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Abstract. In 2009 and 2010 the L-band microwave Coopera-
tive Airborne Radiometer for Ocean and Land Studies (CAR-
OLS) campaign was performed in southwestern France to
support the calibration and validation of the new Soil Mois-
ture and Ocean Salinity (SMOS) satellite mission. The L-
band Microwave Emission of the Biosphere (L-MEB) model
was used to retrieve surface soil moisture (SSM) and the veg-
etation optical depth (VOD) from the CAROLS brightness
temperature measurements. The CAROLS SSM was com-
pared with in situ observations at 11 sites of the SMOSMA-
NIA (Soil Moisture Observing System-Meteorological Au-
tomatic Network Integrated Application) network of Mét́eo-
France. For eight of them, significant correlations were ob-
served (0.51≤ r ≤ 0.82), with standard deviation of differ-
ences ranging from 0.039 m3 m−3 to 0.141 m3 m−3. Also, the
CAROLS SSM was compared with SSM values simulated by
the A-gs version of the Interactions between Soil, Biosphere
and Atmosphere (ISBA-A-gs) model along 20 flight lines,
at a resolution of 8 km× 8 km. A significant spatial corre-
lation between these two datasets was observed for all the
flights (0.36≤ r ≤ 0.85). The CAROLS VOD presented sig-
nificant spatial correlations with the vegetation water content
(VWC) derived from the spatial distribution of vegetation
types used in ISBA-A-gs and from the Leaf Area Index (LAI)
simulated for low vegetation. On the other hand, the CAR-
OLS VOD presented little temporal changes, and no tempo-
ral correlation was observed with the simulated LAI. For low
vegetation, the ratio of VOD to VWC tended to decrease,
from springtime to summertime. The ISBA-A-gs grid cells

(8 km× 8 km) were sampled every 5 m by CAROLS obser-
vations, at a spatial resolution of about 2 km. For 83 % of the
grid cells, the standard deviation of the sub-grid CAROLS
SSM was lower than 0.05 m3 m−3. The presence of small wa-
ter bodies within the ISBA-A-gs grid cells tended to increase
the CAROLS SSM spatial variability, up to 0.10 m3 m−3.
Also, the grid cells characterised by a high vegetation cover
heterogeneity presented higher standard deviation values, for
both SSM and VOD.

1 Introduction

Biophysical variables, such as soil moisture, Leaf Area In-
dex (LAI), and vegetation biomass, need to be monitored for
applications in ecohydrology, hydrometeorology and agrocli-
matology, at global and regional scales. Soil moisture plays
an important role in hydrological models, controlling the soil
drainage and the surface runoff. It is also a crucial variable
for land surface models (LSM), as it regulates the water and
energy surface fluxes (e.g. Mohr et al., 2000). Finally, the
seasonal dynamics of vegetation properties, such as LAI,
is connected to soil moisture dynamics (Kochendorfer and
Ramirez, 2010). This is particularly true in regions affected
by droughts, where water is a limiting factor of plant growth
(Porporato and Rodriguez-Iturbe, 2002). Developing obser-
vation capacities able to monitor the spatial and temporal
variability of vegetation and soil moisture characteristics at
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a regional scale, is needed for ecohydrology research (Wang
et al., 2012).

This remote sensing study investigates the joint soil mois-
ture and vegetation growth dynamics using the L-band Co-
operative Airborne Radiometer for Ocean and Land Stud-
ies (CAROLS, Zribi et al., 2011). The analysis is based
on a very high number of flights (20 flights covering the
same transect), in situ soil moisture observations, and sim-
ulated biophysical variables. The CAROLS campaign was
performed in the framework of the calibration/validation of
the SMOS (Soil Moisture and Ocean Salinity) spaceborne ra-
diometer operating at L-band (Kerr et al., 2001). Over land,
the main product of SMOS is surface soil moisture (SSM).
The multi-angular bipolarized observations of SMOS permit
the retrieval of the vegetation optical depth (VOD), in addi-
tion to SSM (Wigneron et al., 1995; Lee et al., 2002; Pel-
larin et al., 2003a). The satellite-derived SSM or soil wet-
ness index (SWI) products from passive (e.g. the Advanced
Microwave Scanning Radiometer on EOS – AMSR-E) and
active (the Advanced Scatterometer – ASCAT, and the Euro-
pean Remote Sensing Satellite Scatterometer – ERS-Scat) C-
band microwave sensors were recently validated over south-
western France (Albergel et al., 2009; Pellarin et al., 2006;
Rüdiger et al., 2009), Western Africa (Gruhier et al., 2010;
de Rosnay et al., 2009), Canada and Ukraine (Wagner et
al., 1999a,b), China (Zhao et al., 2008), the United States
of America (Drusch et al., 2004) and Australia (Draper et al.,
2007). Microwave sensors operating at low frequencies (1–
10 GHz) are particularly useful for SSM monitoring. Com-
pared to higher frequencies, low frequencies are able to
sample thicker surface soil layers. Moreover, the vegetation
masking effect are less pronounced, and atmospheric effects
are weaker (Wagner et al., 2007).

The high capability of SSM retrieval at L-band (1–2 GHz)
was demonstrated by several studies (e.g. Wigneron et al.,
2002; Kerr et al., 2001; de Rosnay et al., 2006; Calvet et
al., 2011). The first ground-based studies dedicated to soil
moisture measurement at L-band started in the 1970s (Njoku
and Kong, 1977). Later, they were complemented by airborne
measurements (Jackson et al., 1986; Schmugge et al., 1992;
Chanzy et al., 1997), which finally led to the development
the SMOS (Soil Moisture and Ocean Salinity) spaceborne
instrument operating at L-band (Kerr et al., 2001).

A number of field experiments (CoSMOS, SMOSREX,
VAS, MELBEX-1, ELBARA-ETH) (Saleh et al., 2007,
2009; Cano et al., 2010) were carried out in order to pre-
pare the SMOS mission. In addition, several airborne cam-
paigns were performed to assess SSM retrieval over large ar-
eas: EuroSTARRS in France and Spain (Saleh et al., 2004),
NAFE/CoSMOS in Australia (Panciera et al., 2008), EA-
GLE2006 in Germany (Su et al., 2009), HOBE in Den-
mark (Bircher et al., 2012). These studies showed that the
response of L-band brightness temperatures to SSM is af-
fected by biomass conditions (Saleh et al., 2004). They also
showed the importance of specific biome calibration of the

parameters of the L-band Microwave Emission of the Bio-
sphere model (L-MEB) (Bircher et al., 2012). The L-MEB
model simulates the L-band emission of the soil-plant sys-
tem (Wigneron et al., 2007), and the SMOS SSM retrieval
algorithm is based on the inversion of L-MEB. The L-MEB
SSM retrieval capability was extensively tested in homoge-
neous vegetation cover conditions (Grant et al., 2008; Saleh
et al., 2007; Wigneron et al., 2007; Guglielmetti et al., 2008).
Panciera et al. (2008, 2009) found that after site-specific cali-
bration of the vegetation and roughness parameters, the SSM
retrieval accuracy can be better than 0.048 m3 m−3 for crops
and grasslands. After the launch of SMOS, there is now a
need to assess the accuracy of SSM retrievals for various
ground properties and vegetation types in the framework of
the calibration/validation of the instrument.

Besides SSM, the retrieval algorithm based on L-MEB
produces a L-band VOD. In this study, VOD is defined as
the effective zenith (i.e. nadir) opacity of the vegetation (“τ ”,
dimensionless) in the microwave domain. A number of stud-
ies have shown the usefulness of VOD values retrieved from
C-band or X-band satellite microwave brightness tempera-
tures (Liu et al., 2007, 2011; Jones et al., 2011; Miralles et
al., 2011). At L-band, this quantity can be produced by the
inversion of the simplified “τ − ω” approach used in the L-
MEB model (Wigneron et al., 2007). When VOD = 0, there
is no vegetation attenuation of the soil microwave emission.
The VOD value tends to increase with the vegetation water
content (VWC, in kg m−2). From L-band to X-band, VOD
is proportional to VWC and to frequency (f ) (Jackson and
Schmugge, 1991; Schmugge and Jackson, 1992; Kerr and
Wigneron, 1995; Njoku and Chan, 2006). The VOD value is
often expressed as VOD =b VWC, with b =A ε′′

Sf (Kirdya-
shev et al., 1979), where the value ofA is related to the
canopy structure, andε′′

S is the imaginary part of the dielec-
tric constant of saline water in the vegetation. The latter de-
pends only slightly on temperature, at the low salinity lev-
els generally observed in plants. At low frequencies, it is
often assumed that theA × ε′′

S product does not vary much
from one vegetation type to another and across frequency
values, and thatb is proportional tof . For example, the fre-
quency used by the SMOS radiometer is 1.42 GHz (L-band)
and the C-band and X-band channels of AMSR-E correspond
to 6.925 GHZ and 10.65 GHz, respectively. Therefore, if one
assumes thatf dominates the VOD response to VWC, VOD
is about 5 times more sensitive to VWC at C-band than at L-
band, even more at X-band. Using ground multi-frequency
passive microwave observations, Calvet et al. (2011) have
shown that C-band and X-band are more appropriate than L-
band to monitor the VWC of a wheat field, with VWC values
up to 3 kg m−2 at the end of May. This is consistent with the
lower sensitivity of VOD to changes in VWC (i.e. the lower
b value) at L-band.

One of the more recent airborne campaigns dedicated to
SMOS is the CAROLS experiment, co-funded by CNES
and ESA. CAROLS was performed in 2009 and 2010 in
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southwestern France and in Spain (Zribi et al., 2011; Pardé et
al., 2011a). Albergel et al. (2011) showed the good sensitiv-
ity of the CAROLS L-band brightness temperatures (Tb) to
the SSM variability at 11 stations of the SMOSMANIA soil
moisture network (Calvet et al., 2007; Albergel et al., 2008),
with an average Pearson correlation coefficient of−0.76 at
nadir. However, radio frequency interferences (RFI) affected
the CAROLS observations (Albergel et al., 2011; Pardé et
al., 2011a; Zribi et al., 2011).

In this study, the temporal and spatial variability of the
SSM and VOD values retrieved by L-MEB from 2009 and
2010 springtime CAROLS Tb observations in southwest-
ern France is investigated. Details on the parameterisation
of the L-MEB model are given in Pardé et al. (2011b). In
a first stage, post-processing techniques are used to limit
the detrimental impact on the retrievals of RFI and open
water surfaces. Then, the accuracy of the SSM retrievals
is assessed using in situ SSM observations at 11 instru-
mented sites. The CAROLS SSM and VOD transects are
compared with SSM and Leaf Area Index (LAI) simulations
of the CO2-responsive version of the Interactions between
Soil, Biosphere and Atmosphere (ISBA-A-gs) model, over
8 km× 8 km grid cells.

2 Data and methods

2.1 The CAROLS data

2.1.1 The CAROLS instrument

The CAROLS L-band microwave radiometer is fully polari-
metric and has two antennas: one looking at nadir and a side-
looking antenna slanting with an incidence angle of 33.5◦.
The sampling frequency range is 1.401–1.426 GHz, and an
advanced analogue filter permits the suppression of the main
RFI affecting the Tb. The instrument sensitivity is 0.1 K for
1s integration time, and the stability is better than 0.1 K over
15 min. The internal calibration is achieved by load and noise
diodes. The radiometer was calibrated during test flights per-
formed in November 2008 (Zribi et al., 2011).

2.1.2 The 2009 and 2010 flights in southwestern France

The CAROLS microwave Tb airborne measurements were
carried out from the French ATR-42 research aircraft, to-
gether with infrared temperature (TIR) observations per-
formed by a CIMEL radiometer. The flights consisted of
straight lines between Toulouse and the Atlantic coast (Bay
of Biscay), then to the Mediterranean coast, and back to
Toulouse (Fig. 1). The observations were performed at an al-
titude of 2000 m a.s.l. (above sea level), and the ground foot-
print sizes of the nadir and side-looking antennas were about
1.4 km and 2.1 km, respectively (Albergel et al., 2011). The
areas observed by the two antennas formed a swath with a
mean width of about 3 km. The high acquisition rate of the

Fig. 1. Atlantic-Mediterranean transect and location of SMOSMA-
NIA stations (background is a Landsat GeoCover Mosaics).

instrument allowed oversampling the swath, with an along-
track spatial resolution of about 5 m. The transect between
the Bay of Biscay and the Mediterranean Sea was about
385 km, and the complete flights were covered in 3 h.

In 2009, six CAROLS flights were conducted over south-
western France between 28 April and 27 May, and all of them
are used in this study. While half of them (28 April, 15 and
27 May) covered the whole transect, the others (18, 20 and
26 May) only covered the Toulouse-Atlantic coast transect
(225 km long). Moreover, 14 flights performed in 2010, cov-
ering the full transect between 15 April and 1 July, are used
in this study.

Four flights (18 and 27 May 2009, 4 and 22 June 2010)
were performed in the late afternoon (between 18:00 UTC
and 20:00 UTC). All the other flights were performed in the
morning (between 05:00 UTC and 08:00 UTC). The flights
did not cover mountainous areas, and the surface altitude var-
ied between 0 m a.s.l. and 400 m a.s.l.

The transect can be divided into three main areas:

– the Atlantic lowland plain, between 1◦ W and 0.2◦ W,
corresponding to Les Landes pine forest, on sandy soils
(with sand fractions of about 90 %).

– the Garonne plain, between 0.2◦ W and 2.1◦ E, cor-
responding to hilly Armagnac, Garonne terraces and
Lauragais regions: It is characterized by undulating ter-
rain, intersected by numerous rivers, and mainly cov-
ered by croplands (e.g. wheat and irrigated maize), by
grassland and forest patches over the steepest slopes,
and with areas covered by vineyards. This part of the
transect presents the highest altitudes (from 150 m to
380 m). The loamy soils are characterised by a higher
clay content (20–30 %), in comparison with the sur-
rounding regions, and a sand fraction ranging between
20 % and 30 %.

www.hydrol-earth-syst-sci.net/16/1725/2012/ Hydrol. Earth Syst. Sci., 16, 1725–1743, 2012
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– the Mediterranean plain, between 2.1◦ E and 3.3◦ E is
flat and the vegetation cover is contrasted, with forest
patches alternating with sparse vegetation, dry shrubs,
and vineyards. In the easternmost part the soils are more
sandy, with sand fractions ranging from 40 % to 50 %.

2.1.3 SSM and VOD retrievals

The SSM and VOD values were retrieved from the
biangular/dual-polarized L-band CAROLS Tb measure-
ments, inverting the most recent version of the L-MEB model
(Panciera et al., 2008; Pardé et al., 2011a,b). According to the
Fresnel law, TbV and TbH values are confounded at nadir,
and only three independent Tb values are used in the inver-
sion: Tb at nadir, and slant (33.5◦) TbV and TbH. The present
version uses the Dobson model (Dobson et al., 1985) of the
soil microwave dielectric properties. The soil roughness is
accounted for using the Wang and Choudhury (1981) model,
based on two parameters:h andQ. TheQ parameter is set
to zero, and theh parameter is related to SSM as proposed
by Saleh et al. (2007) for a grassland site in southwestern
France, and applied by Pardé et al. (2011b) to the CAROLS
data:

h = 1.3 − 1.13 × SSM (1)

with SSM in units of m3 m−3.
The vegetation contribution is computed using theτ − ω

approach, whereτ represents VOD, andω represents the sin-
gle scattering albedo of the vegetation, assumed to be close to
zero (Wigneron et al., 2007). The effective temperature (Teff)
contribution is approximated as

Teff = Tdepth+
(
TIR − Tdepth

)
× (SSM/w)β (2)

whereTdepth is the ground temperature at a depth of 30 cm
measured at the meteorological stations of the SMOSMA-
NIA network (see Sect. 2.2) and then interpolated along
the aircraft transect, andTIR is the infrared temperature,
remotely sensed from the aircraft. Thew and β parame-
ters have constant values: 0.30 m3 m−3 and 0.3, respectively
(Grant et al., 2008; Wigneron et al., 2007, 2008). The soil
properties like the sand and clay contents used in the model
are derived from the SMOSMANIA auxiliary dataset (Al-
bergel et al., 2008) linearly interpolated along the CAROLS
flight transect.

2.1.4 Mitigation of perturbing factors

In southwestern France the CAROLS microwave measure-
ments are affected by RFI and by the presence of water
bodies. Albergel et al. (2011) had to filter out about half of
CAROLS Tb observations affected by RFI, over 11 SMOS-
MANIA sites. The RFI tend to increase the Tb values and
undetected RFI may result in the underestimation of SSM
and/or in the overestimation of VOD. The structure and qual-
ity of the CAROLS observations, as well as the RFI sources

and their detection, were described in detail by Pardé et
al. (2011a) and Zribi et al. (2011). Before applying the SSM
and VOD retrieval algorithm, a method of detection and mit-
igation of the undesirable effects of RFI was applied to the
CAROLS Tb dataset by Pardé et al. (2011a). The analysis of
the SSM and VOD products performed in this study showed
that further RFI filtering is needed.

As illustrated by Fig. 2, a number of unrealistic SSM val-
ues, close to 1 m3 m−3 or higher than 1 m3 m−3, as well as
a lot of smaller peaks are obtained. The spatial analysis of
the successful SSM retrievals shows that the perturbation of
SSM values are obtained over areas where (1) very low Tb
values and/or (2) significant differences between nadir V- and
H-polarized Tb are observed (TbV and TbH, respectively).
In order to improve the retrievals, a post-processing filter-
ing technique was applied to the data set. Two methods were
used: (1) a physical method based on the fact that TbH and
TbV should be close at nadir and (2) a statistical method us-
ing 2-D histograms.

The physical method was based on the paired view analy-
sis of TbV and TbH at nadir. According to the Fresnel law,
the surface emissivities at vertical and horizontal polariza-
tions are equal at nadir. Therefore, the difference between
nadir TbH and nadir TbV (1Tb) should not deviate much
from zero. It was assumed that all the retrievals correspond-
ing to 1Tb values higher or lower than±2 standard devia-
tions (calculated using all 20 flights) were affected by RFI.
Filtering the data using this criterion removed many peaks
around the largest urban areas.

The statistical method was based on the analysis of TbH
vs. TbV at 33.5◦ for the 2009 flights (Fig. 3). A density-based
clustering of the data (Jain et al., 1999) was applied to con-
tour a main cluster A (Fig. 3), and remove the data outside
this cluster. The detection of the cluster borders depends on
a density threshold, which was determined using the 2009
data, in order to optimize the spatial correlation between the
retrieved and the modelled SSM values. The same threshold
was used for the 2010 data.

The spatial analysis of the outliers corresponding to high
TbH and to high TbV values (B and C subsets of Fig. 3, re-
spectively) indicates that they are caused by unmitigated RFI
perturbations close to urban areas (not shown). The D cluster
corresponds to low values of both TbH and TbV, observed
in regions presenting a high density of water bodies (not
shown). In order to further reduce the impact of open water
surfaces, we have arbitrarily excluded the cluster A measure-
ments corresponding to TbH values less than 220 K. It re-
moved all the unrealistic SSM higher than 1 m3 m−3 (Fig. 2).
The application of the above-mentioned post-processing fil-
tering techniques improved significantly the overall quality
of the SSM and VOD retrieval data set.
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Fig. 2. Spatial variability of(A) CAROLS TbH (green) and TbV (black) at nadir,(B) CAROLS brightness temperature difference (TbV–
TbH) at nadir, and(C) CAROLS surface soil moisture (SSM), for 28 April 2009. Red dots represent the SSM data after the post-processing
filtering.

2.2 SMOSMANIA stations

The SSM retrievals were validated using in situ observa-
tions of the Soil Moisture Observing System – Meteorolog-
ical Automatic Network Integrated Application (SMOSMA-
NIA) network (Calvet et al., 2007). This network consists
of 21 stations in southern France, of which 12 have been
operating in southwestern France since January 2007. It is
based on the existing automatic weather station network of
Mét́eo-France, and soil moisture profiles are monitored, in
addition to standard hydrometeorological observations (pre-
cipitation, air temperature, air humidity, wind speed). The
stations form a transect between the Atlantic coast and the
Mediterranean sea (Fig. 1) and sample soil moisture un-
der contrasting climatic conditions (Albergel et al., 2008).

At each station, the soil moisture acquisition is done ev-
ery 12 min by four ThetaProbe ML2X instruments at 5 cm,
10 cm, 20 cm and 30 cm depths. Soil temperature is measured
at the same depths. The soil moisture dataset is available on-
line at http://www.ipf.tuwien.ac.at/insitu/. The observations
from this network were extensively used for the validation of
modelled and satellite-derived soil moisture (Albergel et al.,
2008, 2009, 2010, 2011; Parrens et al., 2012).

2.3 ISBA-A-gs surface soil moisture and LAI
simulations

In order to assess the ability of the CAROLS measurements
to represent the spatial and temporal variability of SSM
and VOD, the retrievals were compared with SSM and LAI

www.hydrol-earth-syst-sci.net/16/1725/2012/ Hydrol. Earth Syst. Sci., 16, 1725–1743, 2012
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Fig. 3. Side-looking antenna TbV vs. TbH for the six CAROLS
flights in 2009. The measurements outside of the red contour were
removed from the analysis. The A–D letters correspond to data
clusters in the TbH–TbV space. The main cluster A (except for
TbH< 220 K) corresponds to the data analyzed in Sects. 3–4. Clus-
ters B–D correspond to observations excluded from the dataset:
B and C are related to unmitigated RFI perturbations close to ur-
ban areas; D is related to a high density of water bodies.

simulations produced by the ISBA-A-gs LSM, at a spatial
resolution of 8 km× 8 km.

Prior to the comparison, the airborne observations were
averaged within each ISBA-A-gs grid cell crossed by the
flight line. As Tb values are very sensitive to open water
surfaces, the grid cells with water fraction more than 0.8 %
(corresponding to a total open water area of 0.5 km2) were
removed.

The SSM and LAI simulations were carried out using
the SURFEX (SURFace Externalisée) platform developed at
Mét́eo-France. ISBA-A-gs is a version of the ISBA LSM that
includes a photosynthesis and a plant growth model (Cal-
vet et al., 1998, 2004; Calvet, 2000; Calvet and Soussana,
2001). The simulations were driven by the SAFRAN analy-
sis of surface meteorological variables (Durand et al., 1993;
Quintana-Segui et al., 2008), and the spatial distribution of
the model parameters was based on ECOCLIMAP-II (Mas-
son et al., 2003; Faroux et al., 2009).

The ISBA-A-gs version used in this study simulates three
soil layers. The simulated SSM corresponds to the modelled
surface soil layer, about 1 cm thick. The sub-grid heterogene-
ity is represented by aggregating the simulations performed
for the various surface types found in the grid cell, according
to the surface type fractions provided by ECOCLIMAP-II
(Faroux et al., 2009; Brut et al., 2009). Also, this allows to
provide separate estimates of SSM and LAI for high (trees)
and low (grasslands and crops) vegetation types.

The LAI simulations of ISBA-A-gs can be used, to some
extent, to estimate the VWC affecting the L-band land emis-
sion. In a study at a global scale, Pellarin et al. (2003a)
assumed that the VWC of low vegetation (grasslands and

crops) could be estimated as VWClow = 0.5× LAI, in units
of kg m−2. For high (forest) canopies they set constant val-
ues of VWChigh, as at L-band this quantity depends mostly
on the water content of the branches. The latter was estimated
by Pellarin et al. (2003a) as 3 kg m−2 and 4 kg m−2 for conif-
erous and deciduous trees, respectively. As lower branch wa-
ter content values were reported by Grant et al. (2008) for
European forests, the 1.5 kg m−2 and 3 kg m−2 VWC values
are used in this study for coniferous and deciduous trees, re-
spectively. Using the LAI simulated by ISBA-A-gs for low
vegetation, and the ECOCLIMAP-II forest fraction, the veg-
etation water content affecting the L-band land emission for
low and high vegetation (in kg m−2) is estimated along the
aircraft transect as

VWClow = 0.5 × LAI low (3a)

VWChigh = 1.5 × αconif + 3 × αdecid (3b)

where LAIlow is the LAI of low vegetation in a given grid
cell, andαconif andαdecid are coniferous and deciduous for-
est fractions, respectively. As shown by Eq. (3b), VWChigh
does not depend on LAI and does not present seasonal vari-
ations. This is coherent with ground observations of the L-
band microwave emission of forest canopies showing little
or no change across seasons (e.g. Guglielmetti et al., 2008;
Grant et al., 2008). Finally, VOD can be derived from VWC
as

VODlow = blow VWClow (4a)

VODhigh = bhighVWChigh (4b)

whereblow andbhigh are constant values, for a given vegeta-
tion type. Pellarin et al. (2003a) proposedblow values rang-
ing from 0.15 to 0.20 m2 kg−1 for low vegetation (crops and
grasslands, respectively), andbhigh = 0.33 m2 kg−1. Grant et
al. (2008) found abhigh value of 0.4 m2 kg−1 for 26-yr-old
pine trees. Also, values ofbhigh and blow can be obtained
by inverting Eq. (4) for the flights presenting a significant
spatial correlation between VWC and VOD, with VWC and
VOD estimates derived from ISBA-A-gs and from CAROLS,
respectively, for grid cells with a fraction of woody vege-
tation higher than 70 %, and with a fraction of low vegeta-
tion higher than 80 %, respectively (see Sect. 3.2.2). Using
these average values ofbhigh andblow, aggregated bottom-up
VOD values can be calculated from the ISBA-A-gs model for
each flight: the VWC and VOD values derived from Eqs. (3)–
(4) for low and for high vegetation are aggregated over each
ISBA-A-gs grid cell using a linear mixing equation based on
the ECOCLIMAP-II vegetation fractions.

2.4 Investigating the ISBA-A-gs sub-grid variability
using the CAROLS retrievals

While the ground footprint of the CAROLS radiometer is
about 1.4 km at nadir, its along-track spatial resolution al-
lows sampling Tb every 5 m. Each ISBA-A-gs grid cell
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Table 1. Comparison of SSM time series for (from left to right) SMOSMANIA vs. CAROLS, CAROLS vs. ISBA-A-gs, and ISBA-A-gs
vs. SMOSMANIA. The Pearson correlation coefficient (r), p-value, RMSD, bias (SMOSMANIA minus CAROLS, CAROLS minus ISBA-
A-gs, ISBA-A-gs minus SMOSMANIA, respectively) and the standard deviation of differences (SDD) are given for the pooled 2009 and
2010 CAROLS flights.

Station r p-value RMSD Mean bias SDD Nobs
(m3 m−3) (m3 m−3) (m3 m−3)

SBR 0.36/0.54/0.69 NS/∗/∗∗∗ 0.069/0.064/0.069 −0.024/−0.034/0.058 0.065/0.056/0.037 20
URG 0.56/0.50/0.64 ∗/∗/∗∗ 0.212/0.077/0.168 0.195/−0.046/−0.149 0.085/0.063/0.080 20
CRD 0.66/0.55/0.68 ∗∗/∗/∗∗∗ 0.102/0.069/0.092 −0.080/−0.005/0.085 0.063/0.069/0.036 20
PRG 0.23/0.58/0.67 NS/∗∗/∗∗ 0.175/0.157/0.067 −0.012/−0.028/0.040 0.175/0.157/0.055 17
CDM 0.41/0.61/0.61 NS/∗∗/∗∗ 0.134/0.090/0.085 0.088/−0.018/−0.070 0.101/0.090/0.050 17
LHS 0.62/0.73/0.59 ∗∗/∗∗∗/∗∗ 0.108/0.101/0.064 0.030/−0.009/−0.021 0.105/0.101/0.062 20
SVN 0.51/0.46/0.58 ∗/∗/∗∗ 0.212/0.213/0.068 −0.159/0.154/0.005 0.141/0.150/0.068 20
MNT 0.82/0.63/0.64 ∗∗∗/∗∗/∗∗ 0.121/0.067/0.150 0.113/0.032/−0.144 0.044/0.060/0.044 17
SFL 0.67/0.74/0.53 ∗∗/∗∗∗/∗ 0.073/0.066/0.074 −0.017/−0.018/0.029 0.071/0.065/0.069 17
MTM 0.80/0.72/0.54 ∗∗∗/∗∗/∗ 0.066/0.064/0.039 0.038/−0.031/−0.012 0.054/0.057/0.038 17
LZC – – – – – 2
NBN 0.67/0.60/0.66 ∗∗/∗/∗∗ 0.039/0.044/0.043 −0.006/−0.020/0.023 0.039/0.040/0.036 17

Average 0.57/0.61/0.62 – 0.119/0.097/0.084 0.015/−0.002/−0.014 0.086/0.083/0.052 –

NS – non significant;∗, ∗∗, ∗∗∗ stand for p-value greater than 0.05, between 0.05 and 0.01, between 0.01 and 0.001, and below 0.001, respectively.

(8 km× 8 km) may contain up to about 500 CAROLS re-
trievals. After the pre- and post-processing filtering, about
60 valid SSM and VOD retrievals are obtained, on average.
This oversampling capability was used to investigate the sub-
grid variability of the model’s parameters in grid cells.

2.5 Satellite LAI product

In this study, the CAROLS-derived VOD was compared with
the version 1 of the GEOLAND2 LAI product (Baret et al.,
2012). This product is based on an algorithm trained with two
satellite data streams: MODIS, and SPOT/VEGETATION.
The fused algorithm uses the SPOT/VEGETATION data to
produce the final LAI values. The initial 10-day, 1× 1 km
satellite-derived LAI product was resampled to the SAFRAN
8× 8 km spatial resolution for the 2009 and 2010 years.

2.6 Metrics used for the comparison of the various data
sets

In order to quantify the differences between two independent
estimates of the same quantity (SSM or VOD, either through
time at given locations, or throughout the CAROLS tran-
sect at given days), four scores are considered in this study:
the Pearson correlation coefficient (r), the root mean square
difference (RMSD), the standard deviation of differences
(SDD) and the Fisher’s F-test p-value. If the two estimates
to be compared present the same mean value, then SDD is
equal to RMSD. Otherwise, SDD is lower than RMSD as the
latter is impacted by the bias. The p-value indicates the sig-
nificance of the test: if it is small (e.g. below 0.05), it means
that the correlation is not a coincidence. In this study, the

following thresholds on p-values are used: (i) NS (non sig-
nificant) for p-value greater than 0.05, (ii)∗ between 0.05
and 0.01, (iii) ∗∗ between 0.01 and 0.001, (iv)∗∗∗ be-
tween 0.001 and 0.0001 and (v)∗∗∗∗ below a value of 0.0001.

3 Results

3.1 CAROLS SSM validation at the SMOSMANIA
stations

In order to evaluate the accuracy of the airborne L-band SSM
retrievals, the latter were compared with in situ soil moisture
observations performed at a depth of 5 cm at the 12 SMOS-
MANIA stations located in southwestern France (Fig. 4 and
Table 1). It must be noted that the Lézignan-Corbìeres sta-
tion (LZC) did not provide SSM observations during the air-
borne campaign of 2010. Therefore, only 11 stations are con-
sidered. For this comparison, the SSM retrievals were aver-
aged over a 10 km radius zone around each station. Signif-
icant correlations (p-value< 0.05) between airborne and in
situ observations are found for 8 out of 11 stations. For the
three other stations, Sabres (SBR), Peyrusse-Grande (PRG)
and Condom (CDM), discrepancies are observed and the cor-
relation of the CAROLS SSM retrievals with ground obser-
vations is not significant (Table 1). More often than not, at
PRG and CDM stations, the CAROLS SSM retrievals are
lower than the in situ data (Fig. 4). However, PRG presents
one SSM retrieval much higher than the in situ observations,
and the mean bias is slightly negative, in conjunction with a
high SDD value of 0.18 m3 m−3.
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Fig. 4. Temporal variability of the SSM measured by the SMOSMANIA stations (black line) and of the CAROLS SSM (red dots with std
error bars): SBR – Sabres, URG – Urgons, CRD – Créon d’Armagnac, PRG – Peyrusse-Grande, CDM – Condom, LHS – Lahas, SVN –
Savenes, MNT – Montaut, SFL – Saint-Félix de Lauragais, MTM – Mouthoumet, LZC – Lézignan-Corbìeres, NBN – Narbonne.

The most marked CAROLS biases (0.19 m3 m−3 and
−0.16 m3 m−3) vs. in situ observations are observed for the
Urgons (URG) and Savenes (SVN) stations. As both sta-
tions are far from the CAROLS flight transect, it is likely
that the station soil properties differ from those seen by
the L-band radiometer. This explanation does not hold for
the Montaut (MNT) station, which presents a marked bias
(0.12 m3 m−3) while lying very close to the CAROLS tran-
sect. Moreover, the highest Pearson correlation coefficient

(r = 0.82) is obtained for this station. The MNT station is lo-
cated in a hilly area, and while the SSM in situ measurements
at this station represent well the SSM temporal variability of
the area, topographical effects impact the spatial variability
of SSM.

In Table 1, the CAROLS SSM retrievals are com-
pared, also, with the ISBA-A-gs SSM simulations at the
8 km× 8 km grid cells covering the SMOSMANIA stations.
For the sake of comparison, they are compared with the in
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situ observations. CAROLS presents fair correlations with
ISBA-A-gs for all the stations. While, for the eastern sta-
tions (MNT, SFL, MTM, NBN), the CAROLS SSM corre-
lates better with the in situ observations than ISBA-A-gs,
systematically higher SDD values are obtained with CAR-
OLS. On average, the CAROLS SDD scores are higher than
0.08 m3 m−3. The ISBA-A-gs SSM is closer to the in situ ob-
servations, with SDD = 0.052 m3 m−3, on average. The lower
average SDD between the model and in situ observations
is associated with a better average correlation (0.62, against
0.57 for CAROLS).

3.2 Observed and modelled spatial and temporal
variability of biophysical variables along the
CAROLS transect

The ISBA-A-gs LSM simulates SSM, together with the root-
zone soil moisture, as prognostic variables. Also, the vege-
tation growth component of the model provides LAI simu-
lations. The simulated SSM and LAI are expected to corre-
late with the SSM and VOD values retrieved from the CAR-
OLS Tb, both temporally and spatially. Figure 5 presents
the SSM and LAI time series simulated by ISBA-A-gs, to-
gether with the precipitation provided by SAFRAN, over
the Atlantic-Mediterranean transect (Fig. 1), for the 2009–
2010 period. The three regions described in Sect. 2.1.2 can
be distinguished in both SSM and LAI time series. Higher
SSM values are simulated for the Garonne central part of the
transect, in relation to a higher soil water holding capacity.
Higher LAI values are simulated over the Atlantic evergreen
Les Landes pine forest, at the western part of the transect
(3.5 m2 m−2 in April, at the beginning of the 2009 and 2010
CAROLS campaigns, and close to 5 m2 m−2 at the end of
May 2009 and June 2010). In the central and eastern parts of
the transect, the simulated LAI varies between 1.1 m2 m−2

and 4 m2 m−2, from the beginning to the end of the 2009 and
2010 CAROLS campaigns. The simulated leaf onset varies
from the end of February in Les Landes forest to the end
of March in other areas. Figure 5 also shows the satellite-
derived LAI values. The latter present lower and smoother
annual peak values than the simulated LAI.

3.2.1 Surface soil moisture

The various CAROLS flights permitted the sampling of a
large range of SSM conditions, as illustrated by the SSM
values simulated by ISBA-A-gs in Fig. 5. The first CAROLS
flight on 28 April 2009 took place at the end of a marked
rainfall episode. For this date, the retrieved SSM was high
and exceeded 0.40 m3 m−3 at the central part of the transect.
The end of the 2009 campaign was relatively dry, and the
last rainfall events (24–26 May 2009) triggered an increase
of the retrieved SSM in the central part of transect only. In
2010 two marked rainfall episodes occurred from 29 April to
14 May and from 6 June to 19 June. At the end of May 2010,

Fig. 5. Spatial and temporal variability of(A) precipitation
(SAFRAN reanalysis),(B) ISBA-A-gs surface soil moisture and
(C) ISBA-A-gs and satellite-derived LAI (solid and dashed lines,
respectively), during the 2009–2010 period, over the three regions
covered by the CAROLS Atlantic-Mediterranean transect (Atlantic,
Garonne, Mediterranean). Monthly values are plotted.

more local precipitation events took place in different parts
of the transect.

Figure 6 presents the retrieved CAROLS SSM along
the Atlantic-Mediterranean transect in contrasting 2009 and
2010 conditions (end of April and end of May), together with
the SSM simulated by ISBA-A-gs. At the end of April, the
CAROLS SSM values observed in 2009 are systematically
higher than the 2010 values. At the end of May, the CAR-
OLS SSM is higher in 2009 close to the Atlantic coast and
for the eastern part of the transect, and lower at the central
part of the transect. The same differences between 2010 and
2009 can be observed in Fig. 6 for the simulated SSM. Also,
the spatial distribution of the CAROLS SSM measurements
is in good agreement with that of the modelled SSM. The
lowest SSM values are observed in the forested Atlantic part
of the transect and close to the Mediterranean coast. Table 2
shows that the spatial correlation between the two datasets is
significant (p-value< 0.05) for all 20 flights, with correlation
coefficients ranging from 0.36 to 0.85 and root mean square
differences (RMSD) ranging from 0.05 to 0.20 m3 m−3. On
average, RMSD = 0.083 m3 m−3 and SDD = 0.066 m3 m−3.
For 14 flights out of 20, there is a very good agreement (p-
value< 0.001) between the CAROLS and ISBA-A-gs SSM
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Table 2.Spatial correlation coefficient (R), p-value, RMSD and SDD (m3 m−3 for SSM) and number of grid cells taken for score calculation
(Nobs) between ISBA-A-gs and CAROLS SSM and VOD for 20 flights in 2009 and 2010.

SSM VOD

Date R p-value RMSD SDD R p-value RMSD SDD Nobs
(m3 m−3) (m3 m−3) (−) (−)

28 Apr 2009 0.37 ∗∗ 0.084 0.083 0.57 ∗∗∗∗ 0.056 0.055 67
15 May 2009 0.61 ∗∗∗∗ 0.098 0.073 0.48 ∗∗∗∗ 0.079 0.053 68
18 May 2009 0.61 ∗∗∗ 0.066 0.065 0.57 ∗∗∗ 0.063 0.058 40
20 May 2009 0.56 ∗∗ 0.056 0.052 0.55 ∗∗ 0.080 0.064 33
26 May 2009 0.37 ∗ 0.092 0.067 0.48 ∗∗∗ 0.077 0.066 48
27 May 2009 0.57 ∗∗∗∗ 0.070 0.063 0.49 ∗∗∗∗ 0.075 0.058 67
15 Apr 2010 0.41 ∗∗ 0.077 0.067 0.56 ∗∗∗∗ 0.052 0.051 68
28 Apr 2010 0.36 ∗∗ 0.059 0.050 0.61 ∗∗∗∗ 0.055 0.055 68
3 May 2010 0.38 ∗ 0.197 0.137 0.01 NS 0.218 0.126 60
9 May 2010 0.61 ∗∗∗∗ 0.088 0.068 0.43 ∗∗∗ 0.081 0.081 66
21 May 2010 0.70 ∗∗∗∗ 0.061 0.059 0.38 ∗∗∗ 0.064 0.060 68
26 May 2010 0.85 ∗∗∗∗ 0.074 0.062 0.32 ∗ 0.082 0.080 57
31 May 2010 0.43 ∗∗∗ 0.084 0.076 0.51 ∗∗∗∗ 0.077 0.052 71
4 Jun 2010 0.74 ∗∗∗∗ 0.061 0.042 0.61 ∗∗∗∗ 0.083 0.048 66
8 Jun 2010 0.52 ∗∗∗ 0.101 0.063 0.18 NS 0.120 0.094 70
13 Jun 2010 0.80 ∗∗∗∗ 0.088 0.079 0.37 ∗∗ 0.074 0.055 73
18 Jun 2010 0.65 ∗∗∗∗ 0.086 0.085 0.31 ∗∗ 0.089 0.066 69
22 Jun 2010 0.78 ∗∗∗∗ 0.106 0.060 0.48 ∗∗∗∗ 0.066 0.056 76
26 Jun 2010 0.70 ∗∗∗∗ 0.066 0.028 −0.17 NS 0.154 0.037 62/22
1 Jul 2010 0.80 ∗∗∗∗ 0.049 0.040 0.57 ∗∗∗∗ 0.082 0.046 65

Average 0.59 – 0.083 0.066 0.49 – 0.073 0.059 –

∗, ∗∗, ∗∗∗, ∗∗∗∗ stand for p-value between 0.05 and 0.01, between 0.01 and 0.001, between 0.001 and 0.0001 and below 0.0001, respectively. Note
that only 22 ISBA-A-gs grid cells presented successful VOD retrievals on 26 June 2010. The average significant score values are indicated.

Fig. 6.Flight transect of the surface soil moisture from(A, B) CAROLS retrievals and from(C, D) ISBA-A-gs simulations, at(A, C) the end
of April 2010, and(B, D) the end of May 2010.
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Fig. 7. Flight transect of(A, B) the vegetation optical thickness (VOD) retrieved from CAROLS Tb and of(C, D) the ISBA-A-gs LAI
simulations, at(A, C) the end of April 2010, and(B, D) the end of May 2010.

spatial distribution, withr ranging from 0.43 to 0.85. For
these flights, the mean SDD value is 0.062 m3 m−3. The six
remaining CAROLS SSM transects do not correlate very
well with the simulated SSM and present higher p-values:
28 April 2009, 20 May 2009, 26 May 2009, 15 April 2010,
28 April 2010, and 3 May 2010. Figure 6 illustrates the dis-
agreement between the simulated and observed SSM spa-
tial patterns on 28 April 2009 and 28 April 2010. For these
dates, the CAROLS retrievals present a more pronounced
spatial variability than the simulations. This discrepancy can
be caused by uncertainties in both retrievals and simulations.

3.2.2 LAI and VOD

The VOD values retrieved from CAROLS Tb range
from 0.05 to 0.35. The highest VOD values are found in
forested areas, presenting an average VOD value of 0.2. The
arable lands are characterised by relatively low VOD val-
ues varying between 0.05 and 0.15. Figure 7 shows that
the ISBA-A-gs simulated LAI increases sharply in 2009
and in 2010, from the end of April to the end of May,
from 0.8 m2 m−2 in Les Landes forest to 1.2 m2 m−2 in
the other parts of the transect. In 2010, the airborne cam-
paign lasted 2.5 months and the simulated LAI increases,
on average, from about 2 m2 m−2 in Les Landes forest, to
2.6 m2 m−2 in the central agricultural part of the transect, and
to 1.8 m2 m−2 in the eastern Mediterranean part. However,
the CAROLS VOD retrievals do not show marked changes
during these periods. For most grid cells, the temporal

variability of the retrieved VOD, either seasonal or interan-
nual, is very low and not significant (Fig. 7).

In spite of the lack of temporal correlation between the
CAROLS VOD and the ISBA-A-gs LAI, the spatial correla-
tion between the two quantities is significant for 19 flights,
with r ranging from 0.34 to 0.85 (not shown). The slope of
this relationship changes with time (Fig. 8), decreasing from
April to July (Table 3). The comparison of the VOD spatial
distribution with the 10-day satellite-derived LAI confirms
this tendency (Fig. 8). However, in this case the spatial cor-
relation is significant at the end of the 2010 campaign only.

For the same flights, a significant correlation is found be-
tween the VWC derived from the ISBA-A-gs simulations
(Eq. 3) and the VOD derived from the CAROLS observa-
tions. Inverting Eq. (4) for these flights, mean values of
bhigh = 0.16± 0.03 m2 kg−1 and blow = 0.09± 0.07 m2 kg−1

are obtained. The spatial correlation between the CAR-
OLS VOD and the aggregated model-derived VOD is sig-
nificant for 17 flights, with correlation coefficients vary-
ing from 0.31 to 0.61 (Fig. 8 and Table 2). The mean
SDD value is 0.059. Highly significant correlations (p-
value< 0.001) are found for 13 flights. For these flights,
the mean SDD value is 0.057. Seven CAROLS VOD tran-
sects do not correlate very well with the simulated VOD
and present higher p-values: 20 May 2009, 3 May 2010,
26 May 2010, 8 June 2010, 13 June 2010, 18 June 2010,
26 June 2010. Among them, only two are associated with
rather poor SSM spatial correlations: 20 May 2009 and
3 May 2010. For these two flights, the CAROLS observations
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Fig. 8.Spatial correlation between the CAROLS VOD and(A) the ISBA-A-gs LAI,(B) the satellite-derived LAI, and(C) the VOD estimated
from the ISBA-A-gs LAI and the forest fraction from ECOCLIMAP-II using the sameblow parameter 0.09 for three dates in 2010 (from left
to right): 15 April, 4 June, 1 July. The solid lines on plots(A) and(B) represent linear regression lines with forced zero intercept.

Table 3.Spatial correlation coefficient (R), p-value, RMSD, and the
slopes of the regression lines (Fig. 8) between ISBA-A-gs/satellite
derived LAI and the CAROLS VOD.

Date R p-value RMSD slope

ISBA-A-gs LAI

15 Apr 2010 0.48 ∗∗∗∗ 1.48 0.096
4 Jun 2010 0.48 ∗∗∗∗ 3.44 0.039
1 Jul 2010 0.44 ∗∗∗ 4.03 0.037

Satellite-derived LAI

15 Apr 2010 – NS 1.46 0.091
4 Jun 2010 0.02 NS 2.23 0.056
1 Jul 2010 0.70 ∗∗∗∗ 2.32 0.063

∗∗, ∗∗∗, ∗∗∗∗ stand for p-value between 0.01 and 0.001,
between 0.001 and 0.0001 and below 0.0001, respectively. The linear
regression, with forced zero intercept (Fig. 8), fails for the flight of
15 April 2010.

were markedly affected by RFI along the whole transect,
and it is likely that the filtering technique described in
Sect. 2.1.4 was not able to screen out all the perturbations.
On 8 June 2010, the RFI affected two zones in the middle
of the transect. They were not that strong and did not stop
the retrieval of either SSM or VOD values, but they affected

the retrieval accuracy, especially for VOD. On 26 June 2010,
only 22 CAROLS VOD retrievals were successful, mainly at
the westernmost and easternmost parts of the transect. Fig-
ure 9 shows that the spatial distribution of the CAROLS VOD
retrievals aggregated at the grid-cell level is consistent with
the simulated VOD for high vegetation. From 28 April 2010
to 4 June 2010, the simulated VOD for low vegetation in-
creases significantly and this increase does not appear in the
CAROLS VOD retrievals.

3.3 Small-scale spatial heterogeneity of SSM and VOD

In order to assess the local heterogeneity of SSM and
VOD, we calculated and analysed the standard deviation
(std) of the CAROLS retrievals within each ISBA-A-gs
grid cell, using the oversampling capability of the in-
strument (see Sect. 2.4). For 83 % of the model’s grid
cells std(SSM) and std(VOD) present relatively low values:
std(SSM)≤ 0.05 m3 m−3 and std(VOD)≤ 0.05. High values
of std(SSM) and std(VOD) are found for 5 % of the model’s
grid cells: std(SSM)> 0.08 m3 m−3 and std(VOD)> 0.08.
The grid cells presenting the highest sub-grid variability are
found on the western part of the transect, in Les Landes forest
area. In the central part of the transect, they are found close
to the Auch city (between Peyrusse and Lahas in Fig. 1), and
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Fig. 9. Along-track variability of the CAROLS VOD and the VOD
estimated using the ISBA-A-gs LAI of low vegetation, and the for-
est fraction from ECOCLIMAP-II andb parameter = 0.09 for low
vegetation and 0.16 for high vegetation, for(A) 28 April 2010 and
(B) 4 June 2010.

close to the Garonne River valley. In the eastern part of the
transect, they are found in the hilly areas with a high fraction
of bare soil and deciduous forests.

4 Discussion

4.1 Causes of mismatch between SSM estimates

The CAROLS SSM retrievals may present significant biases
with respect to the in situ SMOSMANIA observations (Ta-
ble 1 and Fig. 4), and to the ISBA-A-gs simulations (Fig. 6).
Part of these differences may be caused by the spatial het-
erogeneity of SSM, which is not fully represented in any of
the SSM estimates considered in this study (Sect. 3.3). Also,
as shown by Fig. 10, large-scale geographic patterns, such
as soil texture and vegetation types, may trigger systematic
differences in the representation of soil moisture.

The CAROLS transect is very long (385 km), and sam-
pling soil moisture using ground observations over the whole
transect was not feasible. This is why sparse automatic
ground observations were associated with simulated SSM
values in this study. However, during the campaign, an ef-
fort was made to perform additional manual SSM observa-
tions at three contrasting sites (Le Mona, Lahage and Berat)

close to the Lahas SMOSMANIA station, for nine CAROLS
flights (3 in 2009 and 6 in 2010). These data were compared
with the CAROLS Tb by Albergel et al. (2011). They found
that the average SSM at each site correlated well with CAR-
OLS retrievals based on semi-empirical statistical relation-
ships, except for the Berat agricultural site. Indeed, this site
was less representative of the area where distributed in situ
measurements were taken, as it consisted of large flat maize
fields with mainly bare soil in April and May, and rapidly
growing maize in June. More research is needed to analyse
the CAROLS observations over these sites. In particular, the
SSM observations made over hilly terrain at the Le Mona site
could be used to investigate the impact of topography on the
spatial variation of SSM (Yang et al., 2012).

Along the Atlantic-Mediterranean CAROLS transect, the
SSM difference between CAROLS and the ISBA-A-gs
model is consistent with the CAROLS SSM departure from
the in situ observations. This indicates that the CAROLS
SSM retrievals behave differently from the other two SSM
estimates. Although the mean bias (of 20 flights) between
the CAROLS and ISBA-A-gs SSM is low and equal to
−0.02 m3 m−3, it presents a high spatial variability with a
standard deviation of 0.07 m3 m−3. The same spatial dis-
tribution of the bias is observed for all the flights (not
shown). The best agreement between airborne measure-
ments and model simulations is found in the Mediterranean
part of the transect with an average bias between these
datasets less than 0.01 m3 m−3. In the Armagnac region at
the western part of the transect, between 0.5◦ W and 1◦ E,
the CAROLS SSM retrievals are constantly lower, of about
−0.06 m3 m−3, on average. On the other hand, a positive bias
of about 0.05 m3 m−3 is observed over the Garonne River
valley at the centre of the transect, between 1◦ E and 1.5◦ E.
This area is characterised by the highest discrepancy between
the CAROLS and ISBA-A-gs SSM estimates, and the maxi-
mal difference can reach 0.38 m3 m−3. It must be noted that,
although physical and statistical filters were applied to the
CAROLS dataset in order to mitigate the perturbing factors
(see Sects. 2.1.4 and 2.3), the influence on SSM of open wa-
ters like river channels or small ponds has not been fully
eliminated (Sect. 3.3). Using high-resolution Landsat Geo-
Cover Mosaic images, it was checked that areas with indi-
vidual SSM reaching 0.5 m3 m−3 in Fig. 2 correspond to re-
gions presenting a high density of small water bodies. Also,
the lower CAROLS SSM values in the western part of the
transect may be the signature of possible unfiltered low-level
RFI. These perturbing factors can also be an issue for SMOS.
The physical filter used in this study cannot be applied to
SMOS since valid SMOS observations close to nadir are
scarce. The statistical approach could be used for SMOS Tb
filtering, provided specific threshold curves are developed.
Indeed, the threshold curve of Fig. 3 is valid for an incidence
angle of 33.5◦ and cannot be used at other incidence angles.
Also, the threshold curve is valid for southwestern France
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Fig. 10.Spatial variability(A) of the CAROLS minus ISBA-A-gs (crosses) and CAROLS minus SMOSMANIA (dots) bias averaged for 20
flights; (B)sand (black) and clay (red) fraction used for ISBA-A-gs simulations (line) and CAROLS retrievals (dots);(C) fraction of surface
types (bare soil, broadleaf deciduous forest, coniferous evergreen forest, C3 crops, rainfed maize, irrigated maize, grasslands, wetlands) from
ECOCLIMAP-II.

and it is likely that performing the same exercise in other re-
gions of the globe would give different results.

To some extent, the large-scale spatial patterns in the
CAROLS/ISBA-A-gs SSM bias (Fig. 10) can be explained
by uncertainties related to the L-MEB inversion process. In-
deed, key processes affecting the microwave emission are not
represented, such as the topography and its impact on the an-
gular signature of Tb and on the spatial distribution of soil
moisture. Also, a number of studies have shown that it is
difficult to represent litters in L-MEB (Saleh et al., 2006a,
2007). The latter factor may affect all the vegetation types,
but grasslands and forests tend to favour the formation of a

litter. Finally, soil roughness may vary from one vegetation
type to another, and also within a given vegetation type. Fig-
ure 10 suggests that high values of either the sand propor-
tion of the soil or the fraction of forest tend to match the
areas where the CAROLS SSM values are lower than the
simulated ones. This may denote the limit of using the single
Eq. (1) to represent soil roughness over all the CAROLS tran-
sect. Pard́e et al. (2011b) have shown that the accuracy of the
soil moisture retrieval from CAROLS Tb observations can be
improved, up to 0.053 m3 m−3, through local soil roughness
calibration.
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Fig. 11.Temporal variation of theb parameter (in units of m2 kg−1)
for high and low vegetation. Time is in day of year (DOY)
2010. Forbhigh the correlation is insignificant withr =−0.37; for
blow the correlation is significant (p-value = 0.0003 andr =−0.85);
the trend inblow is significant at the 0.1 % level and equal to
−0.0012 m2 kg−1 day−1.

The same kind of problem may exist in the ISBA-A-gs
simulations. However, the main factors affecting SSM are
accounted for by the model. The maximum SSM and the
rate at which SSM varies after a rain, in relation to the root-
zone soil moisture value, depend on pedotransfer functions
driven by soil characteristics such as soil texture (Noilhan
and Lacarr̀ere, 1995). The model uses a map of soil proper-
ties and represents the interception of rain by the vegetation.

4.2 L-bandb values through time and vegetation covers

The b parameter for low vegetation obtained in this
study (blow = 0.09± 0.07 m2 kg−1) is close to the value
0.12± 0.03 m2 kg−1 that was found to be representative
of most agricultural crops by Wigneron et al. (2007). On
the other hand, the estimatedb parameter for high vegeta-
tion (bhigh = 0.16± 0.03 m2 kg−1) is lower than the value of
0.33 m2 kg−1 reported in Pellarin et al. (2003a), or than the
range of values (0.26 to 0.34 m2 kg−1) used to retrieve VOD
of high vegetation from SMOS measurements (Kerr et al.,
2001). Moreover, Fig. 8 and Table 3 show that the CAROLS
VOD retrievals correlate with both LAI observations and ag-
gregated LAI simulations, and that the VOD sensitivity to
LAI (either observed or modelled) tends to decrease along
the growing season.

The model simulations permit the analysis of the sub-grid
variability of theb parameter and to distinguish the temporal
evolution ofblow andbhigh (Fig. 11). Indeed, forest VOD val-
ues are generally not correlated with LAI (e.g. Grant et al.,
2008). In particular, the simulated forest VOD does not de-
pend on LAI (Eqs. 3b, and 4b) and does not present seasonal
variations. The use of the ECOCLIMAP-II land cover infor-
mation permits the simulation of separate contributions of
low vegetation and forests to the simulated VOD (Figs. 8–9).

While the flight to flight variability ofbhigh is small, theblow
values present a significant seasonal trend (Fig. 11) and range
from values close to 0.15 m2 kg−1 in April, to values close
to 0.05 m2 kg−1 in summertime. Theblow trend is signifi-
cant and equal to−0.0012 m2 kg−1 day−1. The decrease of
blow during the vegetation period compensates for the rise in
VWC, and this may explain the absence of significant tempo-
ral variability in the CAROLS VOD retrievals (Figs. 7 and 9).

It must be noted that the ISBA-A-gs model simulates the
green LAI, and that Eq. (3a) was derived by Pellarin et
al. (2003b) from field data over a variety of crops, with a
VWC to LAI ratio of 0.5 kg m−2. For the SMOSREX grass-
land, de Rosnay et al. (2006) and Saleh et al. (2006b) found
very good correlations between the green vegetation VWC
and the green LAI (r2 close to 0.9), with VWC to LAI ra-
tio values ranging between 0.3 and 0.4 LAI kg m−2. An at-
tempt was made (not shown) to use such values for grass-
lands in deriving VOD estimates from ISBA-A-gs simula-
tions. This tended to degrade the scores presented in Table 2
for the VOD spatial correlation. Therefore, the same value of
0.5 kg m−2 (Eq. 3a) was used for both grasslands and crops.
The presence of dead vegetation residues may affect VWC
and tends to reduce the correlation of VWC with LAI (de
Rosnay et al., 2006). In this study, we focused on the plant
growing period, and it was assumed that most low vegetation
covers consisted of green vegetation.

Overall, this study tends to confirm that the L-band VOD
relationship with vegetation characteristics is less straight-
forward than at C-band or X-band. In addition to the reduced
sensitivity to VWC, the L-bandb value is found to present a
seasonal variability for low vegetation canopies. This finding
is consistent with the microwave observations over a wheat
field analysed by Wigneron et al. (1996). The L-bandb val-
ues given by Wigneron et al. (1996) for a wheat field range
from 0.125 m2 kg−1 for green vegetation at the start of the
growing season, to 0.040 m2 kg−1 at the end of June. Ex-
pressingb asb =Aε′′

Sf (see Sect. 1), this could be explained
by changes in the value of theA coefficient, related to the
canopy structure, and to leaf microwave properties, from the
growing phase to the senescence.

4.3 Impact of surface conditions on the retrievals

Overall, SSM SDD values and to a lesser extent VOD SDD
values tend to increase in wet conditions. Figure 12 shows
that the SSM SDD is significantly correlated with the CAR-
OLS SSM (r2 = 0.44, p-value< 0.01). For VOD, no signif-
icant trend is observed (r2 = 0.10). This is consistent with
the findings of Pellarin et al. (2003a) regarding the L-MEB
retrievals. They showed that (1) for VOD values higher
than 0.1, the value of SSM impacts the success of the SSM
retrievals, and (2) the retrieval performance is lower in wet
conditions. Indeed, the weaker L-band emission of a wet
soil is more easily attenuated by the vegetation. This study
confirms that surface conditions have to be accounted for in
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Fig. 12. Impact of SSM conditions (as observed by CAROLS) on
the spatial standard deviation of differences (SDD) between the
CAROLS SSM and VOD and the simulated values (Table 2, only
for p-value< 0.05).

assessing the uncertainty of the SMOS SSM and VOD re-
trievals (Wigneron et al., 2000).

5 Conclusions

In this paper we have presented an analysis of the data ac-
quired during the CAROLS flights that took place in south-
western France between the Atlantic and the Mediterranean
coasts, in April–May 2009 and in April–July 2010. These
data were acquired to validate the retrieval algorithm used
for the L2 SMOS SSM processing, and to investigate the ac-
curacy of L-band soil moisture sensing over a large area pre-
senting variable soil and vegetation conditions.

The microwave L-band Tb were affected by RFI. A post-
processing filtering, based on the TbH vs. TbV analysis at
nadir and slant-looking angles, improved the SSM and VOD
retrievals. After applying this filtering, a significant (at the
1 % level) temporal correlation between the airborne SSM
and in situ SSM observations was achieved at 6 locations (out
of 11), with r values ranging from 0.62 to 0.82, and SDD
values ranging from 0.039 to 0.105 m3 m−3. Moreover, the
spatial variability of the airborne SSM and VOD retrievals
was consistent with the ISBA-A-gs simulations. For 18 out
of 20 flights, the spatial correlation between ISBA-A-gs and
CAROLS SSM was significant at the 1 % level, withr and
SDD values ranging between 0.36 and 0.85 and between
0.028 and 0.085 m3 m−3, respectively.

The sub-grid variability of CAROLS SSM and VOD
within ISBA-A-gs grid cells was relatively low. Along the
Atlantic-Mediterranean transect, 83 % of ISBA grid cells
presented a spatial variability of CAROLS SSM retrievals
lower than 0.05 m3 m−3, a figure comparable with the accu-
racy acceptable for remotely sensed SSM estimates (Walker
and Houser, 2004). It was found that small water bodies
(100–300 m in length) had a significant impact on the CAR-
OLS measurements.

The results of this work show the potential of the L-band
to monitor SSM over large regions. On the other hand, the

L-MEB optimisation technique depends on hypotheses, par-
ticularly on soil roughness, and this may affect the quality
of the SSM retrievals. Also, it is shown that deriving VWC
estimates from VOD retrievals is difficult, because forest and
herbaceous vegetation present contrasting VWC responses to
VOD. Finally, it was found that theb parameter for low veg-
etation may present a seasonal variation from springtime to
summertime and this effect should be investigated further as
it is currently not accounted for in L-band microwave emis-
sion models.
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