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Abstract

The first products derived over France in 2010 from the L-band brightness tempera-
tures (7,) measured by the SMOS (Soil Moisture and Ocean Salinity) satellite, launched
in November 2009, were compared with the surface soil moisture (SSM) estimates pro-
duced by the C-band Advanced Scatterometter, ASCAT, launched in 2006 on board
METOP-A. SMOS and ASCAT SSM products were compared with the simulations of
the ISBA-A-gs model and with in situ measurements from the SMOSMANIA network,
including 21 stations located in southern France. ASCAT tended to correlate better
than SMOS with ISBA-A-gs. The significant anomaly correlation coefficients between
in situ observations and the SMOS (ASCAT) product ranged from 0.23 to 0.48 (0.35
to 0.96). However, in wet conditions, similar results between the two satellite products
were found. An attempt was made to derive SSM from regressed empirical logarithmic
equations using a combination of SMOS 7, at different incidence angles and different
polarizations, and the Leaf Area Index (LAI) modeled by ISBA-A-gs. The analysis of
the intercept coefficient of the regression showed an impact of topography. A similar
analysis applied to ASCAT and SMOS SSM values showed a more limited impact of
topography on the intercept coefficient of the SMOS SSM product, while fewer residual
geographic patterns were found for the ASCAT SSM.

1 Introduction

Soil moisture plays a key role in the hydrological cycle and in land-atmosphere in-
teractions. For example, evapotranspiration, infiltration and runoff are driven by soil
moisture. A number of studies have shown the importance of soil moisture in many ap-
plications: atmospheric reanalyses and weather forecast (Beljaars et al., 1996; Fren-
nessy and Shukla, 1999; Diermeyer, 2000), land surface and crop growth modelling
(Diermeyer et al., 1999; Georgakakos and Carpenter, 2006; de Wit and van Diepen,
2007; Guerif and Duke, 2000), and hydrometeorology (Eltahir, 1998, among others).
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Since the 1970s, remote sensing appears as a potential tool to access soil moisture
at different temporal and spatial scales. Indeed, microwave remote sensing is able
to provide quantitative information about the water content of a shallow near surface
layer (Schmugge, 1983), particularly in the low-frequency microwave range, from 1 to
10GHz. In the last few years, significant progress towards operational soil moisture
monitoring has been made (Wagner et al., 2007).

Passive microwave remote sensing of soil moisture was addressed by many re-
search programs. Various airborne and field campaigns were performed, showing the
high potential of L-band (~1.4 GHz) measurements for the estimation of surface pa-
rameters (Skou, 1989; Raju et al., 1995; Chanzy et al., 1997; Wigneron et al., 1997;
Wilson et al., 2001; Saleh et al., 2004; Calvet et al., 2011; Zribi et al., 2011; Albergel
et al., 2011). Moreover, L-band is the optimal wavelength range to observe soil mois-
ture as higher frequencies are more significantly affected by perturbing factors such
as atmospheric effects and vegetation cover (Schumugge, 1983; Kerr et al., 2001).
Apart from a few days of L-band radiometric observations on Skylab from June 1973
to January 1974 (Eagleman et al., 1976; Jackson et al., 2004), spaceborne microwave
radiometers have been operating at frequencies above 5GHz because the satellite
antenna size is directly proportional to the squared wavelength (Ulaby et al., 1982).
Recent technological and scientific achievements permitted to develop the Soil Mois-
ture and Ocean Salinity (SMOS) mission (Kerr et al., 2001, 2007) launched in Novem-
ber 2009. SMOS consists of a spaceborne L-band interferometric radiometer able to
provide multiangular microwave polarimetric brightness temperatures (7,), from which
a surface soil moisture (SSM) product is derived. Wigneron et al. (1995, 2003) have
shown the possibility to retrieve biophysical variables, including SSM, from bipolarized
and multiangular microwave T,. The core component of the SMOS soil moisture re-
trieval algorithm is the L-band Microwave Emission of the Biosphere (L-MEB) model
which simulates the microwave emission at L-band from the soil-vegetation layer (Pel-
larin et al., 2003b; Wigneron et al., 2007; Kerr, 2010; Panciera et al., 2009). The
main difficulty in the estimation of soil moisture using microwave radiometry arises
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from the presence of a dense overlying vegetation: the vegetation layer attenuates the
soil emission and adds its own emission to the soil emission. Also, the presence of
water bodies and of a marked topography may alter the SSM retrieval (Pellarin et al.,
2003a, c; Mialon et al., 2008, respectively).

Microwave instruments operating at C-band (close to the L-band), either passive
or active, are the Advanced Microwave Scanning Radiometer for the Earth Observ-
ing System (AMSR-E on the Aqua satellite), WindSAT (a microwave radiometer on
the Coriolis satellite), and the scatterometer on board the European Remote Sensing
Satellite (ERS-1, ERS-2). Finally, ASCAT (Advanced Scatterometer) has been orbit-
ing on the METOP meteorological satellite of EUMETSAT since 2006, with a spatial
resolution close to SMOS, and C-band radar backscatter measurements at 5.255 GHz
(Wagner et al., 2007b; Bartalis et al., 2007a, b). ASCAT was found to accurately repro-
duce the temporal dynamics of the surface soil moisture measured in situ, or simulated,
across different areas in Europe (Albergel et al., 2009, 2010; Brocca et al., 2010b).

Microwave satellite-derived soil moisture products can be retrieved from different mi-
crowave remote sensing observations and they need to be verified through in situ soil
moisture observations (Rudiger et al., 2009). Relatively few in situ soil moisture net-
works are operative now. Since 2006, in southwestern France, the SMOSMANIA (Soil
Moisture Observing System, Meteorological Automatic Network Integrated Application)
network (Calvet et al., 2007; Albergel et al., 2008) has been measuring soil moisture
at different depths. It was extended in 2009 with nine new stations located in south-
eastern France. As the SMOS products are new, they need to be validated with in situ
observations, and compared with other satellite products which have more maturity.
Moreover, Albergel et al. (2010) shown that SSM values simulated by the ISBA land
surface model (LSM) compare well with the SMOSMANIA in situ observations and with
the ASCAT SSM.

In this study, the first SMOS Level 2 product (SMOS-L2 SSM), covering the
year 2010, is compared with the SMOSMANIA SSM, together with the ASCAT SSM.
The SMOS vs. ASCAT benchmarking is then extended to the whole France domain,
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using as a reference a set of SSM simulations performed by a version of the ISBA
LSM (ISBA-A-gs) able to simulate SSM, together with the vegetation biomass and
Leaf Area Index (LAI), at a spatial resolution of 8 km x 8 km. A simple error model is
used to quantify the accuracy of the SMOS SSM products, relative to the ASCAT and
ISBA-A-gs data.

Finally, it is shown that the use of the SMOS Level 1 product (SMOS-L1 T,)) permits
to investigate the factors affecting the accuracy of the retrieved SSM. Indeed, previous
studies have shown that semi-empirical regression equations based on 7,, observations
can be used to retrieve SSM (Wigneron et al., 2004; Saleh et al., 2006; Calvet et al.,
2011). This approach is based on statistical relationships, calibrated from simulated or
observed datasets, which require T,, at two distinct incidence angles and/or two polar-
izations. It was successfully applied to SMOS-L1 data by Albergel et al. (2011). In this
study, the SMOS-L1 data are used to estimate SSM based on regression coefficients
determined using either SMOSMANIA or the ISBA-A-gs SSM for the year 2010.

The various data sets used in this study are presented in Sect. 2, together with
the statistical methods used to analyze the data. Section 3 presents the results and
Sect. 4 summarizes a discussion of the main findings. Finally, the main conclusions
are presented in Sect. 5.

2 Material and methods

2.1 Satellite data

In this study, the L1 and L2 SMOS products (T, and SSM, respectively) are investigated
for the year 2010, together with the ASCAT SSM.

2.1.1 The SMOS products

The SMOS mission is a joint program of the European Space Agency (ESA), the Centre
National d’Etudes Spatiales (CNES), and the Centro para el Desarrollo Tecnoldgico
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Industrial (CDTI), in the framework of the Earth Explorer Opportunity Mission initiative.
Over land, the aim of SMOS is to provide global SSM maps with an accuracy better
than 0.04 m> m‘3, a spatial resolution better than 50 km, every three days. Also, the
vegetation water content can be estimated with an accuracy of 0.5kg m~2 every six
days (Kerr et al.,, 2001). The SMOS instrument is a L-band (21cm, 1.42GHz) 2-D
interferometric radiometer. At L-band, the atmospheric contribution to the signal is
limited, and clouds and atmospheric water content have negligible effects (Kerr and
al., 1993). Moreover, L-band is more sensitive to soil moisture than higher frequencies
over vegetated areas (Schmugge, 1998; Wigneron et al., 1995; Calvet et al., 2011).

SMOS has a sun-synchronous orbit at 757 km altitude (£1km) with a 06:00 Lo-
cal Standard Time (LST) +15min ascending equator crossing time. This time was
chosen in order to minimize factors impacting soil moisture retrieval, such as vertical
soil-vegetation temperature gradients, and the Faraday rotation in the ionosphere. A
two-dimensional picture is generated by SMOS every 2.4 s. The average ground reso-
lution is 43 km and the globe is fully imaged every three days at 06:00 and 18:00 LST.
The radiometric sensitivity of SMOS radiometer over land is 3.5 K per snapshot at bore-
sight (McMullan et al., 2009). The SMOS instrument measures the cross correlations
between pairs of receivers to derive a visibility function. In a first approximation, the
L-band T, of the source is computed as the inverse Fourier transform of this func-
tion (McMullan et al., 2009). Finally, 7, is measured at several incidence angles, for
two polarizations. It is important to note that the SMOS signal can be perturbed by
man-made Radio Frequency Interferences (RFI) that degrade the scientific retrievals.
Indeed, radio signals received in the L-band are sensitive to RFI (Njoku et al., 2005).
Asia and Europe are particularly affected by this phenomenon (Oliva et al., 2011). In
Europe, France is not the most affected country. However, Albergel et al. (2011) had
to filter out about half of airborne T7,, observations affected by RFI, over 11 sites in
southwestern France. Two types of RFI were identified by Pardé et al. (2011) in south-
western France: pulsed RFI (due to radars, air traffic control or military installations)
and continuous-wave RFI. The latter can trigger very high values of 7.
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In this study, reprocessed data for the year 2010 were used. In a first stage, the
SMOS-L1 T, product was projected from the antenna (X, Y polarizations) to the Earth
surface (H and V polarizations) reference frame. The T,y and 7,y values were trans-
formed into 7,y and 7,y values and corrected for Faraday rotation using an algorithm
provided by the CESBIO team (http://www.cesbio.ups-tlse.fr/'SMOS _blog/wp-content/
uploads/TOOLS/XY2HV.m). In order to remove the data contaminated by the most
intense RFI, a filtering procedure was applied to the 7. First, all the 7, and 7,y mea-
surements were filtered for extreme values exceeding the median T, + 50 K, for each
grid point at a given date. Second, we applied a locally weighted scatterplot smoothing
technique, known as LOESS, or LOWESS filtering. It is based on fitting by a simple
model the localized data subsets (Cleveland and Devil, 1988) in a predefined window.
A window of 2.5° was employed as it captured well most of the 7,, aberrations caused
by RFI. Third, bipolarized values of T, were extracted for incidence angles () of 20°,
30°, 40° and 50°. For each value of 8, a median T, was calculated in the range of
6 £2°. Then, RFI perturbations were further filtered out. The RFI filtering criterion
was based on halved first Stockes parameter calculated as 7,S1 =0.5(T, 4 + T, v) (Kerr
et al., 2007). The mean values of T,S1 were calculated for the full year 2010 over
the France domain, and the 7,, measurements out of a two standard deviation interval
were considered to be contaminated by RFI. In spite of this processing, residual low
RFI perturbations may remain in the data set.

The SMOS-L2 (SSM) product was extracted over the France domain. The L2 algo-
rithm is complex and uses the polarization and multi-angular information delivered by
SMOS. It involves direct model inversions and decision trees, and uses ancillary data
such as air temperature, soil texture and land cover information.

In 2010, numerous technical and algorithm corrections were performed and affected
both L1 and L2 products. In this study, new reprocessed L1 and L2 data, based on the
same algorithm, were used. As recommended by Jackson (1980), only the ascending
passes (between 04:00 and 07:00LST over France) were used, because the soil is
most likely to be in hydraulic near-equilibrium.
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2.1.2 The ASCAT soil moisture product

ASCAT is a real aperture radar measuring radar backscatter with a very good radio-
metric accuracy and stability (Bartalis et al., 2007b). ASCAT uses VV polarization
at C-band. METOP has a sun-synchronous orbit, with equator crossing times of ap-
proximately 21:30LST for the ascending overpass and 09:30 LST for the descending
overpass. ASCAT observes 82 % of the globe each day at a spatial resolution of 25—
35km (resampled to a 12.5 km grid). Measurements are performed on both sides of the
satellite track, and two 550 km wide swaths of data are produced. This results in three
independent backscatter measurements at different viewing angles and separated by
a short time delay (Attema, 1991). In order to retrieve SSM, the backscattering coef-
ficients are extrapolated to a reference angle at 40°, and scaled between the lowest
and highest values measured over a long period (Wagner et al., 1999a, b, c). Using
such a change detection approach, the obtained SSM value represents the degree of
saturation of the topmost soil layer (0.5cm to 2.cm), reported in percentage unit. This
value is scaled between 0 % (the minimum soil moisture) and 100 % (the maximum soil
moisture).

In this study, an updated ASCAT SSM dataset supplied by Vienna University of Tech-
nology (TU-Wien), resampled on a 12.5 km grid, was used. As for SMOS, only morning
passes (between 08:00 and 11:00 LST over France) were considered.

2.2 The SMOSMANIA network

The main objective of the SMOSMANIA network is to verify remotely sensed and
modeled soil moisture products. This network was designed to validate the SMOS
SSM estimates (Calvet et al., 2007). SMOSMANIA is based on the existing automatic
weather station network of Météo-France. Twenty-one stations were equipped with four
soil moisture probes (ThetaProbe ML2X of Delta-T Devices), horizontally installed at
depths of 5, 10, 20 and 30 cm, performing measurements at regular intervals of 12 min.
The SMOSMANIA SSM data are in units of m®m=3.

8572

HESSD
8, 8565-8607, 2011

Comparing soil
moisture retrievals
from SMOS and
ASCAT over France

M. Parrens et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/8565/2011/hessd-8-8565-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/8565/2011/hessd-8-8565-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Twelve stations were installed in 2006 in southwestern France, following a
Mediterranean-Atlantic transect (Albergel et al., 2008). In 2008, the network was ex-
tended, with nine new stations located in the Mediterranean region (Fig. 1). Most of the
stations are at low altitude and on reasonably flat terrains, with the exception of Bar-
nas, La-Grand-Combe, Mouthoumet, Berzéme, and Mazan-Abbaye (BRN, LGC, MTM,
BRZ, and MZN, respectively) at 480 m, 499 m, 538 m, 650 m, and 1240 m above sea
level, respectively. During the installation of soil moisture probes, soil samples were
collected at the four depths of the soil moisture profile in order to calibrate the probe.
The soil characteristics of the new stations, listed from East to West, are presented in
Table 1.

Consistent with the SMOS morning passes used in this study, SMOSMANIA obser-
vations at a depth of 5cm, between 04:00 UTC and 07:00 UTC were used. For ASCAT,
observations between 08:00 UTC and 11:00 UTC were used. For both SMOS and AS-
CAT, daily average SMOSMANIA morning SSM values were computed.

2.3 The ISBA-A-gs LSM

In the ISBA (Interactions between Surface, Biosphere, and Atmosphere, Noilhan and
Planton, 1989; Noilhan and Mahfouf, 1996) LSM used in this study, the soil hydrology
is based on the force restore approach, according to Deardorff (1978). The root-zone
is represented by one bulk reservoir corresponding to the maximum rooting depth, in-
cluding a skin surface layer (~1cm thick). Also, a deeper soil layer is represented
(Boone et al., 1999), and an explicit multilayer snow model is used (Boone and Etchev-
ers, 2001). The soil and vegetation parameters used by ISBA are derived from a global
database of soils and ecosystems, ECOCLIMAP (Masson et al., 2003). In this study, a
new version of the ECOCLIMAP dataset (Faroux et al., 2009) was used. It contains an
updated classification of vegetation types over Europe and North Africa. Moreover, the
ISBA-A-gs (Calvet et al., 1998) version of the LSM was used. It is able to simulate the
diurnal cycle of carbon and water vapour fluxes, together with LAl and soil moisture.
ISBA-A-gs was used “offline”, i.e. without coupling the LSM with an atmospheric model.

8573

HESSD
8, 8565-8607, 2011

Comparing soil
moisture retrievals
from SMOS and
ASCAT over France

M. Parrens et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/8565/2011/hessd-8-8565-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/8565/2011/hessd-8-8565-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The atmospheric forcing was produced by SAFRAN (Systeme d’Analyse Fournissant
des Renseignements Atmosphérique a la Neige, Durant et al., 1993) and the LSM was
used at a spatial resolution of 8 km x 8 km to produce daily estimates of SSM and soil
temperature at 07:00 UTC, and of LAI.

2.4 Data preparation
2.4.1 Soil moisture products

In order to compare ASCAT, SMOS and ISBA-A-gs SSM values, the satellite prod-
ucts were projected to the ISBA-A-gs 0.070° resolution (8 km x 8 km) grid. The original
resampled SMOS and ASCAT grids are 0.146° x 0.135° and 0.125° x 0.125°, respec-
tively. The projection was made by assigning each SMOS (ASCAT) data to all the
ISBA-A-gs grid cells within 0.18° (0.15°) using a nearest neighbor approach (Draper
et al., 2011a). Before the SMOS data were projected on the ISBA-A-gs grid, obser-
vations with a data quality index greater than 30 % were removed. Similarly, ASCAT
values with an estimated soil moisture error greater than 30 % were removed. For all
the dates with ASCAT observations flagged as frozen soil, flooded surfaces or cov-
ered by snow, no ASCAT-SMOS comparison was performed. Moreover, for SMOS-L2
and ASCAT products, a static mask was applied to remove (i) urban regions, identified
as having an urban fraction greater than 15 % in the ECOCLIMAP database (ii) steep
mountainous terrain, identified as having a topographic complexity flag provided with
the ASCAT data greater than 15%. Finally, in order to remove all the observations
corresponding to soil freezing soil conditions, an additional filter was applied to all the
products: all the observations corresponding to SAFRAN air temperatures smaller than
277 K were removed.

In order to better capture the day to day variability of SSM, the seasonal cycle was
removed by calculating monthly SSM anomalies (Albergel et al., 2009). The difference
to the mean was calculated for a sliding window of five weeks (if there were at least
five measurements during this period), and the difference was scaled to the standard
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deviation. For each soil moisture SSM estimate at day (/), a period F was defined,
with F=[/ —17d, i + 17d] corresponding to a five week window. The anomaly © is
dimensionless and it is given by:

__ SSM(j)- SSM(F)
0= SidevEaM(F) M)

This equation was used to compute SSM anomalies from ASCAT, SMOS, ISBA-A-gs,
and in-situ observations.

2.4.2 Analysis of the SMOS-L1 T, data

For SMOS-L1, the same static mask applied for SMOS-L2 and ASCAT (see Sect. 2.4.1)
was used. In addition to the RFI filtering procedure described in Sect. 2.1.1, the dy-
namic SMOS-L2 flag was applied to SMOS-L1. As SSM values are considered in
this study, the SMOS-L1 T, were transformed into SSM values, using a simple re-
gression technique based on semi-empirical statistical relationships between reference
SSM values and T, values at two contrasting incidence angles and/or two polarizations
(Wigneron et al., 2004; Saleh et al., 2006b; Calvet et al., 2011; Albergel et al., 2011).
Mattar et al. (2011) shown that an additional information on the vegetation development
(such as the Normalized Difference Vegetation Index (NDVI), or the LAI) can improve
the regression. In this study, a regression equation based on two incidence angles (6,
and 6,), two polarizations (p and g) and LAI estimates was used (adapted from Mattar
et al., 2011):

SSM = exp (A In (1 -—T"(T"e;p)) +BIn (1 -—Tb(f;")> +Cln (1 -—Tb(fz"’))

e eff
+Dln (1—%:‘7)) +E LAI+F)

(@)

In Eq. (2), the LAl and the SSM are derived from reference ISBA-A-gs LSM simula-
tions or, in the case of SSM, from SMOSMANIA SSM observations. The T4 values
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were derived from the surface temperature computed by ISBA-A-gs. The regression
coefficients A, B, C, D, E and F vary from one grid cell to another and depend on
surface characteristics (Saleh et al., 2006).

Also, a regression analysis was applied to the SMOS-L2 SSM:

SSM=A’ SSMSMOS +B' (3)
and to ASCAT data:
SSM = A* SSMASCAT +B* (4)

In Egs. (3) and (4), the reference SSM values were derived from ISBA-A-gs LSM simu-
lations. In Eq. (4) the SSM simulated by ISBA-A-gs was rescaled between field capacity
and wilting point values in order to be consistent with the ASCAT SSM. As for SMOS-
L1 7, in Eqg. (2), the regression coefficients A’, B', and A* and B* of Egs. (3) and (4),
respectively, vary from one grid-cell to another.

2.4.3 Subset score analysis

Separate analyses were performed for contrasting vegetation and soil moisture con-
ditions, for the three main surface types in France: crops, forests (either broadleaf or
coniferous) and grasslands. A 8km x 8 km grid cell was considered as representative
of a given vegetation type (either crops, forests or grasslands), when the fraction of
this vegetation type given by the ECOCLIMAP database was greater than 50 %. The
LAl variable was chosen to characterize vegetation conditions. In the ISBA-A-gs sim-
ulations used in this study, the median LAl value was 1.66 m?m~2. Under (over) this
value, the vegetation was considered as sparse (dense). The root-zone soil mois-
ture was used to distinguish dry from wet soil conditions. In order to account for the
different soil types represented by ISBA-A-gs, the root-zone soil moisture (m3 m‘3)
was converted into dimensionless units by scaling by the soil moisture at saturation.
The resulting scaled soil moisture ranged between 0 and 1. The median value of the
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simulated normalized root-zone soil moisture was 0.60. Under (over) this value the soll
was considered as dry (wet).

2.5 Triple collocation method

A triple collocation error analysis was used to assess the relative error of the SSM
products from active (ASCAT) and passive (SMOS) microwave sensors and from the
ISBA-A-gs simulations. The triple collocation is a powerful statistical tool to estimate
the RMSE while simultaneously solving for systematic differences in the climatologies
of a set of three linearly related data sources with independent error structures (Scipal
et al., 2008b; Dorigo et al., 2010). This method was recently introduced by Scipal et
al. (2008Db) in the field of satellite-based soil moisture research. It is assumed that
three estimates Opgcar (ASCAT SSM anomaly), Ogyos (SMOS SSM anomaly) and
O,sea (SSM anomaly calculated by ISBA-A-gs) relate to hypothetical true soil moisture
anomaly O in a linear fashion (Stoffelen, 1998):

Oascar = © + Aascar + Eascar

Osmos = © +Agmos + Esmos (%)
Oisga = O+ a\gpa +Ei5BA

Where gagcat, €smos and €,gga denote the residual errors in the estimates of ©agcars
Osmos, and O gga, @and Aascars Asmos @nd ajgpa represent the calibration constants. In
order to eliminate the calibration constants, new variables @, = @y —a, are introduced
(with subscript X standing for ASCAT, SMOS and ISBA respectively). Since scaled
anomalies are used (Eqg. 1), the standard deviations of the three data sets are similar,
suggesting that this additive error model is a reasonable approximation rather than
an error model including a multiplicative component such as that used by Scipal et
al. (2008). As the three soil moisture estimates used here are entirely independent, it
can be assumed that their random errors are uncorrelated, and a direct estimate of the
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variance of residual errors is obtained:
VAR(eascar) = (Oascar — Osmos) (Cascar — isea)

VAR(esmos) = (@ascar ~Osmos) (Osmos ~ Oissa) (6)
VAR(e1s8a) = (Opscar —Olsaa) (Qascar ~©Olssa)

In 2010, the maximum number of SMOS-ASCAT-ISBA-A-gs triplets was 72, and the
grid-cells located in southwestern France presented the highest triplet numbers. In
the triple collocation study, only the grid-cells in southwestern France, with at least 40
triplets were considered.

3 Results
3.1 Comparison between SMOS and ASCAT SSM products

SMOS and ASCAT SSM products were evaluated using the SMOSMANIA in situ ob-
servations in southern France, and the ISBA-A-gs SSM simulations over the whole of
France, for the year 2010.

3.1.1 Comparison at the SMOSMANIA stations in southern France

Statistical scores for the comparison between SMOS and ASCAT SSM anomalies and
in situ SSM anomalies were determined. As described in Sect. 2.4.1, the satellite
data were projected onto the ISBA-A-gs grid, and the SMOS and ASCAT time se-
ries for each SMOSMANIA site were taken from the corresponding ISBA-A-gs grid
cell. Albergel et al. (2011) assessed the consistency between SMOS-L1 data, airborne
L-band radiometry observations, and the SMOSMANIA in situ observations at 11 sta-
tions. They found a good agreement of SMOS-L1 data with the other data sets for 9 of
the 11 stations. In particular, very good results were obtained for the Montaut (MNT)
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station. Figure 2 presents anomaly time series from in situ measurements, SMOS SSM
and ASCAT SSM at the MNT station for 2010. Most peaks and troughs are represented
well. The SSM anomaly statistical scores are presented in Table 2 for SMOS ascend-
ing orbits and for ASCAT descending orbits. While significant correlations (r,,,) are
found for 20 stations for ASCAT, 17 stations show significant r,,, values for SMOS. For
the stations showing significant SSM r,,,, values, the SMOS (ASCAT) r,,,, range from
0.23 to 0.60 (0.35 to 0.96), with an average value of 0.36 (0.55). For both SMOS and
ASCAT, the highest r,,, between satellite SSM anomalies and in situ SSM anomalies,
are observed for the Lézignan-Corbieres (LZC) station. However, for this station, 2010
measurements are available from January to March and in November, only. These
months correspond to wet periods including many rain events triggering marked SSM
changes, and this can explain the better correlation.

The SMOS and ASCAT RMSE values range from 0.83 to 1.25, and from 0.33to0 1.07,
respectively, with average values of 1.05 and 0.86, respectively, in units of standard
deviation. Finally, the SMOS and ASCAT biases range from —-0.15 to 0.19, and from
—-0.111t0 0.11, respectively, with average values of 0.03 and —0.03, respectively. For the
stations associated to significant correlations, no systematic dry or wet SSM anomaly
bias is observed.

For ASCAT, the MTM station, only, presents non-significant r,,, values. MTM is
situated close to a forested and mountainous area, and its location can explain the
poor results. The SMOS SSM seems to be more affected by topography than ASCAT,
as non-significant results are found for five stations (Sabres (SBR), MTM, LGC, MZN
and BRN), three of which (MZN, BRN, and MTM) present among the highest altitudes
of the SMOSMANIA stations (1165 m, 672 m, and 499 m, respectively).

Regarding absolute correlation (r,,s in Table 2), two stations (SBR and BRN) present
non-significant r,,g values for SMOS, one for ASCAT (MTM). For the stations showing
significant SSM r,,,s values, the SMOS (ASCAT) r,,s range from 0.34 to 0.61 (0.19
to 0.82), with an average value of 0.49 (0.64). For SMOS and ASCAT, the highest
s 1S observed for Urgons (URG) and SBR, respectively. Overall, r,,s values are
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higher than r,,,, values. Indeed, the absolute correlation is explained to a large extent
by seasonal variations, which are suppressed in SSM anomalies. In particular, non-
significant SMOS-L2 r,,,, values are observed for MTM and LGC, while they present
significant r,s values.

Figure 3 presents SMOS-L2 vs. ASCAT SSM absolute and anomaly correlation co-
efficients with the in situ observations, for the 21 SMOSMANIA stations. In general,
the ASCAT SSM correlates better than the SMOS SSM with the in situ observations.
Four stations present better significant r,,g values for SMOS-L2: Prades-le-Lez (PRD),
MZN, Villevieille (VLV), and Cabrieres d’Avignon (CBR). On the other hand, only one
station (MZN) present better significant r,,, values for SMOS-L2.

3.1.2 Comparison over France using SSM values simulated by ISBA-A-gs

Simulations of SSM values by the ISBA-A-gs LSM were used to generalize the SMOS
vs. ASCAT benchmarking results found at the SMOSMANIA stations to other locations
in France. In order to compare the satellite products with ISBA-A-gs, statistical scores
were calculated for each grid cell of the ISBA-A-gs simulations. Figure 4 shows maps
of anomaly correlation, RMSE and p-value between the SMOS and ASCAT SSM and
the SSM calculated by ISBA-A-gs over France for the year 2010. In these maps, only
significant values are plotted (p-value < 0.05). The significant anomaly correlations
range from r,,, = 0.24 to 0.69 for SMOS and from r,,, = 0.24 to 0.85 for ASCAT. On
average, ASCAT presents better anomaly scores than SMOS, with average values of
I'ano» RMSE and mean bias of 0.65, 0.78, and —0.01, respectively, against 0.40, 1.04,
and 0.07, respectively, for SMOS.

Figure 5 presents SMOS vs. ASCAT SSM anomaly correlation coefficients with
the ISBA-A-gs simulations, for the France domain. Only significant correlations (p-
value < 0.05) are shown. For the majority of the grid cells, correlation coefficients
are greater for ASCAT than for SMOS. The ISBA-A-gs grid cells corresponding to the
SMOSMANIA stations are indicated, and more marked differences than those shown
by Fig. 3 using SMOSMANIA data are found, with systematically higher ASCAT r,,,
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values. In Fig. 5, the r,,, values are calculated for the whole 2010 year. In order to
investigate possible seasonal changes in the relative consistency of SMOS and AS-
CAT with ISBA-A-gs, the r,,, values were disaggregated following the subset analysis
described in Sect. 2.4.3.

Figure 6 shows the SMOS vs. ASCAT SSM anomaly correlation coefficients with
the ISBA-A-gs simulations, disaggregated in four vegetation and soil wetness classes,
for each dominant cover type. Consistent with Fig. 5, ASCAT tends to outperform
SMOS, but less systematically. Among the twelve sub-figures of Fig. 6, five present
more than 40 % of scores better for SMOS than for ASCAT. These cases correspond
to forests (either sparse or dense) in wet conditions, sparse crops in wet conditions,
sparse grasslands in dry conditions, and dense grasslands in wet conditions. Except
for sparse grasslands and dense crops, SMOS tends to perform as well as ASCAT, in
wet conditions. On the other hand, better agreement with ISBA-A-gs SSM simulations
is generally achieved by ASCAT in dry conditions.

3.1.3 Relative error estimation over southwestern France

Figure 7 shows the errors derived from the triple collocation analysis of the SSM
anomalies of ASCAT, SMOS, and ISBA-A-gs for the year 2010 over southwestern
France. The sqrt(VAR(ey)) errors, i.e. the square root of the value obtained from
Eq. (6), are expressed in units of m>m™2, based on the dynamic range of the ISBA-A-gs
soil moisture data. The results of the error estimation suggest that all three datasets are
characterized by a lower error than the raw estimates given in Sect. 3.1.2. The mean
global errors for ISBA-A-gs, SMOS and ASCAT, are 0.022 m° m'3, 0.045m? m'3, and
0.031m®m™3, respectively. The average errors found in this study are close to those
obtained by Scipal et al. (2008b) at a global scale for a combination of the SSM es-
timates derived from ERA-Interim, the TMI radiometer, and the ERS-2 scatterometer:
0.020m* m‘s, 0.046 m* m‘3, and 0.028 m® m‘s, respectively. The spatial patterns of
the errors shown by Fig. 7 show that SMOS-L2 presents more relative errors close to
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mountainous areas (Pyrenees and Massif Central), as well as over the Les Landes
forest (in the area around 0.5° E, 44° N).

3.2 Soil moisture estimates derived from the SMOS T,
3.2.1 At the SMOSMANIA stations in southern France

In this section, the Eq. (2) empirical relationship is used to estimate SSM from SMOS-
L1 data, using the SMOSMANIA in situ data as a reference for the determination of
the correlation coefficients. The LAI values used in Eq. (2) are given by the average
LAl simulated by ISBA-A-gs for the corresponding grid-cell. Table 3 presents the SSM
estimate scores obtained using SMOS T, values at incidence angles of 40° and 20°.
This particular biangular configuration presents the best score. For the LZC station
in 2010, in situ SSM observations are available only from January to Mars and in
November, and this station was not used. The SSM estimates derived from Eq. (2)
are significantly correlated to the observations (p-value < 0.05) for 15 stations. Among
stations with significant statistical scores, the correlation coefficients and the RMSE
range from 0.65 to 0.89 and from 0.030 m®m~ to0 0.082m*m=3, respectively. The
average correlation coefficient and RMSE are 0.77 and 0.053 m? m'3, respectively. For
most SMOSMANIA stations located in southwestern France, the correlation scores are
better than those obtained by Albergel et al. (2011). This is related to the use of LAl and
of bipolarized T, values at a low incidence angle (20°) as additional factors in this study,
and to the use of reprocessed SMOS data. Note that for the 11 stations considered
by Albergel et al. (2011), fewer observations are available in this study (from 31 to 50,
against 44 to 107 in Albergel et al., 2011), because two T, incidence angles are used.

Also, Table 3 presents the A, B, C, D, E regression coefficient values and the F inter-
cept coefficient obtained in this configuration. They are specific to each site. They may
depend on the soil and vegetation properties acting on the microwave emission, like
soil roughness, soil surface infiltration and thermal properties, vegetation phenology
and canopy structure. For all the stations, the D coefficient, related to the 20V 7,,, is
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equal to zero. Therefore, only one term in V polarization plays a role in the regression.
Similar results are obtained with different incidence angles (not shown).

3.2.2 Over France

The same regression Eq. (2) with the same configuration (incidence angles of 20° and
40°) as before, was applied using the ISBA-A-gs SSM over France instead of the in situ
SSM for the estimation of the correlation coefficients. It produced a spatially distributed
SMOS-L1 SSM. Moreover, the correlation between both SMOS-L2 and ASCAT SSM
data with the ISBA-A-gs SSM was analyzed over France using Egs. (3)—(4).

Figure 8 presents the score maps (correlation coefficient r and RMSE) over France
of Egs. (2)—(4). Only significant values (p-value < 0.05) were plotted. The average
correlation coefficients over France for SMOS-L1, SMOS-L2, and ASCAT SSM are
0.45, 0.49, and 0.61, respectively. The average RMSE values are 0.075 m®m=3,
0.072m*m~2, and 0.75 (dimensionless), respectively. The three SSM estimates cor-
relate better with the ISBA-A-gs SSM in the western part of the country. The West to
East decrease in correlation in particularly pronounced for SMOS-L1 and ASCAT. The
RMSE follows the same behavior. It was checked that the number of satellite observa-
tions used in the regressions does not present this longitudinal contrast and that it has
no influence on the obtained spatial patterns of the scores.

The regression coefficients over France for SMOS-L1, SMOS-L2 and ASCAT are
presented in Fig. 9. For the SMOS-L1 SSM, derived from T, values, the B and D
coefficients (corresponding to V-polarized 7,,) tend to present values closer to zero than
the A and C coefficients (corresponding to H-polarized 7). It must be noted that using
Eq. (2) without the LAI factor gives more weight to the 20 V 7, factor. This indicates that
the 20V T, may be linked with the vegetation opacity. In order to understand the spatial
distribution of the coefficients, we searched analogies of their spatial patterns, with the
spatial distribution of vegetation types and soil characteristics used by the LSM, and
with the precipitation climatology, but no similarity was observed. Moreover, in western
France, the E regression coefficient of Eq. (2), relative to LA, is close to zero while,
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on the other hand, LAl information is key in eastern France. The F intercept coefficient
presents analogies with the topography (Fig. 1). Low negative values of F correspond
to higher altitudes, and four French mountainous regions appear: part of the Pyrenees,
Jura, Vosges and Massif Central. Note that most of the Alps area is flagged. The spatial
correlation between altitude and F values is r = -0.51.

For the SMOS-L2 SSM, a significant spatial correlation between altitude and values
of the B’ intercept coefficient is observed, also (r =0.37). It is less marked than for
the SMOS-L1 F parameter, but data are not provided for the highest mountain ranges
such as the Alps and part of the Pyrenees. For ASCAT, no correlation between the
altitude and the B* coefficient is observed (r = 0.07). This result shows the impact of
topography on the SMOS signal.

4 Discussion

The comparison of SMOS and ASCAT SSM estimates with independent SSM obser-
vations and simulations over France in Figs. 3 and 5 shows that, overall, better results
are obtained with ASCAT. Apart from the fact that the SMOS-L2 product is still in the
evaluation phase, while the ASCAT SSM product exists since 2007 and benefits from
the heritage of the ERS SSM product, key physical processes governing the SMOS
and ASCAT measurements differ. They are discussed below.

4.1 Impact of the sampling depth

In this study, three soil moisture datasets are considered along with the SMOS-L2 prod-
uct: the ASCAT SSM, the ISBA-A-gs SSM, and the in situ SMOSMANIA observations
at a depth of 5cm. These different SSM estimates do not present the same sampling
depth, and slight differences in sampling depth can affect the temporal variability of
SSM in response to rainfall events. As observed by Albergel et al. (2010), the ASCAT
SSM product better correlates with LSM simulations representing a skin surface soil
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moisture, than with in situ observations at 5cm. This is not true for the SMOS-L2 SSM,
as it present a correlation with LSM simulations similar to its correlation with in situ
observations at 5cm. Indeed, in both cases, the average temporal correlation at the
location of the 21 SMOSMANIA stations is equal to 0.36.

4.2 Topography and other geographical factors

The impact of a marked topography can be explained by multiple local incidence an-
gles caused by the different slopes of mountainous areas, affecting the 7, values and,
consequently, the SSM retrievals. Mialon et al. (2008) have shown that relief features
can cause T, variations of up to 5K. Sect. 3.2.2 show that this effect is visible in the
SMOS products, both in the SSM derived from the SMOS-L1 data and in the SMOS-L2
data, using the intercept coefficients of Eq. (2) and Eq. (3), F and B’, respectively. It
must be noted that the fact that F correlates better with topography than B’ (r values
of —0.51 and 0.37, respectively) could denote an impact of topography on ancillary LAI
and T4 information used in Eq. (2).

In order to search for other possible perturbing factors, an analysis of F and B’
intercepts was performed. A linear regression between the altitude of each grid-cell
(Z) and the intercepts was computed. The same analysis was applied to the ASCAT
B* term. The residual terms of the regressions are shown in Fig. 10. In the three cases,
some topography features still appear in the residual term (e.g. the Vosges). This may
denote a non-linear impact of Z on SSM retrievals. Moreover, for SMOS-L1, the area
corresponding to the eastern SMOSMANIA stations (from Narbonne (NBN) to CBR)
presents small scale variations which could denote the presence of RFI.

4.3 Use of the SMOS-L1 product

The results presented in Sect. 3.2.2 show that calibrating statistical relationships based
on reference SSM values produced by a LSM permits to produce SSM estimates from
the SMOS-L1 product. The scores of the calibrated statistical models are probably the
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best achievable scores over France using SMOS data, and the SMOS-L1 SSM out-
performs the SMOS-L2 SSM: (1) for the SMOSMANIA in situ observations, the mean
temporal absolute correlations of the two SSM estimates are 0.75 and 0.49, respec-
tively, (2) for the LSM simulations over France, the mean temporal correlations of the
anomalies of the two SSM estimates are 0.44 and 0.40, respectively. This result shows
that Eq. (3) could be used in the assimilation of SMOS-L1 data in LSM. Indeed, SSM
observations need to be rescaled to fit the model climatology, before being assimilated
(Reichle and Koster, 2004; Draper et al., 2011b), and Eq. (3) could be used during this
phase.

4.4 RFI

Table 3 shows that a higher fraction of SMOS-L1 data are affected by RFI for the
eastern SMOSMANIA stations (LGC, MZN, VLV, BRN, Méjannes-le-Clap (MJN), BRZ,
CBR), with more than 60 % missing data. For MZN, BRN and BRZ, less than 10 ob-
servations were available, and the regression model was not applied. Apart from VLYV,
p-values higher than 0.001 are observed. For the whole SMOSMANIA network, 55 %
of the observations had to be removed, on average. In spite of the filtering proce-
dure described in Sect. 2.1.1 and in Sect. 2.4.2, the SMOS data could be affected by
undetected low-level RFI.

5 Conclusion

In this study, the first SMOS L1 and L2 products were compared with another satel-
lite soil moisture product, the ASCAT SSM, over France. Independent SSM estimates,
derived from either in situ observations in southern France, or LSM simulations over
the whole of France, were used to perform a multiple comparison with the satellite
products. Although SMOS and ASCAT do not use the same measurement technique,
nor the same microwave frequency, consistent results were found, especially in wet
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conditions. On the other hand, a number of differences was evidenced. In particular,
the soil sampling depth is deeper in the SMOS measurements, and this affected the
correlation of the SMOS-L2 product with the skin SSM simulated by the ISBA-A-gs
LSM. Also, perturbing geographic spatial patterns such as topography could be ex-
tracted from the SMOS-L1 and SMOS-L2 products, and, to a lesser extent, from the
ASCAT SSM.

Overall, the ASCAT SSM outperformed the SMOS-L2 product. As the quality of the
SMOS products is affected by RFI, this conclusion is valid for the RFI intensity observed
in France, and more work is needed to benchmark the SSM products in other areas.

The findings of Albergel et al. (201 1) that simple regression equations can be applied
across scales on the SMOS-L1 product, was confirmed for the whole of France, in
contrasted surface conditions. This method could offer a simple way to ingest SMOS
data into LSM using data assimilation techniques.
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Table 1. Soil characteristics of the nine new stations of the SMOSMANIA network at four depths
(5, 10, 20 and 30cm): fractions of clay, sand fraction, organic matter, and bulk density. The
station are listed from East to West (Pezenas to Cabriéres d’Avignon).

HESSD
8, 8565-8607, 2011

Stations Depth (cm) Clay (gkg™') Sand (gkg™') Organic matter (gkg™')  Bulk density (kgm™®)
Pézenas (PZN)

Jaded uoissnasiqg

Comparing soil

5 175 506 495 1238 . .
10 174 519 232 1311 — moisture retrievals
20 161 598 10.9 1266
30 194 520 15 1363 from SMOS and
Prades-le-Lez (PRD) )
5 i 270 s T8 @ ASCAT over France
10 328 237 497 1317 &
20 323 238 30.8 1409 »
30 335 217 35.3 1570 @, M. Parrens et al.
La Grand Combe (LGC) g
5 129 732 297 1536 T
10 129 748 218 1496 )
20 88 815 30.1 1507 o
& = = = = & _
&y
Mazan-Abbaye (MZN)
5 150 676 102 961 .
10 126 720 782 1330
20 129 696 68.7 1127
30 109 664 535 1257 o
5 136 657 53.4 1116 =
10 124 678 26.9 1274 »
20 106 695 12.7 1419 (728
30 118 671 14.9 1381 o
Barnas (BRN) _:U
5 95 773 70.8 1427 )
10 71 804 59.8 1630 o
20 61 802 305 1310 (0]
30 112 767 224 1527 =
Méjannes-le-Clap (MJN)
5 162 455 121 1276
20 257 347 106 1276 )
30 202 303 78.1 1276 >
5 233 375 38.0 1094 7]
10 264 346 326 1280 @,
20 257 386 25.9 1394 [®)
Cabriéres d'Avignon (CBR) g-;U
5 242 476 449 1300 o
10 233 488 26.3 1310 [0)
20 216 561 231 1325 —~
30 223 498 20.1 1353
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Table 2. Comparison of SMOS-L2 and ASCAT SSM anomalies with the in-situ SSM (-5 cm)
anomaly measured at 21 ground stations for the year 2010: correlation (r,,,), mean bias (in-
situ minus satellite products), root mean square error (RMSE) and p-value. The number of
data used to calculate the scores is given (n,,,). Absolute correlations (r,,s) are indicated. NS
stands for non significant, and *, **, ™ stand for p-values greater than 0.05, between 0.05 and
0.001, and between 0.001 and 0.0001, respectively.

SMOS-L2 ASCAT
Absolute correlations Anomalies Absolute correlations Anomalies
Stations N, ras P-value Nao lano RMSE Bias P-value Nas Iaps P-value Nao Tano RMSE Bias  P-value
SBR 6 0.06 NS 5 069 081 -041 NS 158 0.82 o 153 0.74 0.68 0.05 e
URG 122 0.61 o 116 0.32 1.08 0.06 ** 149 075 e 139 065 071 -0.06 o
CRD 119 055 e 113 027 1.25 0.06 ** 165 0.77 e 153 0.53 0.96 0.01 e
PRG 134 053 e 127 023 1.20 0.03 * 153 077 o 143 051 090 -0.07 e
CDM 131 0.42 o 126 025 1.17 0.05 ** 164 0.71 o 152 063 080 -0.02 e
LHS 133 047 o 128 0.29 1.11 -0.15 ** 152 0.63 i 140 045 0.91 -0.10 e
SVN 130 0.48 e 123 039 1.06 -0.01 o 154 0.61 o 142 045 091 -0.11 e
MNT 118 0.39 e 116 048 091 -0.08 o 151 0.64 o 141 052 088 -0.07 e
SFL 135 0.42 e 129 0.38 1.00 0.02 o 155 0.58 o 143 038 097 -0.04 e
MTM 102 0.34 > 97 020 113 0.11 NS 149 0.14 NS 140 0.12 115 -0.05 NS
LzCc 23 0.59 > 17 060 0.83 0.03 * 33 092 e 23 096 033 008 e
NBN 118 0.53 e 113 034 1.13 0.05 ** 152 0.65 e 142 037 107 005 e
PZN 116 0.52 e 112 036 1.01 -0.03 o 167 0.76 o 160 058 0.80 -0.07 o
PRD 79 054 o 69 039 1.02 0.03 ** 142 042 o 137 046 1.00 -0.01 e
LGC 39 035 * 26 017 114 -0.06 NS 143 0.62 e 137 065 082 -0.04 e
MZN 40 048 > 36 038 1.01 0.05 * 120 0.19 * 114 035 098 -0.03 e
vLv 95 0.61 e 90 0.30 1.07 0.14 > 162 0.52 o 155 070 1.01 -0.08 e
BRN 12 044 NS 8 033 1.02 0.19 NS 64 0.8 o 58 0.55 091 0.10 e
MJIN 55 0.40 > 46 036 0.99 -0.04 * 134 0.68 o 126 070 077 -0.11 e
BRZ 47 0.53 o 40 044 1.06 0.19 ** 135 057 o 132 0.69 0.81 0.02 e
CBR 74 051 e 70 041 092 0.12 ** 167 0.46 e 157 044 097 0.1 e
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Table 3. Comparison between the in situ SSM and the SSM retrieved from the SMOS-L1 T,
using the regression coefficients (4, B, C, D, E, F) of Eq. (2) derived from the in situ SSM:
number of points used in the regression (n), correlation coefficient (r,,s), root mean square
error (RMSE) and p-value. The fraction of missing data caused by the RFI filtering is indicated.

NS stands for non significant, and *, **, *** stand for p-values greater than 0.05, between 0.05
and 0.001, and between 0.001 and 0.0001, respectively.
Staions n  ry,, RMSEM°m™) p-value A B c D E F Altitude (m) % of missing data
SBR - - - - - - - - - - 74 -
URG 37 0.88 0.054 i 0.6645 0.0567 0.0816 0 -0.1050 0.9251 135 39
CRD 43 0.82 0.030 i 0.4343 0.0752 0.1428 0 -0.0971 -0.2683 149 36
PRG 43 0.72 0.043 e 0.4427 0.1198 -0.0624 0 -0.0675 -0.2289 183 33
CDM 40 0.74 0.048 e 0.1862 0.1101 0.2234 0 -0.0171 0.0706 118 34
LHS 35 0.67 0.064 i 0.2776 0.0631 0.1676 0 -0.0237 -0.0684 207 35
SVN 33 0.83 0.069 i 0.2985 0.0012 0.3377 0 -0.0918 0.6340 122 39
MNT 42 0.73 0.066 e 0.5533 0.0704 0.2049 0 0.0680 0.5692 255 35
SFL 39 0.79 0.043 e 0.5107 0.0083 0.1568 0 -0.0066 0.0053 236 39
MTM 26 0.77 0.032 e 0.2608 -0.0344 0.1580 0 -0.0095 -0.6162 499 31
LzC - - - - - - - - - - 102 -
NBN 43 0.81 0.039 e 1.3620 -0.0218 0.2924 0 -0.1013 0.6836 33 33
PZN 38 0.69 0.057 e 2.4201 0.1508 -0.0991 0 -0.0864 1.3057 39 30
PRD 16 0.89 0.049 i -0.7565 0.8619 -0.0251 0 -0.2245 -0.8958 99 40
LGC 13 0.49 0.034 NS 0.9649 0.3521 -0.5398 0 -0.0883 -0.2759 436 63
MZN - - - - - - - - - - 1165 -
Vv 22 0.86 0.055 e 1.6293 0.1919 0.1118 0 -0.2052 2.2735 51 83
BRN - - - - - - - - - - 672 -
MJN 10 0.75 0.082 * 0.3015 0.2545 -0.1205 0 -0.1796 0.1262 268 69
BRZ - - - - - - - - - - 540 -
CBR 13 0.65 0.069 * 1.0116 0.9940 0.0994 0 0.1113 1.1543 584 68
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Fig. 1. The SMOSMANIA soil moisture network in southern France. The blue dots and crosses
represent the 12 stations operational since 2007, the dark dots and crosses represent the new
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and dry) on SMOS-L2 vs. ASCAT SSM anomaly correlation coefficients with the ISBA-A-gs
simulations for crops, forests, and grasslands.
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Fig. 9. Regression coefficients of satellite vs. ISBA-A-gs SSM in 2010: (top) SMOS-L1 with
Eq. (2), (middle) SMOS-L2 with Eq. (3), (bottom) ASCAT with Eq. (4).
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Fig. 10. Residual term of the regression equation of (left) SMOS-L1 F, (centre) SMOS-L2 B,
(right) B* intercepts vs. altitude (2).
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