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A B S T R A C T   

The Soil Moisture and Ocean Salinity (SMOS) satellite has been providing global data for more than 11 years. The 
algorithm to retrieve surface soil moisture (SM) and vegetation optical depth (VOD) from Brightness Temper
atures (TB) has constantly evolved as our understanding of the instrument and of the responses to various 
ecosystems increased. The evolution of the radiative transfer modelling used in the inversion process is in part 
based upon ground measurements done on experimental sites. We present the particular case of an L-band 
radiometer placed on top of a 800- meter-high cliff. This design allows us to study large and various scenes when 
compared to classical experiments where a radiometer is placed 10–20 m above a surface. With our set up, the 
footprints cover areas larger than 300 m in diameter, covering thus several land use types and the footprint can 
be directed towards different dominant land classes (forest, crops, urban etc…). This paper presents the whole set 
up consisting of in situ measurements (soil moisture and surface temperatures) and L-band radiometry acquired 
by the LEWIS instrument at high incidence angles. We perform SM/VOD retrievals from brightness temperatures 
using various configurations which are compared to the in situ observations. We test in particular a 2-VOD 
retrieval approach that consists in deriving one SM for the entire scene but two VOD, one for agricultural/low 
vegetation and a VOD for the forest parts, which improves the performance of the SM/VOD retrievals.   

1. Introduction 

Surface Soil Moisture (SM) is a key variable that controls the in
teractions between the hydrosphere, the biosphere and the atmosphere, 
as it drives both soil evaporation and plant transpiration. The impor
tance of soil moisture was showed for climate change (Douville and 
Chauvin, 2000), surface atmosphere interactions (Koster et al., 2004), 
weather forecast (Drusch, 2007) and agriculture applications (Chakra
barti et al., 2014). 

Remote sensing acquired in the microwave domain, and in 
particular the lower frequencies, has demonstrated a quantitative 
ability to measure surface soil moisture under a variety of surface 
conditions (Jackson, 1993; Njoku and Entekhabi, 1996; Wigneron 
et al., 2003). The high sensitivity to water of the Brightness Temper
ature (TB) measurements acquired in the protected microwave range 
of 1–2 GHz (L-band) make them suitable for surface soil moisture 

observations. Recently, two satellite missions were launched for soil 
moisture observation purposes: (i) the European Space Agency (ESA) / 
Centre National d’Etudes Spatiales (CNES) ’s Soil Moisture Ocean 
Salinity (SMOS) satellite (Kerr et al., 2001) launched in November 
2009 and (ii) the National Aeronautics and Space Administration 
(NASA) ’s Soil Moisture Active and Passive (SMAP) satellite (Ente
khabi et al., 2010) launched in January 2015. 

SMOS acquires TB at various incidence angles which enables to 
derive a surface soil moisture and a Vegetation Optical Depth (VOD). 
The retrieval algorithm is based on the L-band Microwave Emission of 
the Biosphere (L-MEB) radiative transfert model updated through 
extensive reviews of state of the art development of the microwave 
emission of various land cover types (Wigneron et al., 2007; Wigneron 
et al., 2017; Kerr et al., 2012). Retrieval algorithms were developed and 
calibrated using data collected over various land conditions from either 
tower-based experiments (De Rosnay (2015)) with the drawback of 
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observing small areas (unique land cover), or airborne campaigns 
(Bircher et al. (2012)) which does not allow long time series of 
observations. 

An experimental site was then specially set up to study heteroge
neous areas observed by a radiometer as it is the case for the satellite 
sensor. This paper presents the ”SMOS-Alps” site located in the French 
Alps where the LEWIS (L-band radiometer for Estimating Water In Soil) 
radiometer (Lemaître et al., 2004) is installed on the ridge of a cliff to 
measure the L-band emission of the valley. This set-up enables to use 
incidence angles higher than 55o that are excluded from SMOS retrieval 
(Kerr et al., 2012). 

This work focuses on the experimental set-up the dataset acquired 
during the 2015 experiment with the aim of addressing two objectives: 
(i) consider TB acquired at high incidence angles (ii) evaluate SM-VOD 
retrievals over heterogeneous scenes. Current SMOS algorithms, i.e. 
SMOS-IC (Fernandez-Moran et al., 2017) and ESA level 2 (Kerr et al., 
2010), are used as well as a special configuration with one derived SM 
and two derived VOD par scenes. 

2. Experimental set-up 

2.1. Radiometer experiment 

Saint Hilaire du Touvet is located North of Grenoble in the French 
Alps, where the LEWIS instrument was installed on the ridge of a cliff at 
an altitude of 1030 m to acquire TB at L-band of different sites down in 
the flat valley 800 m below. The main specifications of the instrument 
are reported in Table 1 (Lemaı̌tre et al., 2004). The difference in altitude 
led to large footprints (∼ 200–500 m) which were composed with 
various landcovers. In order to avoid obstruction by the cliff where it 
overhung, LEWIS observed the scenes with a relatively high incidence 
angle (Table 2). Five scenes of interest were selected, referred-to as 
LAKE, CENTER, FARM, FOREST and CITY (Fig. 1), and were monitored 
continuously. Each acquisitions were done with a 8 s integration time to 
maximise sensitivity. Each scene were monitored three consecutive 
integration time (3 x 8 s) before the instrument moved to the next 
scenes. An optical camera and a pyrometer were mounted alongside the 
radiometer to take images of the observed scenes and their skin tem
peratures (pyrometer KT19.85 9.6 − 11.5 m). 

This paper focuses on the LAKE, CENTER and FARM scenes. The 
CITY scene was not studied as no dielectric model was available yet for 
such scenes. The FOREST scene was located at the bottom of the cliff and 
presented high topography effects which was also out of the scope of the 
present study. Fig. 2 presents a sample of TB time series measured in 
2015 for the LAKE scene, H and V polarizations as well as the skin 
temperature measured by the KT19 sensor. 

2.2. In situ data 

Three sites (Fig. 4) were selected in the valley to collect in situ soil 
moisture and temperature data. At each site, soil moisture were 
measured at 5 cm, 10 cm, 20 cm, 30 cm and 50 cm soil depths every 15 
min. Soil moisture at site 1 were measured with Delta-T devices since 
April 2, 2014. The sites 2 and 3 were equipped with decagon CS650 
probes measuring both soil moisture and soil temperature. The probes 
were installed on June 16, 2015 at site 2 and on October 8, 2015 at site 
3. Site 1 is located close to the Antan farm included in the scene FARM. 

Site 2 was located at a border of an agricultural field and a forest while 
site 3 was located in a grassland field with a few trees near the Montfort 
pond (Fig. 4). 

Finally, air temperature and rainfall were recorded by a weather 
station installed at the in situ site 1 whereas the soil clay/sand content 
were measured at each site as reported in Table 3. Fig. 3 presents the SM 
at a 5-cm depth for each sites along with the rainfall. 

2.3. Land cover classification 

The land cover classification was derived from the Cartes d’Occu
pation des SOls (OSO) for 2018 (Inglada et al., 2017). The OSO maps 
were produced and delivered by the Centre d’Expertise Scientifique sur 
l’occupation des sols (CES OSO), which is part of Theia national center 
for data and services on continental surfaces. The maps were provided at 
a ten-meter spatial resolution and classify the land cover into 23 cate
gories over France. We used the map of 2018 (Fig. 4). 

2.4. NDVI 

The Normalized Difference Vegetation Index (NDVI) was used to 
quantify vegetation greenness and was useful for understanding vege
tation seasonal evolution. The NDVI was computed as the difference 
between near-infrared (NIR) and red (R) reflectance divided by their 
sum as follows: 

NDVI =
NIR − R
NIR + R

(1)  

The NDVI ranges between − 1 and  + 1. Higher values refer to active and 
dense vegetation, whereas lower positive NDVI values are characteristic 
of stressed or sparse vegetation. It was derived from the Sentinel-2 
mission which was launched June, 23 2015. Optical data were pro
vided with a spatial resolution of 10 m and a revisiting time of five days. 
The NDVI was computed from level 2A data distributed by Theia land 
data center. The level 2A products were corrected from atmospheric and 
slope contributions, and were generated using the MAJA algorithm 
(Hagolle et al., 2015). Cloud and cloud shadow masks were used to 
exclude non-valid values. 

3. Method 

Our objectives were to evaluate SM/VOD retrievals from TB acquired 
by the LEWIS radiometer at high incidence angles and over the scenes 
named LAKE, CENTER and FARM. To do so, modeled TB were firstly 
obtained using in situ information and the radiative transfer model L- 
MEB (Section 3.1). Secondly, three SM/VOD retrievals were performed. 
They were based on minimizing a cost function (Section 3.2) but differed 
from each other such as: (1) V0 considered the scene as homogeneous, so 
one SM and one VOD were retrieved; (2) V1 considered the scene as 
heterogeneous, one SM and two VOD were retrieved (one for forest and 
one for lower vegetation such as crops, grass, etc) (3) V2 considered the 
scene as heterogeneous, one SM and one VOD were retrieved for the low 

Table 1 
Lewis radiometer features.  

Frequency Beamwidth Orientation Accuracy Integration 
time 

Calibration 

L-band 13.6o azimuth < 0.5 K 2s deep sky 
1.4 GHz  elevation   TBH  = 6.7, 

TBV = 5.8  

Table 2 
Scenes features.  

Name Incidence Information Footprint, 
Ellipse dim. 
(in m.) per 
axe 

Angle 
(o)  

semi- 
minor x 
semi- 
major 

LAKE 64 Montfort 
pond, forest 

212 × 622    

CENTER 60 forest, 
cropland 

186 × 502    

FARM 66 Antan farm 229 × 695    
FOREST 45 forest 71 × 153    
CITY 67 buildings 168 × 423     
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vegetation land cover, while the VOD for the forest contribution was set 
to a constant value. V0 was close to the SMOSIC configuration (Fer
nandez-Moran et al., 2017) while V2 tended to repesent SMOS level 2 
(Kerr et al., 2010). V1 was a particular case that was the originality of 

this work. Finally, the three retrievals (V0, V1, V2) were evaluated using 
in situ surface SM and NDVI for the L-VOD. 

3.1. Radiative transfer model 

This section presents how the modeled TB were computed using the 
radiative transfer model L-MEB (Wigneron et al., 2003). The following 
focuses on the main principles of the L-MEB as it is detailed in Wigneron 
et al. (2017). The L-MEB represents the soil as a rough surface in contact 

with a homogeneous vegetation layer, defined by the τ − ω model. The 
TB of the soil/vegetation layer is the sum of (1) the soil emission 
attenuated by the canopy, (2) the direct vegetation emission and (3) the 
vegetation emission reflected by the soil and attenuated by the canopy.  

where TG and TC are the effective soil and vegetation temperatures, 
respectively, rG is the soil reflectivity, ω is the effective scattering albedo 
accounting for volume scattering of the canopy and γ is the vegetation 
attenuation factor; p and θ are the polarization and the incidence angle 
of the observations. 

The soil reflectivity is computed by applying the Fresnel equations 
(Ulaby, 1982) to the soil permittivity, which is computed with the 
Mironov model (Mironov et al., 2013). The soil reflectivity is modified to 
account for surface roughness (Wigneron et al., 2017), which is driven 
by the parameters Hr and Qr. In this paper, values of the operational 
SMOS algorithm are considered such that HR = 0.1 over low vegetation, 
HR= 0.3 for forest, and QR = 0, NrV = 0, NrH = 2 over both low vege
tation and forest (Kerr et al., 2012). 

The vegetation attenuation factor γ(p,θ) due to the canopy, depends on 
the angle of incidence and the polarization and is expressed as: 

γp(θ) = exp(τnad
/

cosθ) (3) 

Fig. 1. a) LEWIS location on top of cliff with its field of view in the valley b) The five scenes observed by the instrument.  

Fig. 2. TB at H and V polarisation measured by LEWIS and the skin temperature sensed by the KT19 probe, in 2014 to 2017.  

Table 3 
Soil composition (sand, silt, clay and organic matters) in percentage for each in 
situ site.  

Site Sand (%) Silt (%) Clay (%) Organic Matters (%) 

1 3.1 84.6 12.3 28.5 
2 7.8 80 12.2 14.7 
3 17 73 10 19.3  

TBp(θ) = (1 − ω)(1 − γ(θ)). TC. γ(θ). rG,p(θ)+ (1 − ω)(1 − γ(θ)). TC +(1 − rG,p(θ)). γ(θ). TG (2)   
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τnad is the Vegetation Optical Depth (VOD) at nadir and is independent of 
both the angle of incidence and the polarization. ωp represents the single 
scattering albedo with ωH and ωV being both set to 0 for low vegetation 
and to 0.08 for forests (Kerr et al., 2012). 

The effective soil temperature TG is computed with Eq. 4 (Holmes 
et al., 2006): 

TG = TSoilDepth +CT . (TSoilSurf − TSoilDepth) (4)  

where TSoilDepth is the deep soil temperature (50 cm), TSoilSurf the surface 
temperature (0 to 5 cm) and CT a parameter dependent on the soil 
moisture as (SM/0.3)0.3. The effective vegetation temperature (TC) of 
the forest is considered as approximately equal to the air temperature at 

2 meters, measured at the weather station. For low vegetation, TC is 
equal to soil temperature (TC = Tsoil). 

3.2. The retrieval process 

3.2.1. General approach 
This section details the SM and VOD (τnad) retrievals which were 

derived from minimizing a cost function (Eq. 5) using a generalized 
least-squares iterative algorithm. 

∀t ∈ [dateinit : 6h : dateend], 

Fig. 3. Top) Soil moisture measured at 5 cm depth for the three sites (experiments started in April 2014 for site 1, in June 2015 for site 2 and in October 2015 for site 
3); Bottom) precipitation data measured in mm over the site 1 during 2014–2018 period. 

Fig. 4. Land cover map for 2018 in the Valley from the CES OSO (Inglada et al., 2017). White symbols marked the scene locations, the white dots stands for the 
LEWIS radiometer, whereas the black dots are the .in situ sites. 
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Costfunctiont =
∑

P=H,V

(TBlewis,t,P − TBmodel,t,P)
2

σ2
lewis

+
∑

i=sm,τnad

weightparam ×
(Paraminit,t,i − Parammodel,t,i)

2

σ2
param

+weightvariation τnad
×
(τnad,t− 1 − τnad,t)

2

σ2
variation τnad

(5)  

with TBlewis being the brightness temperatures acquired by the radiom
eter, TBmodel the modeled brightness temperatures, σlewis the radiometric 
accuracy of the radiometer (Table 4, second column), weight is the 
weight for each free parameters (SM and τnad, third column Table 4), 
σparam the accuracy of the free parameters (second column Table 4, for 
SM and τnad), weightvariation and σvariation are the weight and the accuracy 
of the temporal constraint applied on τnad (see rows ”τnad(variation)” in 
Table 4). 

The cost function (Eq. 5) was composed of three parts, one relative to 
the difference of TB (measured minus modeled), one relative to the 
derive parameters to guide the retrieval, and a last one to insure a slow 
variation of the VOD from one day to another. The last two terms of the 
cost function were meant to control the retrieval. They are used in the 
SMOS algorithms (Kerr et al., 2012) but are even more important here to 

account for the fact that only a unique incidence angle is available. The 
antenna pattern of the radiometer was taken into account for each scene 
according to the incidence angle to better reflect the surface monitored 
by the instrument. Eq. 5 is adapted for each retrievals (V0, V1 and V2) as 
indicated in Table 4. 

3.2.2. Homogeneous retrieval V0 
The retrieval V0 considered the observed scene as homogeneous, 

making the assumption that the whole footprint was covered by a 
unique landcover class. One set of parameters of the L-MEB model was 
then defined corresponding to the low vegetation class (Table 5). The 
target value for τnad was driven by a lower and an upper value and a 
strong constraint on its time variation. In average, the CENTER, LAKE 
and FARM scenes, were defined with an ω equal to 0.036, 0.030 and 
0.008, respectively. Similarly, roughness parameter Hr was set to 0.18, 
0.17 and 0.12 for the CENTER, LAKE and FARM scene. 

3.2.3. Heterogeneous retrievals V1 & V2 
The two heterogeneous cases, retrievals V1 and V2, used the OSO 

map classification to describe the landscape (Fig. 4 and Table 5). The 
OSO maps were projected onto a 10 m resolution grid and the detailed 
land classes are grouped into four main classes: low vegetation, forest, 
urban and water. For a given scene, the total brightness temperature (H, 
V) was computed as the weighted sum of the brightness temperatures of 
each pixel as in Eq. 6. 

TB =
∑npixels

p=1
wp × TBp (6)  

The weight wp of each pixel was computed using the antenna pattern of 
LEWIS. Consequently the term TBP in Eq. 6 were specified as follow: 
⎧
⎪⎪⎨

⎪⎪⎩

TBp = TBurbanif landcoverpixel = urban and built − up
TBp = TBcroplandif landcoverpixel = cropland and natural vegetation mosaic

TBp = TBforestif landcoverpixel = mixed forest
TBp = TBwaterif landcoverpixel = water  

Retrieval V1 considered one SM for the whole scene whereas four τNAD 
characterized the four main land surface classes that are low/sparse 
vegetation, forest, human-made buildings and open water. The τnad for 
water and urban were set to 0. Three parameters, i.e. one SM, one VOD 
of low vegetation, one VOD of forest, were therefore retrieved at the 
same time using parameters in Table 4. 

The last retrieval V2 was similar to V1 in terms of surface hetero
geneity. The forest contribution was however fixed and set to 0.9 as 
observed by SMOS level 2 in average for temporal forests. The retrieval 
was then done over the low vegetation fraction, so one SM and one VOD 
were derived in this configuration, which reflected the actual ESA level 2 
(Kerr et al., 2012). 

4. Results 

4.1. LAKE scene 

The LAKE scene was characterized by its land surface heterogeneity 
(37.55% of forest, 55.2% of agricultural fields, 4.7% human-built 
structures and 2% of open water, Table 5). The derived SM and VOD 
are presented in Fig. 5 for the three retrieval configurations. Retrieval 
V1 and V2 are very close (bias of 0.02 and 0.01 m3/m3, Table 6) whereas 
retrieval V0 overestimates the SM when compared to in situ conditions 
(bias equal to 0.12 m3/m3, Table 6). The constraint on the soil moisture 
is mandatory and leads to a derived SM that follows the in situ profiles. 
The cropland VOD are similar for all the retrievals (bottom Fig. 5) with 
an increase from May through out spring and summer to reach a 
maximum by the end of August. From then on, the VOD decreases. Re
trievals V1 and V2 show more dynamic and variability than V0. 

Table 4 
Coefficients used in the cost function.  

Parameters σ2  Weight Target value (=
initialization) 

bounds     

[lower–upper] 
Retrieval v0 

TB(H,V) [K]  0.5 1 TBlewis (H,V)   
SM [m3/m3] 0.1 10 SMmeasured  0–0.6 
τnad     0–1.4 
τnad (variation)  0.1 20 τnad 6 h to 12 h before   

Retrieval v1 
TB(H,V) [K]  0.5 1 TBlewis (H,V)   
SM [m3/m3] 0.1 10 SMmeasured  0–0.6 
τnad low 

vegetation  
0.2 10 mean(τnad,t− 1, 0.14)  0–0.65 

τnad forest  0.2 10 mean(τnad,t− 1, 0.9)  0–1.3 
τnad (variation)  0.1 10 τnad 6 h to 12 h before   

Retrieval v2, τnad forest  = 0.9  
TB(H,V) [K]  0.5 1 TBlewis(H,V)

SM [m3/m3] 0.1 10 SMmeasured  0–0.6 
τnad low 

vegetation  
0.2 10 mean(τnad,t− 1, 0.14)  0–0.65 

τnad (variation)  0.1 10 τnad 6 h to 12 h before    

Table 5 
Land cover percentage for the LAKE, CENTER and FARM scenes, with the an
tenna pattern weighting function applied.  

Land cover Name LAKE CENTER FARM 

deciduous tree 35.52 45.60 9.90 
meadow 21.52 21.61 40.14 
corn 18.74 9.35 13.87 
soy 6.78 7.35 8.80 
grass 5.4 2.88 1.47 
scattered urbans 3.61 5.33 20.03 
water 2.58 2.72 0.03 
conifer tree 2.03 0.41 0.39 
cereals 1.49 2.75 1.75 
sunflower 0.97 0.01 0.00 
industrial and commercial area 0.72 1.12 3.51 
road 0.28 0.24 0.04 
ligneous moor 0.19 0.56 0.00 
roots 0.17 0.05 0.01 
rape 0.00 0.00 0.05  
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Interesting is the retrieval V1 on the forest fraction for which the VOD 
shows an almost constant value with a slight seasonal dynamic. The 
hypothesis of a fixed VOD for the forest contribution, as such set in 
retrieval V2, seems justified for the case of this particular forest. 

The derived SM and VOD (Fig. 5) are also used to compute TB and so 
to evaluate the performance of the approach at the radiometer level 
(Table 6). The worst score is obtained for V0 at H polarisation (RMSE of 
11.5 K, bias of 11.4 K) suggesting that the configuration of an homo
geneous scene is not appropriate in our present case. Retrievals V1 and 
V2 both perform very well with retrieval V1 showing slightly better 
performances than retrieval V2 (Table 6). 

4.2. CENTER scene 

The derived SM over the CENTER site (Fig. 6) shows similar behavior 
to that of the LAKE scene with retrievals V1 and V2 having a slightly 
negative bias of − 0.05 m3/m3 and − 0.03 m3/m3 (Table 6). Retrieval V0 
overestimates the SM compared to in situ measurements (0.09 m3/m3) 
but the three derived SM have high correlation coefficients (higher than 
0.99). 

The VOD values evolve between 0.2 and 0.5 (bottom Fig. 6) with 
retrieval V1 and V2 having similar patterns. A maximum is observed in 
late August for the three retrievals but stable conditions are observed in 
July for retrievals V1 and V2 (croplands) which is not the case for 
retrieval V0 nor for the LAKE scene. The forest contribution (only 
derived for retrieval V1) is consistent with the one derived for the TB 
measured for the LAKE scene. It presents a reduced dynamic around a 
value of 0.9, with a maximum detected in late August, as for the 
cropland. 

4.3. FARM scene 

The FARM scene (Fig. 7) depicts more differences than the two other 
sites. The derived SM shows a wider range of values with retrieval V0 
reaching 0.6 m3/m3. This retrieval largely overestimates SM measured 
at the site except for July where V0 gives low values, which does not 
occur for retrievals V1 and V2. The causes were identified and are dis
cussed in the next section. On the opposite, V1 SM values are too low 
(negative bias of 0.16 m3/m3, Table 6) and present a reduced dynamics 
when compared to in situ measurements (black line). As for the two other 

Fig. 5. Derived SM (top) and VOD (bottom) for retrievals V0, V1 and V2 over the LAKE scene.  

Table 6 
Statistics for the LAKE, CENTER and FARM scenes. The upper part of the Table is 
a comparison in terms of TB (K), the lower part in SM (m3/m3) as retrieved SM - 
in situ. The number of point is 758. The Pearson correlation coefficients R are in 
all cases higher than 0.92 and so are not reported in the table.   

LAKE CENTER FARM 

Model - Polarization RMSE Bias RMSE Bias RMSE Bias 
Retrieval 0 - H 2.04 − 1.93 1.87 − 1.73 2.76 − 2.59 
Retrieval 0 - V 11.5 11.38 8.84 8.69 16.36 16.20 
Retrieval 1 - H 1.53 − 1.32 2.22 − 1.76 0.85 − 0.67 
Retrieval 1 - V 3.12 2.77 2.20 − 1.37 3.76 − 2.88 
Retrieval 2 - H 1.54 − 1.33 2.60 − 1.97 3.59 − 2.51 
Retrieval 2 - V 3.41 3.02 2.80 − 2.27 14.91 − 13.96 
SM v0 - in situ 0.12 0.12 0.09 0.09 0.17 0.16 
SM v1 - in situ 0.02 0.02 0.06 − 0.05 0.18 − 0.16 
SM v2 - in situ 0.02 0.01 0.04 − 0.03 0.07 − 0.06  
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sites, V2 retrieval leads to the best SM estimation, with a bias equal to 
− 0.06 m3/m3 compared to in situ. 

5. Discussion and Conclusion 

Various retrieval configurations were tested, among which deriving 
only SM in a first run and then the VOD in a second run, that is not 
considered in this article. Only those configurations using a 2-parameter 
SM-VOD retrieval, with a constraint on the VOD based on previous re
trievals were found to be relevant and discussed here. It was found that a 
temporal constraint is to be set on the VOD in the cost function (Eq. 5) to 
compensate for the unique incidence angle. Nevertheless, the retrieved 
SM are well correlated to the in situ measurements (correlation co
efficients higher than 0.9). The best results are obtained for the LAKE 
site, which is interesting in terms of surface heterogeneity. Generally, 
the retrieval V0 considering homogeneous scene overestimates the SM, 
but still having a high correlation (higher than 0.92) with the in situ soil 
moisture. The retrievals V1 and V2 (heterogeneous landcover) lead to 
similar results except for the FARM site. Almost ∼ 24% of the footprint 
(Table 5) of this site is covered by man made structures (houses, 
buildings, roads) which is significant, especially when compared to the 
other sites (4.6% for LAKE, 6.5% for CENTER Table 5). The derived SM 
tends to compensate for the lack of a model for these complex structures 
and presents a bias which is the highest for the FARM scene (Table 6). 
That is particularly the case during drying events, which often leads to 
SM/VOD retrieval failures or very low SM values (Fig. 6 for the month of 
July). Retrieval V1 is the less impacted as the VOD of croplands com
pensates by decreasing its values. Actually, the V0 and V1 VOD are 
lower than V2 (lower panel in Fig. 7), whereas the V0, V1 and V2 are, for 

croplands, within the same ranges as for the other sites (Fig. 5 and 6). 
Tests were undertaken (not shown) and the solution to avoid any V0 
retrieval failure was to set the initial SM conditions to very high values 
(0.4 m3/m3). This leads however to a significant overestimation of SM 
without seasonal dynamic. 

The derived VOD for the decidous forest (Fig. 5 and 6) are almost 
constant during the year which is expected as the L-VOD is more sen
sitive to the above ground biomass than to the leaves for temporal 
decidious forest (Guglielmetti et al., 2007). Nevertheless, the derived 
VOD for low vegetation and crops presents a seasonal dynamic. As the 
three cases of study (Fig. 5–7) are similar, the following discussion fo
cuses on the lake scene. The three derived VOD (V0, V1 and V2) are 
compared to the NDVI (Fig. 8) for which all available years are overlaid 
to show the seasonal dynamic of the vegetation. The VOD V1 and V2 are 
close, whereas V0 depicts higher values. The three VOD present a 
common trend that is an increase in late spring, with a maximum 
occurring at the end of August - beginning of September followed by a 
slow decrease, as also observed for crop lands by Patton and Hornbuckle 
(2012),Wigneron et al. (2012), Lewis-Beck et al. (2020). The NDVI 
presents low values in winter, an increase in April/May whereas summer 
is characterized by a constant value and is then followed by a decrease 
from mid September. The two vegetation proxy are delayed which is in 
accordance with Wigneron et al. (2012),Chaparro et al. (2018) and 
Togliatti et al. (2019). The NDVI and VOD also reach their maximum at a 
different time during the season, the NDVI preceding the L-VOD (as 
observed by Wang et al. (2020)). It is explained by the fact that the two 
indices do not measure the same aspect of the vegetation layer, i.e. 
greenness for the NDVI (related to Chlorophyll activities) whereas the 
VOD is related to dry vegetation and its vegetation water content 

Fig. 6. Derived SM (top) and VOD (bottom) for retrievals V0, V1 and V2 over the CENTER scene.  
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(Togliatti et al., 2019) which are present after the vegetation is mature. 
This study presents the particular experimental set up that proposes 

an L-band radiometer placed on top of a cliff, overhanging a flat valley. 

Compared to existing tower-based experiments, this configuration allow 
us to observe scenes that are hundred-meter wide and so heterogeneous, 
with contributions from various surface classes (agricultural fields, 

Fig. 7. Derived SM (top) and VOD (bottom) for retrievals V0, V1 and V2 over the FARM scene.  

Fig. 8. Comparison between the τnad retrieved for V0 (blue line), V1 (red line) and V2 (black line) during 2015 and the NDVI data from Sentinel during the 
2015–2019 (light blue lines) over the scene LAKE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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urban areas, ponds and forests), such as what is observed by the SMOS 
and SMAP satellite missions. Three retrieval approaches were tested to 
derive surface soil moisture and VOD. Our results suggest that it is of 
interest to consider the VOD of forest and of lower vegetation separately 
at L-band. Finally, this database will be used to particularly evaluate the 
impact of urban and human-made areas. 
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