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Abstract: Global soil moisture (SM) products are currently available thanks to microwave remote
sensing techniques. Validation of these satellite-based SM products over different vegetation and
climate conditions is a crucial step. INRA (National Institute of Agricultural Research) has set up
the AQUI SM and soil temperature in situ network (composed of three main sites Bouron, Bilos, and
Hermitage), over a flat area of dense pine forests, in South-Western France (the Bordeaux–Aquitaine
region) to validate the Soil Moisture and Ocean salinity (SMOS) satellite SM products. SMOS was
launched in 2009 by the European Space Agency (ESA). The aims of this study are to present the
AQUI network and to evaluate the SMOS SM product (in the new SMOS-IC version) along with other
microwave SM products such as the active ASCAT (Advanced Scatterometer) and the ESA combined
(passive and active) CCI (Climate Change Initiative) SM retrievals. A first comparison, using Pearson
correlation, Bias, RMSE (Root Mean Square Error), and Un biased RMSE (ubRMSE) scores, between
the 0–5 cm AQUI network and ASCAT, CCI, and SMOS SM products was conducted. In general
all the three products were able to reproduce the annual cycle of the AQUI in situ observations.
CCI and ASCAT had best and similar correlations (R~0.72) over the Bouron and Bilos sites. All had
comparable correlations over the Hermitage sites with overall average values of 0.74, 0.68, and 0.69
for CCI, SMOS-IC, and ASCAT, respectively. Considering anomalies, correlation values decreased for
all products with best ability to capture day to day variations obtained by ASCAT. CCI (followed by
SMOS-IC) had the best ubRMSE values (mostly < 0.04 m3/m3) over most of the stations. Although
the region is highly impacted by radio frequency interferences, SMOS-IC followed correctly the in
situ SM dynamics. All the three remotely-sensed SM products (except SMOS-IC over some stations)
overestimated the AQUI in situ SM observations. These results demonstrate that the AQUI network
is likely to be well-suited for satellite microwave remote sensing evaluations/validations.

Keywords: AQUI in situ network; soil moisture; SMOS-IC; CCI; ASCAT

1. Introduction

Surface Soil moisture (SM), which refers to the water content in the top soil layer, plays a key role
in land surface and atmospheric processes, by influencing the exchange of energy, water and carbon
dioxide fluxes between them [1,2]. Continuous measurements for monitoring SM deem necessary
for various agriculture and hydrological applications (e.g., agricultural drought monitoring, flood
forecast, yield forecasting, monitoring of greenhouse gase emissions and reservoir management) [3,4].
Soil moisture observations can be obtained either locally using ground-based measurements or globally
using microwave remote sensing techniques [5,6].
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More specifically, SM can be inferred from brightness temperatures (TB) and backscatter
coefficients measured by passive and active microwave sensors [5–8], respectively. Recent passive
remote sensing satellites include, but not limited to, the two dedicated SM missions: the National
Aeronautics and Space Administration (NASA) SMAP (Soil Moisture Active Passive) satellite and
the Soil Moisture and Ocean Salinity (SMOS) satellite. Active remote sensing sensors include, but
not limited to, the ESA Advanced Scatterometer (ASCAT) sensor. Furthermore, based on these (and
others) passive and active datasets, a long term (~35 years of data) SM product was developed by the
European Space Agency (ESA); the so-called climate change initiative (CCI) SM product.

After the launch of several space-borne microwave satellites such as the SMOS satellite,
calibration/validation studies using ground-based measurements are useful and important to assess
the quality of the space-borne observations. This led to the development of integrative systems such
as the so-called the ISMN (International Soil Moisture Network). ISMN collects ground-based SM
measurements and hosts currently a large number of SM networks (~59), obtained from validation
campaigns and operational networks, over various regions of the world [9,10]. The French AQUI
network (Bordeaux–Aquitaine region), for instance, is one of the most recent networks that were
included in the ISMN network. This network is a flat area of dense pine forests, making it interesting
for calibration/validation (cal/val) studies, as few sites in ISMN have been set up for similar vegetation
conditions [11]. The site is therefore very useful for the evaluation of microwave products over
forested areas.

The AQUI network which was set up by INRA (National Institute of Agricultural Research),
consists of in situ stations equipped with sensors to measure SM and soil temperature at various depths.
These stations were equipped during 2009–2013 in the framework of the ESA SMOS satellite and ICOS
(Integrated Carbon Observation System) project. The AQUI network has not been yet exploited and
used to validate microwave remote sensing SM retrievals.

In this context, the objective of this study is twofold: presenting the main characteristics of the
French AQUI network and evaluating, for the first time, SMOS, ESA CCI, and ASCAT SM products
over this network. This paper is organized as follows. The AQUI network and the remotely-sensed SM
observations used in this study as well as the methodology are described in Section 2. Then, Section 3
presents the evaluation results. Discussion and conclusions are drawn in Section 4.

2. Materials and Methods

2.1. The AQUI In Situ Network

The AQUI network is situated in South-Western France (see Figure 1) and consists of four
sites (Bouron watershed, Bilos, Nezer, and Hermitage) located in the “Les Landes” forest of the
Bordeaux-Aquitaine region and one site (Parcmeteo) situated in the urban area of the Bordeaux city.
The “Les Landes” forest is one of the largest forest (~1 M ha) in Europe and mainly constituted by
maritime pine stands. The “Les Landes” forest is a very interesting region to calibrate and/or evaluate
remote sensing products, as it is very homogeneous, due to the flat relief and the even aged stands of
maritime pines whose aerial tree biomass range is ~0–200 T/ha. In the “Les Landes” forest, soils are
sandy and hydromorphic podzols, with dark organic matter in the first 30 cm (% of sand generally
exceeds 90% at surface). On top of the soil lies a distinct litter layer of organic matter whose thickness
may exceed 10 cm in some places [11].

All forested sites are a mosaic of forest stands and crop fields (forest being the dominant cover
fraction), except for the Bouron sites which are almost pure forest sites (>90% of the cover fraction is
forest). More details about these sites can be found in the following sections. The AQUI network has
been used in numerous studies for different applications of remote sensing sensors [12–17]. Yet, no
study was conducted to evaluate microwave remote sensing SM products. It should be noted that only
the Bouron watershed, Nezer, and Parcmeteo sites are integrated in the ISMN network.
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Figure 1. The AQUI network in South-Western France (top panel). Distribution of the AQUI network
stations in the Aquitaine region in France (bottom panel).

2.1.1. Sites Included in the ISMN Network

Several SM and soil temperature sensors were installed at various depths in the Bouron watershed,
Nezer and Parcmeteo sites with a purpose, among others, to validate the SMOS SM products.
The Bouron watershed is composed of three SM monitoring stations located in the “Les Landes”
forest of the Bordeaux-Aquitaine region: Fraye, Hillan, and Grandcal. All these stations provide
continuous measurements of SM and soil temperature each 10 or 15 min. The main characteristics of
the different stations and of the in situ measurements are presented in Table 1.



Remote Sens. 2018, 10, 1839 4 of 22

Table 1. The main characteristics of the Bouron, Nezer, and Parcmeteo sites [11].

SITES Fraye Hillan Grand Cal Nezer Parcmeteo

Location
44◦28′1.45”N 44◦29′29.05”N 44◦28′19.31”N 44◦35′41.17”N 44◦47′23.64”N
0◦43′3718”W 0◦45′24.61”W 0◦46′3.24”W 1◦1′42.44”W 0◦34′35.59”W

Depth of soil sampling 0–5, 10, 20, 30, 45, 55 cm 0–5, 15, 30, 50, 70, 90 cm 0–5, 10, 20, 35, 45, 55 cm 0–5 cm (4 probes at
surface) 0–5, 10, 25, 50 cm

Period 08/2013–Present 09/2013–Present 01/2013–Present 05/2015–Present 01/2013–Present

SM probes Tetha probe ML2x (Delta-T sensors)

Vegetation type
Grove of old trees Sparse & old trees Dense young forest Very young trees

Vineyards (Graves
Bordeaux domain)

Age ~33 in 2017 Age ~20 in 2017 Age ~16 in 2017 Age = 2 in 2017
Landes Forest Landes Forest Landes Forest Landes Forest

Soil type

sandy and hydromorphic podzols

Gravelly soilsaturation is at ~0.6 m3/m3

wilting point is at ~0.12 m3/m3

field capacity is at 0.25 m3/m3
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All the SM measurements are made with Tetha probe ML2x from Delta-T Devices (see Figure 2 of
one example of the installation of the SM sensors at the FRAYE station).

A site specific calibration of these probes was carried out using cylindrical volumetric soil samples
for a variety of conditions in terms of SM and bulk soil density. The Fraye, Hillan2, Grandcal, and
Nezer stations (as for the Bilos site described below) have very similar sandy and hydromorphic soil
properties, therefore one linear calibration function was used to compute SM (m3/m3) as a function of
the measured voltage U (V):

SM = 0.41245 U − 0.01175 (1)

For the Parcmeteo station (close to Bordeaux city with a gravelly soil), another linear calibration
function was used:

SM = 0.476 U − 0.045917 (2)

Remote Sens. 2018, 10, x FOR PEER REVIEW  5 of 25 

 

All the SM measurements are made with Tetha probe ML2x from Delta-T Devices (see Figure 2 
of one example of the installation of the SM sensors at the FRAYE station). 

A site specific calibration of these probes was carried out using cylindrical volumetric soil 
samples for a variety of conditions in terms of SM and bulk soil density. The Fraye,  Hillan2, 
Grandcal, and Nezer stations (as for the Bilos site described below) have very similar sandy and 
hydromorphic soil properties, therefore one linear calibration function was used to compute SM 
(m3/m3) as a function of the measured voltage U (V): 

SM = 0.41245 U − 0.01175 (1) 

For the Parcmeteo station (close to Bordeaux city with a gravelly soil), another linear calibration 
function was used: 

SM = 0.476 U − 0.045917 (2) 

 
Figure 2. Installation of the soil moisture sensors at FRAYE site. 

2.1.2. Bilos 

Bilos is also located in the “Landes forest”, 50 km south west of Bordeaux, France (see Figure 1). 
The site is a managed Pine forest at the elevation of 39.18 m above sea level. The station was set up 
in the framework of the Carboage and ICOS European projects [18] and is part of the European ICOS 
infrastructure (station code FR-Bil) [19]. The site is marked by the following climate characteristics: 
mean annual temperature 12.9 °C, annual precipitation 960.1 mm, mean annual shortwave radiation 
140.9 Wm−2. In this study, Bilos is composed of 3 SM monitoring stations: Bilos-N, Bilos-E, and Bilos-

Figure 2. Installation of the soil moisture sensors at FRAYE site.

2.1.2. Bilos

Bilos is also located in the “Landes forest”, 50 km south west of Bordeaux, France (see Figure 1).
The site is a managed Pine forest at the elevation of 39.18 m above sea level. The station was set up in
the framework of the Carboage and ICOS European projects [18] and is part of the European ICOS
infrastructure (station code FR-Bil) [19]. The site is marked by the following climate characteristics:
mean annual temperature 12.9 ◦C, annual precipitation 960.1 mm, mean annual shortwave radiation
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140.9 Wm−2. In this study, Bilos is composed of 3 SM monitoring stations: Bilos-N, Bilos-E, and Bilos-S
(see Table 2 for more specific information about these stations). The Bilos station provides continuous
measurements of SM and soil temperature each half hour. Over this site, the linear calibration function
in Equation 2 was used to compute SM (m3/m3) as a function of the measured voltage U (V).

Table 2. The main characteristics of the Bilos sites.

SITES Bilos-E Bilos-S Bilos-N

Location
44◦29′36.7922”N 44◦29′35.8944”N 44◦29′38.7470”N
0◦57′20.2478”W 0◦57′22.4262”W 0◦57′21.6511”W

Depth of soil sampling 0–5 cm

Period 06/2014–Present

SM probes TETHAPROBE ML2x Delta-T sensors

Vegetation type Young stand of maritime pines (sown in 2005) of 60 ha. The vegetation consists of
purple heat grass (Molinia coerulea), Gorse (Ulex nanus), Fern (Pteridium aquilinum)

Soil type Sand

2.1.3. Hermitage

The site of the Hermitage in Pierroton is located in the region of Cestas, about twenty kilometres
southwest of Bordeaux, formerly in the heart of the forest, today at the limit between peri-urban
areas and cropland areas. It includes a long-term biophysical and biogeochemical monitoring
system comprising 3 parcels of 9 ha of maritime pine and eucalyptus, representing three contrasting
silvicultural modalities monitored for 20 years by a set of automated measurement systems of in situ
SM and soil temperature installed in 2013 (Xyloforest project funded by the French ANR and the
Region Nouvelle-Aquitaine). In this study, Hermitage is composed of 4 SM monitoring stations: C5-1,
C5-2, C6-1, and C6-2 (see Table 3 for more specific information about these stations and Figure 3 for
the installation of the SM sensors at one Hermitage site). The Hermitage stations provide continuous
measurements of SM and soil temperature each half hour. Over this site, the linear calibration function
in Equation (2) was used to compute SM (m3/m3) as a function of the measured voltage U (V).

Table 3. The main characteristics of the Hermitag sites.

SITES C5-1 & C5-2 C6-1 & C6-2

Location
44◦44′39.3504”N 44◦44′45.6612”N
0◦46′33.6864”W 0◦46′31.2096”W

Depth of soil sampling 0–5, 10, 20, 30, 45, 90 cm

Period 03/2014–Present

SM probes Tethaprobe ML2x (Delta-T sensors)

Vegetation type Maritime pine planted in 2013 and gorse and broom sown in 2013.
The understory was crushed in March 2017.

Soil type Sand
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2.2. Remotely-Sensed Datasets

An overview of the remotely-sensed SM retrievals used in this study is presented in Table 4.
Three SM products were used: SMOS-IC, ASCAT, and CCI. We considered other products such as
the NASA SMAP but these retrievals were not recommended over the study region due to coastal
proximity. Although SMOS operates in a protected band (1.40–1.42 GHz), SMOS TB observations are
negatively impacted by artificial sources of RFI signals coming from either unauthorized or unwanted
man-made emissions (e.g., FM radio signals, telecommunications signals, electric circuits, etc.) [20,21].
RFI signals can be weak (very difficult to detect) or strong (easily detected with unreasonable high
values of TB) [20].

Table 4. An overview of the remotely-sensed soil moisture retrievals used in this study.

Passive Active Combined (CCI)

Sensor SMOS ASCAT

SMMR
SSM/I

TMI
AMSRE
AMSR2
Windsat

ERS
ASCAT
SMOS

Satellite/Band frequency SMOS/1.4 GHz MetOp-A &
MetOp-B/5.3 GHz Various/1.4–19.3 GHz

Time period January 2010–present January 2007–present January 1978–December
2016

Spatial resolution/Spatial
coverage 27–55 km/Global 25 km/Global 0.25◦/Global

Acquisition time Descending: 18:00 Ascending: 21:30 -
Ascending: 06:00 Descending: 09:30

Product version SMOS-IC V105 WARP 5.2 CCI V04.2

Unit m3 m−3 Degree of saturation (%) m3 m−3
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2.2.1. SMOS-IC

SMOS-IC is a new SM product retrieved from SMOS satellite TB observations. SMOS is an ESA
mission with contributions from CNES (Centre National d’Etudes Spatiales) and CDTI (Centro para
el Desarrollo Tecnológico Industrial). The SMOS satellite operates at L-band (1.4 GHz) and has been
providing TB observations since 2010, with a spatial resolution of (~43 km) and with a global coverage
of 3 days. SM and vegetation optical depth (VOD) are retrieved from SMOS TBs (provided over a
range of incidence angles: 0–60◦ at both V and H polarizations) [22] employing the L-band Microwave
Emission of the Biosphere (L-MEB) model [23,24].

The latest version (V105) of SMOS-IC (delivered as a scientific product) was used in this study;
it is provided as volumetric water content at both ascending (06:00 am) and descending (06:00 pm)
orbits in the NETCDF format. This new SM product performs very well in comparison with other
satellite SM retrievals [25]. However, the SMOS TB observations are strongly impacted by RFI
in this region and therefore SM retrievals should be filtered. SMOS-IC SM retrievals were kept
when the Root Mean Square Error (RMSE) between SMOS Level 3 simulated and observed TB (here
forward referred to as RFI) < 8 K. SMOS-IC is delivered in the Equal-Area Scalable Earth (EASE)
grid V2 and can be freely obtained from CATDS (Centre Aval de Traitement des Données SMOS) at:
https://www.catds.fr/Products/Available-products-from-CEC-SM/SMOS-IC. Only SMOS-IC SM
products that correspond to ascending overpass were considered in this study [26]. More information
about SMOS-IC and its products can be found in [27,28].

2.2.2. ASCAT

Metop- A&B satellites carry ASCAT on-board since 2006 and 2012, respectively [29]. The local
solar time of the descending node is 9:30 am and 9:30 pm for the ascending node. ASCAT measures
the backscatter coefficient at C-band (5.3 GHz) at VV polarization and at spatial resolution of 25 km.
Surface soil moisture (expressed in degree of saturation) is retrieved from the ASCAT multi-angle
backscatter observations using the Vienna University of Technology (TU Wien) semi-empirical change
detection algorithm [6].

The H111-Metop ASCAT SSM CDR2016 time series with 12.5 km spatial sampling was
downloaded from the Satellite Application Facility on Support to Operational Hydrology and Water
Management (H SAF) and used in this study. Soil moisture values with confidence flag other than “0”
were excluded [30]. The ASCAT dataset is provided in both degree of saturation (%) and volumetric SM
units (using porosity values from the Harmonized World Soil Database; expressed in m3/m3). In this
study, we used the ASCAT data in volumetric SM units to match with SMOS and CCI SM products.

2.2.3. ESA CCI Soil Moisture

Several global passive (e.g., SMMR, AMSR-E, SMOS, etc.) and active (e.g., ERS and ASCAT) SM
products are blended to produce the first long-term i.e., 11/1978–12/2016 ESA CCI SM product [31].
This active and passive SM combination is based on a weighted average method. The weights are
proportional to the Signal to Noise Ratio (SNR) that is estimated using triple collocation analysis of
each product [32]. The Global Land Data Assimilation System (GLDAS), provided by Noah Land
Surface Model [33], is used to scale the various datasets into a common model SM climatology using a
Cumulative Density Function (CDF) matching approach.

The CCI SM product can be freely downloaded from https://www.esa-soilmoisture-cci.org/,
which is delivered as daily volumetric (m3/m3) SM product in a NETCDF format with a spatial
resolution of 0.25◦ × 0.25◦ (WGS 84).

2.3. Methodology

The CCI, ASCAT, SMOS-IC SM products were evaluated against the French AQUI in situ
observations. We considered all available SM retrievals from each product within the 2010–2017 period

https://www.catds.fr/Products/Available-products-from-CEC-SM/SMOS-IC
https://www.esa-soilmoisture-cci.org/
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and also considered only overlapping dates where we have observations from all the three products
(only if data availability is higher than one month). For each station, we extracted the corresponding
SM time series from the original grids of each product (e.g., 25 km from SMOS-IC, etc.) based on its
latitude and longitude (see Supplementary Figure S1 for the AQUI in situ stations distributed in the
“contributing area” for a single grid point for SMOS, ASCAT, and CCI). Finally, the metrics between
the three remotely-sensed SM products and the AQUI in situ observations were calculated separately
for each station after excluding pixels with frozen conditions (using flags provided with each product).

In this study, we considered four statistics to evaluate the three satellite-based SM products:
Pearson correlation coefficient (R; Equation (1)), Bias (Equation (2)), RMSE (Root Mean Square Error;
Equation (4)), and the unbiased RMSE (ubRMSE; Equation (4)) given as follows:

R =

√
1− (SMRS − SMREF)

2(
SMRS − SMREF

) (3)

Bias = (SMRS − SMREF) (4)

RMSE =

√
(SMRS − SMREF)

2 (5)

ubRMSE =
√

RMSE2 − Bias2 (6)

where SMREF refers to the reference AQUI in situ soil moisture and SMRS refers to the remotely-sensed
soil moisture retrievals, and the bar refers to the temporal mean of the time series.

In addition, the capability of the products to reproduce short-term SM fluctuations was
investigated performing the analysis with SM anomalies. The anomalies (SManom(i) at day (i)) were
computed as follows [34]:

SManom(i) =
SMi −mean (SMx)

Standard deviation (SMx)
(7)

where SM_i is the SM value at day (i) and SMx is a sliding window (x) of ±17 days.
Moreover, only stations with SM measured at soil depth of 0–5 cm and soil temperature higher

than frozen conditions (~273.5 K degree) were selected and used in this study. Finally, time series were
plotted to show the time evolution (variability and dynamics behavior) of the different SM products
with respect to the AQUI in situ measurements.

3. Results

3.1. Sites Included in the ISMN Network

The R, Bias, RMSE, and ubRMSE metrics calculated between the CCI, SMOS-IC, and ASCAT SM
retrievals (if available within the 2010–2017 period) and the Bouron, Nezer, and Parcmeteo in situ
SM observations are presented in Table 5. It can be seen from Table 5 that while CCI had the highest
correlation values over Hillan2 and Parcmeteo stations, ASCAT had highest values over Nezer station.
ASCAT had highest correlation values based on anomalies over all sites. SMOS-IC had the lowest (dry)
absolute Bias and RMSE values over Grandcal and Parcmeteo stations. CCI had the lowest ubRMSE
and ASCAT had the highest ubRMSE values over all sites. While SMOS-IC was slightly drier than the
SM measurements over all stations (except Nezer), the other two products were wetter over all stations.
Supplementary Table S1 shows the same statistics but considering only overlapping periods between
the SMOS-IC, ASCAT, and CCI SM retrievals. In general, the performance of the three products did
not change considerably and the values got slightly higher or lower depending on the station.
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Table 5. Pearson correlation (R), Pearson correlation using anomalies (Ranom), Bias, RMSE, and UbRMSE calculated between SMOS-IC, ASCAT, and CCI SM retrievals
and the Bouron in situ measurements using all dates.

R (Ranom) Bias RMSE UbRMSE

CCI IC ASCAT CCI IC ASCAT CCI IC ASCAT CCI IC ASCAT

FRAYE
0.69 (0.47) 0.51 (0.28) 0.69 (0.49)

0.010 −0.091 0.010 0.068 0.119 0.077 0.067 0.076 0.077N = 1113 N = 227 N = 1225

GRANDCAL
0.74 (0.49) 0.56 (0.36) 0.74 (0.54)

0.067 −0.021 0.068 0.079 0.060 0.096 0.043 0.056 0.069N = 1112 N = 229 N = 1211

HILLAN2
0.83 (0.54) 0.69 (0.56) 0.81 (0.56)

0.046 −0.066 0.034 0.058 0.082 0.072 0.034 0.048 0.063N = 578 N = 201 N = 653

NEZER
0.73 (0.60) 0.57 (0.38) 0.79 (0.70)

0.117 0.133 0.098 0.121 0.155 0.136 0.030 0.078 0.094N = 553 N = 237 N = 586

PARCMETEO
0.76 (0.47) 0.56 (0.47) 0.66 (0.53)

0.074 −0.042 0.046 0.087 0.071 0.094 0.047 0.057 0.081N = 2113 N = 342 N = 1891

Average 0.75 (0.51) 0.58 (0.41) 0.74 (0.56) 0.063 −0.017 0.051 0.083 0.097 0.095 0.044 0.063 0.077
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The time series (dynamics and absolute values) of the three products i.e., SMOS-IC, ASCAT, and
CCI along with the Bouron in situ observations are displayed in Figure 4. In general, the three products
capture well the annual cycle of the in situ observations. The Nezer station is the driest one with
most values lower than 0.2 m3/m3. Looking at the seasonal trends, SMOS-IC tends to overestimate
measured SM over the Nezer station but underestimate SM over the other stations during both the dry
and wet seasons. CCI time series overestimate but follow correctly the temporal dynamics of in situ
SM time series. ASCAT tends to overestimate in situ SM during the wet seasons and underestimate
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Figure 4. Time series of SMOS-IC, ASCAT, CCI, and the Bouron, Nezer, and Parcmeteo in situ soil
moisture observations.

3.2. Bilos

In case of Bilos stations (Bilos-E, Bilos-N, and Bilos-S), CCI SM had the highest R values
over Bilos_E and Bilos_N and lowest ubRMSE and RMSE values over all stations; see Table 6.
ASCAT showed the highest values in terms of correlations (original) and anomalies over Bilos_S
and all sites, respectively. ASCAT, again, had the highest ubRMSE values over Bilos_E and Bilos_N.
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As observed for Bouron, SMOS-IC had the lowest correlation values over all stations. Table S2 shows
the metrics considering only overlapping periods. The general performance of the products was
unchanged. Unlike the Bouron stations, here all satellite-based SM retrievals overestimated the Bilos
in situ observations in both cases: all dates and overlapping periods.

Figure 5 shows the time series of SMOS-IC, ASCAT, and CCI along with the three stations from
the Bilos in situ observations. The annual cycle of the Bilos stations is well captured by the three
products. ASCAT and SMOS-IC SM data are more scattered than the CCI SM data. ASCAT had higher
bias and this can be clearly identified in Figure 5.
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Table 6. Pearson correlation (R), Bias, RMSE, and ubRMSE calculated between SMOS-IC, ASCAT, and CCI SM retrievals and the Bilos in situ measurements using
all dates.

R (Ranom) Bias RMSE UbRMSE

CCI IC ASCAT CCI IC ASCAT CCI IC ASCAT CCI IC ASCAT

Bilos_E
0.76 (0.57) 0.52 (0.40) 0.73 (0.63)

0.070 0.087 0.094 0.077 0.116 0.13 0.033 0.076 0.090N = 771 N = 282 N = 848

Bilos_N
0.74 (0.47) 0.49 (0.36) 0.71 (0.52)

0.065 0.091 0.083 0.074 0.120 0.121 0.034 0.078 0.089N = 914 N = 324 N = 997

Bilos_S
0.65 (0.49) 0.43 (0.41) 0.66 (0.57)

0.016 0.052 0.033 0.067 0.104 0.095 0.065 0.090 0.088N = 909 N = 323 N = 991

Average 0.72 (0.51) 0.48 (0.39) 0.70 (0.57) 0.050 0.076 0.070 0.072 0.113 0.115 0.044 0.081 0.089
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3.3. Hermitage

Unlike what was observed in the Bouron and Bilos sites, over the Hermitage stations, SMOS-IC
had comparable performance with ASCAT and CCI particularly when considering the overlapping
period, see Table 7 and Supplementary Table S3. Similarly to the previous sites, ASCAT had also
highest correlation values based on anomalies over all Hermitage sites. Figure 6 shows the time series
of SMOS-IC, ASCAT, and CCI along with the four stations from the Hermitage in situ observations.
Overall, the variability of CCI (better) and SMOS-IC is within the range of the SM content (up to
0.3 m3/m3) from the Hermitage stations over this 2013–2016 period. The ASCAT SM data are much
more variable with a wider range of SM values (up to 0.5 m3/m3). The range of variations of the three
remotely-sensed and in situ SM observations is rather similar, although the CCI and ASCAT SM values
were generally higher. The overestimation of the in situ data by the CCI and ASCAT SM products is
almost constant over the entire 2013–2016 period. Furthermore, it can be seen from both Table 7 and
Supplementary Table S3 that the ubRMSE values obtained by CCI (SMOS-IC) were lower than (close
to) the SMAP mission requirements of 0.04 m3/m3.
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Table 7. Pearson correlation (R), Bias, RMSE, and UbRMSE calculated between SMOS-IC, ASCAT, and CCI SM retrievals and the Hermitage in situ measurements
using all dates.

R (Ranom) Bias RMSE UbRMSE

CCI IC ASCAT CCI IC ASCAT CCI IC ASCAT CCI IC ASCAT

C5_1
0.76 (0.51) 0.61 (0.48) 0.66 (0.57)

0.076 −0.009 0.095 0.082 0.049 0.125 0.031 0.049 0.080N = 1028 N = 272 N = 1126

C5_2
0.61 (0.49) 0.50 (0.39) 0.53 (0.53)

0.088 0.012 0.102 0.091 0.055 0.135 0.037 0.054 0.088N = 1028 N = 272 N = 1126

C6_1
0.75 (0.53) 0.70 (0.52) 0.75 (0.58)

0.107 0.021 0.126 0.111 0.051 0.152 0.028 0.046 0.085N = 1021 N = 271 N = 1117

C6_2
0.78 (0.49) 0.63 (0.44) 0.67 (0.51)

0.085 0.003 0.103 0.089 0.047 0.131 0.027 0.047 0.081N = 1013 N = 270 N = 1109

Average 0.73 (0.51) 0.61 (0.46) 0.65 (0.55) 0.089 0.006 0.106 0.093 0.050 0.135 0.030 0.049 0.083
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4. Discussion and Conclusions

Based on the statistics and time series presented in the previous section, the three products were
able to reproduce the annual cycle of all stations in the AQUI network. All the three SM products
overestimated the AQUI network SM data (except a few stations for SMOS-IC). It was found that
ASCAT and CCI had often equivalent performances in terms of correlations and better performances
than SMOS-IC over the Bouron and Bilos stations. The similarity in the performance, only in terms of
correlations, between CCI and ASCAT is not unexpected. This can be linked to the fact that ASCAT
is one of the sensors used to produce the CCI SM product and as this region is highly impacted by
RFI [21], CCI was more influenced by active products than passive products. However comparable
performances between the three products were found over the Hermitage stations. These results
could be explained by the fact that the Bilos and Bouron stations are closer to water bodies (ocean,
rivers, and lakes), which influences the inversion of SM from TB or backscatter observations, than the
Hermitage stations. Moreover, SMOS had better results (and comparable to CCI and ASCAT) over the
Hermitage stations than over the Bouron and Bilos stations. In terms of short term variations and day
to day fluctuations, the correlations values decreased for all products but ASCAT had the best overall
correlations over most of the sites considered in this study. The best capability of ASCAT to capture
short terms variations over Europe is consistent with the findings of Al-Yaari et al. [35,36] and [36].

Note that the SM retrievals are strongly impacted by the vegetation density. For instance, Figure 7
shows time series of SMOS-IC VOD over the Bouron, Bilos, and Hermitage regions. The low number
of SMOS retrievals before 2016 for the Bouron and Hermitage sites, in Figure 7, is due to the filtering of
SMOS data with RFI > 8 K. At the end of 2015/beginning of 2016, it seems the source of RFI was off as
RFI values were significantly decreased and much more SMOS-IC retrievals were available. It seems
that the Bilos site (Figure 8b) was less impacted by RFI effects and much more retrievals were available
before 2016 than for the other sites (the scatter in the VOD data is slightly lower too over Bilos).

The yearly average of VOD is good a proxy of biomass [37] and we see from this figure that the
Aquitaine region is moderately vegetated with average values of VOD of ~0.3, corresponding to an
average biomass density of ~60 t/ha. It can be seen in Figure 7a,b that VOD values can be as high as
0.6 (mainly in 2010), corresponding to an average biomass density of ~120 t/ha. Over the three sites, it
is likely the decrease in VOD after 2010 is due to residual effects of the impact of the big Klaus storm
beginning of 2009 and to forestry work following the storm. A detailed evaluation of the vegetation
effects on the performance of the different SM products is outside the scope of the paper, but these
effects will be investigated more in depth in future studies.
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Figure 7. SMOS-IC VOD over the (a) Bouron, (b) Bilos, and (c) Hermitage regions.

In addition, the whole region in Aquitaine is highly impacted by RFI in the protected L-band
which has a strong impact on the performances of SMOS. Figure 8 shows an example illustrating
how the accuracy of the SMOS-IC SM retrievals is sensitive to RFI. In Figure 8a,c the correlation
values between the SMOS-IC SM retrievals and the Bouron (Fraye) and Hermitage (C6-1) in situ SM
measurements increased when RFI were more strongly filtered (RFI were filtered using the TB-RMSE
index which is a good proxy of the RFI intensity). The counterpart of the higher filtering process of the
RFI effects is a lower number of data. However, this is not always the case as illustrated in Figure 8b
for the Bilos site, where the correlation value had a low sensitivity to the RFI filtering threshold (best
results obtained when the threshold was set equal to 8 K). This could be explained by the fact that,
as noted before, the Bilos site was much less impacted by RFI effects before 2016 than the other sites.
Therefore, filtering RFI is highly dependent on the study region. It should be noted that other studies
evaluated SMOS and compared it to ASCAT, SMAP, and CCI SM products over other regions with low
or no RFI and found it to be very skillful e.g., [35,38–41].
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Figure 8. The impact of RFI on the accuracy of SMOS-IC products. TB –RMSE is a good proxy of RFI
intensity: (a) Bouron (Fraye), (b) Bilos (Bilos-N), and (c) Hermitage (C6-1). N of points represents the
number of remaining points after masking pixels with RFI > 6,8,10, and 12 (k).

Although the AQUI network is very close to the ocean, which affects the remote sensing SM
retrievals, the findings of this study showed that all the three remotely-sensed SM products have
reasonable performances in terms of both temporal dynamics and absolute values. The discrepancies
especially the systematic errors between the remotely-sensed SM retrievals and the AQUI network
can be generally explained by sampling depth mismatch between the satellite-based SM retrievals
(~3 cm) [42] and the in situ measurements. In addition, one should not neglect inaccuracies in both
the satellite-based SM algorithms or in the set-up of the AQUI in situ observations. These factors may
impact the statistics either separately or in combination depending on the site location.

In conclusion, this is the first study where the AQUI network in South-Western France was
presented and used to evaluate the SMOS-IC, CCI, and ASCAT SM products. For the evaluation, the
Pearson correlation coefficient (R), Bias, RMSE, and ubRMSE scores were computed. Except for one
specific site (slightly lower performances were obtained over Bilos_S), the results for both ASCAT and
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CCI were found to be relatively homogeneous over the different sites, in terms of correlation, bias,
RMSE and UbRMSE. This is a very positive result and no clear interpretation of the results relative
to the soil properties (gravelly or sandy soils) or vegetation (more or less vegetated sites) conditions
can be drawn. For instance, relatively similar performances were obtained over the Parcmeteo site
(gravelly soil in the Bordeaux suburbs), forested sites of Nezer, Bilos, Hermitage and over the Bourron
sites which include the densest forest cover (forest cover fraction ~90%). The results of SMOS-IC were
found to be strongly dependent on the RFI conditions that depend on the site location and time (for
instance, lower RFI effects were generally found after 2016).

Generally, the agreement between the AQUI SM data and the CCI SM product was the best
(except for anomalies where ASCAT was the best). In this regard, one should keep in mind that CCI is
combining the best retrievals of several sensors and thus high quality is expected. In addition, SMOS
observations are strongly affected by RFI over the AQUI sites. The present study showed, that in
spite of the high level of RFI effects, SMOS-IC could produce correct SM retrievals, if accurate filtering
procedures are applied.

The statistics, temporal dynamics in particular, of the comparisons of SMOS-IC, CCI, and ASCAT
along with AQUI network shown in the previous section are in range with other evaluation results
over other networks. This demonstrates that the AQUI network is likely to be well-suited for satellite
microwave remote sensing evaluation/validation. Further investigation is needed to address the
discrepancies between the satellite-based SM retrievals and the AQUI network.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/10/11/1839/
s1, Figure S1: The AQUI in situ stations distributed in the “contributing area” for a single grid point for SMOS,
ASCAT, and CCI, Table S1: Same as Table 5 but using only overlapping dates, Table S2: Same as Table 6 but using
only overlapping dates. Table S3: Same as Table 7 but using only overlapping dates.
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