle 0:

(6, p) = exp[—7/ cos(0)]. (3)

[10] The vegetation optical depth can be linearly related to
the vegetation water content (VWC) (kg/m?) through an
empirical parameter b [van de Griend and Wigneron, 2004]:

T = b(VWC). (4)

[11] A detailed analysis of the soil roughness effects
performed by Wigneron et al. [2001] showed that both O
and n could be set equal to zero at L band and that the
roughness parameter /, could be semiempirically estimated,
comprising most surface roughness conditions. This
approach has been followed in this study, where 4, is set
constant and equal to 0.2, representing rather smooth
roughness conditions. This is consistent with L band air-
borne and ground-based experiments, where soil roughness
was generally found to be rather smooth over agricultural or
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natural areas [Jackson et al., 1999; Wigneron et al., 2007].
Also, recent studies have observed a dependence of %, on
soil moisture content [Wigneron et al., 2001; Schneeberger
et al., 2004; Escorihuela et al., 2007]. However, these
studies are performed under very local conditions, yet there
is no evidence of the potential benefits that they may be
introduced at global scale. To date, the accuracy of the
previous approaches linking %, and soil moisture is not well
established for a variety of roughness conditions, and the
relationship between 4, surface roughness characteristics,
and soil moisture has not been fully understood. Thus, in the
present study, /4, is retrieved as a free parameter, without
using any dependency on soil moisture or surface roughness
characteristics.

[12] There is some experimental evidence indicating
possible polarization dependence of both 7 and w. However,
this dependence has been observed mainly during field
experiments over vegetation elements that exhibit a clear
uniform orientation, such as vertical stalks in tall grasses,
grains, and maize [Kirdiashev et al., 1979; Wigneron et al.,
1995; Hornbuckle et al., 2003], whereas canopy and stem
structure of most vegetation covers are randomly oriented.
Furthermore, the effects of any systematic orientation of
vegetation elements would most likely be minimized at
satellite scales [Owe et al., 2001]. Hence, (1) has been
simplified assuming that 7 and w are polarization- and
angle-independent. Also, it is assumed that the temperature
of the vegetation canopy is in equilibrium with the soil
temperature (75 = Ty = T), since at SMOS overpass times
(6 AM. and 6 P.M.) temperature gradients within the soil
and vegetation should be minimized [Hornbuckle and
England, 2005].

[13] Four master scenarios (bare dry soil, bare wet soil,
vegetation-covered dry soil, and vegetation-covered wet
soil) have been created using SEPS with the aim of com-
paring the different retrieval configurations and addressing
separately the contribution of the bare soil parameters
(Sm» Ts, and /) and of the vegetation descriptors (7 and w)
on a dry and on a wet soil. Constant input parameters have
been used in the simulations to evidence the contribution of
each parameter in the final result and to facilitate the anal-
ysis. Soil moisture values of 0.02 m*/m?® and 0.2 m*/m® have
been defined to represent dry and wet soils, respectively; the
roughness parameter /; is set to 0.2; and nominal values are
given to the vegetation parameters 7 = 0.24 Np and w = 0
[European Space Agency, 2007]. These parameters have
been summarized in Table 1.

2.2. Optimization Scheme

[14] SMOS-like full-polarimetric brightness temperatures
have been simulated over land for the four master scenarios
in Table 1 using SEPS [European Space Agency, 2006].
Next, these data have been used as input to the L2 Processor
Simulator, where surface parameters have been retrieved by
minimizing a cost function (CF), using the generalized
least squares iterative algorithm of Levenberg-Marquardt
[Marquardt, 1963]. The dedicated L2 processor has been
developed to be used with SEPS output data, in preparation
for the upcoming SMOS data, and with a structure as similar
as possible to the ESA’s SMOS Level 2 Processor
[European Space Agency, 2007], so that the results obtained
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could be potentially applicable to real SMOS data. Hence,
assuming that the measurement errors are Gaussian, the cost
function for observation model misfits can be expressed as

—=meas —modcl

Fy

figeg

where F™* and F™%! are vectors of length N containing
the brightness temperatures at different incidence angles,
measured by MIRAS and obtained using the forward
models, respectively. N is the number of observations of the
same point in a satellite overpass; oy is the radiometric
accuracy for the nth observation; p; (i = 1, ..., M) are
the retrieved physical parameters that may influence the
modeled Ty, including s, Ts, A, 7, and w; p;o are prior
estimates of parameters p; (obtained from other sources such
as satellite measurements or model outputs, the auxiliary
information); and o,y is the uncertainty on the a priori
parameter p;. The value of 0, is used to parameterize the
constraint on the parameter pi in the retrievals: p; can be set
to be free (0,0 = 100; no a priori information is used), it can
be constralned to be more or less close to the reference value
Pio, or it can be constant (0, < 1073, assuming high
accuracy on the a priori information). Note that p,, are
specified mph a priori, whereas p; values are adjusted during
the minimization process.

[15] The retrieval of the geophysical parameters can be
formulated using the vertical (vv) and horizontal (hh)
polarizations separately F,= [T v 1} hh] in the Earth refer-
ence frame and F,, = [Ty, y] in the antenna frame), or
using the ﬁrst Stokes parameter (F,, = [T}]" = [Txx + T. ]
[Tin + Tow]”) (Appendix A). These two approaches have been
considered in this study. If retrievals are formulated using the
two polarizations separately, the Faraday rotation in the
ionosphere should be corrected since at L band it can be
sufficient so as to cause errors in the retrieval of the surface
parameters [Vine and Abraham, 2002]. Therefore, as third
and/or fourth Stokes parameters could be highly useful for a
precise Faraday correction, the CF formulation in the Earth
or antenna frame is usually linked to the use of the full-
polarimetric mode. Also, large singularities are induced by
the inversion of the geometric and Faraday rotations while
passing the measured brightness temperatures from antenna
to Earth frame in dual-polarization mode [Waldteufel and
Caudal, 2002]. In contrast, 7; is unaffected by Faraday
rotation; retrievals using the first Stokes parameter can be
calculated in the two operation modes, with the difference
that when the dual-polarization mode is used, the integration
time is maximized and better radiometric sensitivity could be
obtained [Camps et al., 2005].

[16] In this study, the impact that the uncertainty of the
ancillary data used in the minimization process has on the
retrieval of soil moisture and vegetation optical depth from
SMOS-like observations has been evaluated. To do so, the
uncertainties of s, and /4, over the bare soil scenarios and
of 7 and w over the vegetation-covered scenarios have been
progressively tuned in different L2 Processor simulations,
starting from very large values (no prior information is
added) to very restrictive conditions (high confidence on the
a priori information). 7y is set to its first-guess value during
the retrieval process with an accuracy of 2 K, in agreement
with results of previous studies [Pellarin et al., 2003; Pardé
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et al., 2004; Davenport et al., 2005]. Also, each simulation
has been formulated using (7, Tn) and using 77 so as to
compare these two approaches. Note that, to date, the for-
mulation of the SMOS-derived soil moisture retrieval
problem on the Earth reference frame (and therefore the use
of the full-polarimeric mode) is the preferred one [Pardé et
al., 2004; Saleh et al., 2009]. Hence, we present the for-
mulation of the problem in terms of 7; as an alternative
approach, since retrievals using the first Stokes parameter
could provide the benefit of having less angular dependency
than (7, Thy), therefore, reducing the degrees of freedom
during the inversion process, which could lead to better soil
moisture retrievals. Also, retrievals using 77 are more robust
to geometric and Faraday rotations, which is critical from an
operational point of view.

[17] It is important to outline that retrievals are performed
under the following guidelines and assumptions.

[18] 1. The geophysical models used in the L2 Processor
Simulator are the same as in SEPS. Then, the effect of the
model used is not affecting the results.

[19] 2. The performance of the cost function configuration
is not dependent on o7, since the absolute accuracy of the
radiometric measurements is available on the SEPS output
and is used in the retrievals.

[20] 3. The search limits of the retrieved variables in the
CF have been reduced within reasonable bounds, namely,
0<s5m<04m’m’250<T,<350K, 0<h;<50<7<
3 Np, and 0 < w < 0.3, to reduce the computatlonal time.

[21] 4. The reference values of the parameters used in the
CF are determined from a normal distribution with a stan-
dard deviation of 2 K for 7, 0.05 for A, 0.1 for w, 0.1 Np
for 7, and 0.04 m>/m> for s, added to the original values.
Thus, since realistic initial values are used in the minimi-
zation process, the study focuses on selecting the optimum
level of a priori information to be used in the retrievals and
its associated uncertainty.

[22] These simplifications are needed to make a homo-
geneous and approachable intercomparison study of the
different retrieval configurations. However, note that further
studies will be required to assess the limitations imposed by
heterogeneity of vegetation cover and soil characteristics
within a satellite footprint.

3. Simulation Results

[23] In the first stage, a bare soil scenario is simulated to
retrieve sy, Ts, and A It is assumed that 7, is known by
means of thermal infrared observations and/or meteorolog-
ical models with an accuracy of 2 K, so o is set to 2 K
[Wan, 2008]. The entire range of variability of s, and 4, on
the CF is analyzed, and results are shown for bare dry and
wet soil in Figures la and 1b, respectively, using (Typn, Tyv)
and in Figures 2a and 2b, respectively, using 7;. From these
results, it can be inferred that it is important, although not
critical, to add a restriction on the soil roughness parameter
hg. An expected error of 0.05 on /; is therefore suggested for
the soil moisture retrieval scheme. With this constraint,
SMOS scientific requirements are met in the case of using T;
(a sy, root-mean-square error (RMSE) of 0.02 m*/m
obtained over dry soils and of 0.04 m>/m> over wet soils). In
the case of using (71, Tyv), however, a s, RMSE of ~0.08—
0.09 m*/m’® is obtained over both dry and wet soils.
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Graphical plots of retrievals formulated using vertical (7%) and horizontal (7};,) polarizations.

Retrieved soil moisture RMSE over a (a) bare dry soil and (b) bare wet soil scenario, for different uncer-
tainties on auxiliary soil moisture (o, ) and roughness parameter (o}, ). Retrieved optical depth RMSE
over a (c) vegetation-covered dry soil, (d) vegetation-covered wet soil, () vegetation-covered dry soil,
and (f) vegetation-covered wet soil scenario, for different uncertainties on auxiliary optical depth (o)

and albedo (o).

[24] After this initial study, a vegetation-covered scenario
is simulated to retrieve s, T, 7, and w. On these experi-
ments /g is set to 0.2 and will not be retrieved so as to
decouple the effect of soil roughness, and no restrictions are
added on soil moisture (o, = 100 m’/m?). Therefore, the
simulations over vegetation-covered scenes embrace the
entire range of variability of the vegetation descriptors 7 and
w, keeping o, = 100 m>/m> and or, = 2 K. Retrieved s,
RMSE versus the uncertainty on sy, is shown for dry and
wet soils in Figures 1a and 1b, respectively, using (Typ, Tyy),
and in Figures 2a and 2b using 7;. From Figures 1c, 1d, 2c,

and 2d, it can be noted that there is a strong decrease of the
brightness temperature sensitivity to s, in the presence
of vegetation and that s, RMSE increases with o,. When
0, — 00, s;; RMSE converges nearly to the same values in the
two formulations (s,, RMSE ~0.11-0.14 m’/m® for vegetation-
covered dry soils and s,, RMSE =~ 0.10-0.11 m>/m’ for
vegetation-covered wet soils). Since there is also a high
interest in deriving VWC maps from future SMOS ob-
servations, the optical depth RMSE obtained with the dif-
ferent simulations has also been analyzed and is plotted
versus the uncertainty on 7 in Figures le and 1f for
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Figure 2. Graphical plots of retrievals formulated using the first Stokes parameter (7). Retrieved soil mois-
ture RMSE over a (a) bare dry soil and (b) bare wet soil scenario, for different uncertainties on auxiliary
soil moisture (o, ) and roughness parameter (o}, ). Retrieved optical depth RMSE over a (c) vegetation-
covered dry soil, (d) vegetation-covered wet soil, (e) vegetation-covered dry soil, and (f) vegetation-
covered wet soil scenario, for different uncertainties on auxiliary optical depth (¢,) and albedo (o).

vegetation-covered dry and wet soils, respectively, using
(T, Tyy) and in Figures 2e and 2f, respectively, using 77.
From Figures le, 1f, 2e, and 2f, it can be remarked that
optical depth RMSE increases monotonically with ¢, when
using the two formulations. In the case of high uncertainty
on the vegetation parameters (o, = 3, o, — 00), T RMSE
converges to the same values for dry and wet soils: 7~ 0.8—
0.9 Np using (Typ, T+v) and 7 = 0.5 Np using 7.

[25] The most beneficial retrieval configuration will be
the one providing the minimum s, and 7 RMSE. The choice

of o, is clear: since s;,, and 7 RMSE increase monotonically
with o, the ideal case would be to fix it (o, = 0.001 Np).
Yet, although the study is theoretical and covers all the range
of variability of the parameters, only realistic uncertainties in
the ancillary data must be considered in selecting the opti-
mum. Thus, considering the auxiliary sources available, an
expected error of 0.1 Np in vegetation optical depth is sug-
gested in the CF formulation.

[26] Regarding the choice of o, a clear improvement can
be observed on 7 RMSE when a high constraint is imposed
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on w (o, = 0.001) and o, > 0.3 Np, whereas a lower con-
straint of 0.1 seems to have little or no effect (compared to
the case of no restrictions on w, o, — ©0); adding or no
restrictions on w, though, does not cause s, RMSE to vary
significantly. From these results, it can be inferred that no
constraints on w are needed under nominal vegetation con-
ditions. Note that auxiliary information for w could be
needed in the case of heterogeneous areas and dense vege-
tation covers [Pardé et al., 2004; Davenport et al., 2005].
With these constraints (o, = 0.1 Np, 0, — 0), a 5, RMSE
of 0.11 m?>/m> is obtained in vegetation-covered scenarios
using (Typ, Tvv), and a s, RMSE of =0.06-0.07 m’/m’ is
obtained using 7. These results indicate that the s,, RMSE
mission requirement of 0.04 m’/m’, which is also the
accuracy of most soil moisture sensors (Delta-T Devices
Ltd., Thetaprobe soil moisture sensors specifications, 2007,
http://www.delta-t.co.uk/products.html), could not be fully
satisfied in the presence of vegetation.

[27] Regarding T retrievals, adding the suggested restric-
tions on the CF of o, = 0.1 Np and o, = 0.1 is notably
improving the accuracy of the results (a 7 RMSE of 0.2 Np
is obtained using (7}, 7vv) and of 0.1 Np using 77).

[28] From (4), the optical depth can be linearly related to
the VWC using the so-called b parameter, which depends
mainly on crop type and frequency. At L band, a value of b =
0.15 m?/kg was found to be representative of most agricul-
tural crops at L band, with the exception of grasses [van de
Griend and Wigneron, 2004]. Using this value, VWC maps
with an accuracy of ~3.3-6 kg/m* could be obtained in the
case of complete uncertainty on the vegetation parameters
(0-=3 Np, 0, — 00), and VWC maps with an accuracy of
~0.6—1.3 kg/m” could be obtained in the case of adding the
suggested 7 and w restrictions. These calculations, although
not precise, indicate that the use of vegetation optical depth
data as auxiliary information in the minimization process
is critical to derive VWC maps from SMOS at the required
accuracy of 0.2 kg/m?.

4. Conclusions

[29] This study has analyzed the impact in the soil
moisture retrieval performance of adding ancillary data with
different associated uncertainty and of using vertical (7%)
and horizontal (7},,) polarizations separately or the first
Stokes parameter (77), which may be linked to the choice of
the full-polarimetric or dual-polarization SMOS operation
mode. Following the optimization scheme described in
section 2.2, the performance of the different methods has
been analyzed and presented in terms of retrieved soil
moisture RMSE and retrieved optical depth RMSE over four
master homogeneous scenarios: (1) bare dry soil, (2) bare
wet soil, (3) vegetated dry soil, and (4) vegetated wet soil.
The main conclusions can be summarized as follows.

[30] 1. Over bare soils, this study shows that adding ancil-
lary information on soil roughness (%) to the cost function
considerably improves the accuracy of sy, retrievals. It is in
good agreement with other L band retrieval studies [Pardé et
al., 2004; Davenport et al., 2005]. With the suggested
uncertainty of 0.05 on ancillary 4 data, and of 2 K on Tj
data (o7, = 2K, from thermal infrared observations or
meteorological models), SMOS science requirements could
be met in the case of using 7} (s,, RMSE of 0.02 m’/m’ and
0.04 m*/m> are obtained over dry and wet soils, respec-
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tively). Using (Typ, Tyy), however, a s;, RMSE of =0.08—
0.09 m*/m’ is obtained over both dry and wet soils.

[31] 2. As expected, there is a strong decrease of the
brightness temperature sensitivity to sy, in the presence of
vegetation. Results indicate that adding vegetation albedo
does not cause s;,, and 7 retrievals to vary significantly, and
o, — o0 is proposed. Note that w information is not needed
in the particular nominal vegetation case studied (7 =
0.24 Np and w = 0) but could be needed in the general case
of heterogeneous areas and dense vegetation covers [Pardé
et al., 2004; Davenport et al., 2005]. In contrast, the
uncertainty on the auxiliary optical depth data used in the
CF is highly affecting sy, retrievals; s, RMSE increases with
o, converging to ~0.11-0.14 m*/m* for vegetation-covered
dry soil and =0.10-0.11 m*/m® for wet soil, when o, — oo.
From these results, and considering the auxiliary sources
available, a constraint of o, = 0.1 Np in the CF is
recommended. With this constraint, a s, RMSE of
0.11 m*m> is obtained in vegetation-covered scenarios
using (Thn, Tey) and of ~0.06-0.07 m*/m> using 7.

[32] 3. The use of 7 ancillary information on the CF is
critical to obtain VWC maps from 7 retrievals with an
accuracy of 0.2 kg/m?; retrieved 7 RMSE increases mono-
tonically with the uncertainty of the 7 ancillary information
(0,) used for the CF, converging to =0.8-0.9 Np using
(T, Tyy) and to =0.5 Np using 7}, in the case of high
uncertainty on the vegetation parameters (o =3 Np, o, — 00).
With the suggested 7 and w constraints (0. = 0.1, o, — ),
a 7 RMSE of 0.2 Np is obtained using (7}, Tyy) and of
0.1 Np using 7;. The 7 retrievals in a previous overpass
could be used as auxiliary information in retrievals at time ¢,
as given by Wigneron et al. [2000] and Pardé et al. [2004].
If no 7 auxiliary information is available, an alternative
approach is presented by Meesters et al. [2005], where T is
retrieved from passive observations at 6.6 GHz using only
land surface temperature as ancillary information.

[33] 4. Soil moisture and vegetation optical depth
retrievals show a better performance if the minimization is
formulated using the Stokes parameter 7; than using the
Earth reference frame (74, 7). This result suggests that the
dual-polarization mode should not be discarded a priori,
since 7; should have better radiometric sensitivity in the
dual-polarization mode than in full-polarimetric mode. In
addition, retrievals using 7; are more robust to geometric
and Faraday rotations than (7}, Tyy). Note that this effect
has been perfectly corrected in the simulations but can be
critical from an operational point of view.

[34] 5. It must be remarked that if a priori information on
the land surface conditions can be available, restrictions on
hg, Ts, and 7 are highly recommended. The better the
accuracy of these auxiliary sources, the better are the s,,, and
7 retrievals that could be obtained. All things considered,
the required uncertainty levels for auxiliary input data are
op, = 0.05, 07, =2 K, and 0. = 0.1 Np.

[35] The results presented in this paper can help to define
the SMOS operation mode, which will be decided during the
commissioning phase, and to define the soil moisture
retrieval scheme and the auxiliary data needed in the oper-
ational SMOS Level 2 Processor. These are crucial issues
that have to be addressed to retrieve accurate global soil
moisture estimates from SMOS, which are expected to lead
to better water resource management and will further our
knowledge of the continuous exchange of water between the
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oceans, the land, and the atmosphere in the Earth’s water
cycle.

Appendix A: Stokes Parameters

[36] The polarization of an electromagnetic wave can be
completely described by the four Stokes parameters 7, O, U,
and V. The first Stokes parameter (/) describes the total
intensity of electromagnetic emission, and the second Stokes
parameter (Q) is the difference between the intensity in two
orthogonal directions in a given polarization frame, e.g.,
vertical and horizontal polarizations. The third (U) and
fourth (V) Stokes parameters represent the real and imagi-
nary parts of the cross correlation between these orthogonal
polarizations, respectively [Randa et al., 2008]:

(ELS) + (IE)

n ’

(IBF) - (1P )

U ’ (A1)
U — 2Re(EER)

U
,_ Am(EEE)

U

E, and E}, are the electric field components with vertical and
horizontal polarizations, respectively, and 7 is the electro-
magnetic wave impedance of the medium.

[37] In polarimetric remote sensing radiometry, the Stokes
parameters are conventionally expressed in terms of bright-
ness temperature:

/\2
TI:Tw+Thh:ﬁ[a
B
)\2
— T :kB_BQ’
)\2
Ty =Tys +T-4s :ﬁU’
B
/\2
TV:Tlc‘f’Trc:k_BVv
B

TQ =Tw
(A2)

where ) is the wavelength of the wave, k5 is the Boltzmann’s
constant, and B is the noise-equivalent bandwidth. 7, and
Tyn are the vertical and horizontal brightness temperatures,
T,s and T_45 represent orthogonal measurements skewed 45°
with respect to normal, and 7). and T}, refer to left-hand and
right-hand circular polarized quantities. Note that in previ-
ously published literature, I, O, U, and V have also been used
for the Stokes parameters in brightness temperature, instead
of Ty, Ty, Ty, and Ty, which was a source of confusion. This
practice was agreed to be discouraged by Randa et al. [2008].

[38] Generally, the energy emitted from the Earth’s sur-
face is partly polarized, meaning that the vertical brightness
temperature is different from the horizontal. Whereas con-
ventional dual-polarization radiometers only measure ver-
tical and horizontal polarized brightness temperatures, a
polarimetric radiometer is capable of directly or indirectly
measuring all four Stokes parameters, which provides a full
characterization of the polarization properties of the emitted
energy. In remote sensing, third and fourth Stokes para-
meters are primarily used for correcting polarization rota-
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tions, or, for instance, in the case of the ocean, to infer wind
direction information.
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