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INTRODUCTION

Soil moisture is a key state parameter, related to the land surface, and influences the manner in which rainwater is shared between evapotranspiration, infiltration, and runoff [START_REF] Koster | Regions of Strong Coupling Between Soil Moisture and Precipitation[END_REF][START_REF] Saux-Picart | Water and Energy budgets simulation over the Niger super site spatially constrained with remote sensing data[END_REF][START_REF] Gao | Irrigation Mapping Using Sentinel-1 Time Series at Field Scale[END_REF]. In the case of semi-arid regions, it is crucial for irrigation management and drought monitoring. Considerable efforts have thus been devoted to improve the evaluation of soil moisture and evapotranspiration, and to understand their relationship with the vegetation cover and soil water content. Most of this research has been based on remote sensing, which is highly convenient for the estimation of spatio -temporal variations in soil moisture. Over the last 20 years, microwave remote sensing has convincingly demonstrated its ability to enable the monitoring of soil moisture. Through the use of radiometers, scatterometers and Synthetic Aperture Radars (SARs), the soil moisture can be monitored at various spatial resolutions, ranging from local field scales to approximately 50 km. More recently, the use of GNSS reflectometry (GNSS-R) has become a mature technique for the remote sensing of land surfaces [START_REF] Egido | Airborne GNSS-R Polarimetric Measurements for Soil Moisture and Above-Ground Biomass Estimation[END_REF][START_REF] Ruf | A New Paradigm in Earth Environmental Monitoring with the CYGNSS Small Satellite Constellation[END_REF][START_REF] Katzberg | Utilizing calibrated GPS reflected signals to estimate soil reflectivity and dielectric constant: Results from SMEX02[END_REF][START_REF] Masters | Initial results of landreflected GPS bistatic radar measurements in SMEX02[END_REF][START_REF] Sánchez | On the Synergy of Airborne GNSS-R and Landsat 8 for Soil Moisture Estimation[END_REF][START_REF] Zribi | Potential Applications of GNSS-R Observations over Agricultural Areas: Results from the GLORI Airborne Campaign[END_REF][START_REF] Motte | A GNSS-R Dual Polarization Airborne Instrument for Land Surface Monitoring[END_REF] With several spaceborne missions, including the Techdemosat-1 demonstrator, and the recently launched dedicated CYGNSS constellation [START_REF] Ruf | New ocean winds satellite mission to probe hurricanes and tropical convection[END_REF], currently flying and able to measure GNSS-R signals reflected by the Earth's Surface, the field is currently opening up to the systematic use of global observations [START_REF] Camps | Sensitivity of TDS-1 GNSS-R Reflectivity to Soil Moisture: Global and Regional Differences and Impact of Different Spatial Scales[END_REF][START_REF] Chew | Demonstrating soil moisture remote sensing with observations from the UK TechDemoSat-1 satellite mission[END_REF][START_REF] Chew | Soil Moisture Sensing Using Spaceborne GNSS Reflections: Comparison of CYGNSS Reflectivity to SMAP Soil Moisture[END_REF][START_REF] Clarizia | Analysis of CYGNSS Data for Soil Moisture Retrieval[END_REF].

With the advent of these new satellite missions, combined with a detailed understanding of their technical and scientific capabilities, the present study proposes an inversion algorithm for the retrieval of surface soil moisture, based on surface reflectivity derived from CYGNSS data. Section 2 describes the satellite data, the study sites, the database used for ground validation and the retrieval methodology. Section 3 describes the results and the validation of soil moisture products. These results are discussed in section 4, and our conclusions are presented in section 5.

DATABASE AND METHODS

Studied sites and ground measurements

In the following, three local sites are considered for more detailed analyses, and the verification of soil moisture estimations derived from CYGNSS signals (Figure 1) by comparison with in-situ data. As these sites are located in three climatically different regions, our analysis of the data has allowed the quality and limitations of moisture estimations to be discussed. 

CYGNSS data

NASA's CYGNSS constellation of eight satellites was launched in December 2016, and was designed to measure GNSS reflectivity over the tropics, at latitudes ranging between ± 37°, with the main purpose to measure wind in tropical cyclones. A land reflectivity observable  is derived from the peak value of the L1 DDMs, to which a calibration factor is applied. The latter is computed using the radar equation for a coherent signal, such that the received power reflected by a surface Prs is given by:

(
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where Pr is the peak value of the L1 DDM power, N is the estimated noise floor, Pt is the transmitted power, Gt and Gr are the transmitter and receiver antenna gains, respectively, and Rt and Rr are the distances between the transmitter and the specular point, and between the receiver and the specular point, respectively. By inverting (1), the reflectivity can thus be computed as:

(2)

All of the parameters in this expression can be retrieved from the CYGNSS NetCDF files.

In the case of a smooth reflecting surface, the theoretical footprint of a reflected GNSS signal is determined by the first Fresnel zone, corresponding to approximately 0.5 × 0.5 km in the case of a spaceborne receiver.

Proposed inversion approach

Five processing steps were implemented, prior to application of the inversion algorithm:

Step1: In order to eliminate noisy measurements, which would lead to a high uncertainty in the reflectivity estimations, the data were filtered by retaining only these measurements having a high Signal-to-Noise-Ratio (SNR >3 dB). In addition, only data recorded at incidence angles lower than 35° were considered, since a strong decrease in SNR was encountered with measurements recorded at higher angles.

Step2: The CYGNSS datapoints were then restricted to measurements for which the corresponding NDVI (estimated from PROBA-V data) lay between 0.1 and 0.8. The aim of this filter was to discard water bodies (low NDVI), which can generate soil moisture estimations with high errors, due to the very high reflectivity of flat specular water surfaces, as well as dense forests (very high NDVI), for which soil moisture estimations are often unreliable, as a consequence of the limited penetration of electromagnetic waves.

Step3: The nature of the local terrain can have a very strong influence on GNSS-R reflectivity, leading to inaccurate soil moisture estimations. For this reason, only data recorded over low altitude areas were considered, by applying a cutoff at threshold of 600 m as taken by Chew et al., 2018 [START_REF] Chew | Soil Moisture Sensing Using Spaceborne GNSS Reflections: Comparison of CYGNSS Reflectivity to SMAP Soil Moisture[END_REF].

Step 4: The CYGNSS measurements retained, after the filtering described in steps 1, 2 and 3, was then normalized to a reference incidence angle equal to 20°, using locally a simple linear correction.

Step 5: The CYGNSS observations were aggregated over a grid with 0.5° × 0.5° pixel size, by averaging data over a daily interval. It must be noted that the spatio-temporal sampling of the available database has some limitations. On any given day, only a part of each 0.5° × 0.5° pixel is covered by CYGNSS reflectivity measurements, and this partial coverage varies from one day to the next one. A change detection algorithm is applied to the data over a 0.5° × 0.5° grid, allowing the soil moisture to be determined for the full duration of the study (about 21 months). It is assumed that the highest value of reflectivity (max) corresponds to the highest level of observed soil moisture, and that the lowest value (min) corresponds to the driest conditions. As this study makes use of a large database, we make the assumption that max corresponds to soil saturation and min corresponds to the driest possible conditions. An index ranging between 0 and 100% is then estimated, according to expression (4), which we hereafter refer to as the soil moisture index (Ind). In the case of the ASCAT moisture products, 0% corresponds to the driest soil (very low soil moisture, close to 0 vol.% at the studied sites), and 100% corresponds to the wettest conditions (generally considered to correspond to soil saturation).

(4)

RESULTS AND DISCUSSIONS

In Figure 3 we compare the ground measurements with the GNSS-R products for the three study areas in Tunisia, Niger and Benin, showing that the surface soil moisture (at a depth of 5 cm) derived from the GNSS-R data is well correlated with the in situ measurements. For these three sites, the GNSS-R products are found to track the temporal dynamics of soil moisture with a good accuracy during the rainy season. During the dry season, the CYGNSS data are highly variable, despite the absence of temporal and/or spatial variations in soil moisture. This could be due to uncertainties in the retrieval of low values of reflectivity, and to surface heterogeneities at the 0.5°x0.5° grid scale.

The satellite products converted in volumetric moisture are found to be only moderately correlated with the groundtruth measurements: the RMSE is equal to 6.7 vol.%, 1.8 vol.% and 5.1 vol.% respectively, for the Merguellil, Basso Dallo and Ouémé areas. When the dry period is excluded from the proposed comparison, the results improve and are characterized by more accurate soil moisture estimations. 

CONCLUSIONS

The aim of this study is to develop an inversion algorithm for the estimation of surface soil moisture. CYGNSS data were processed and combined with other auxiliary satellite products from PROBA-V, and a DTM from SRTM. A change detection method was then applied to the daily reflectivity product, tuned on a 21-month sequence of CYGNSS acquisitions, leading to a calibrated soil moisture index ranging between 0 and 100. The proposed methodology has been validated by comparing the CYGNSS product with ground measurements, recorded at three different sites (Merguellil, Basso Dallo and Ouémé), leading to an RMSE equal to 6.7 vol.%, 1.8 vol.% and 5.1 vol.%, respectively.
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 1 Figure 1. Illustration of the three studied sites (Merguellil, Dallo Basso and Ouémé)

Figure 2

 2 provides a low-resolution (0.5 × 0.5° grid) reflectivity map of West Africa, computed for the month of March, 2017. This is a dry month, during which the soil moisture in the studied region is very low, and has virtually no influence on ground reflectivity. The highest values are retrieved in regions with flat surfaces and almost no vegetation cover, in the north of the studied region associated, a priori, with a high coherent component of the scattered signal.
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 2 Figure 2. Reflectivity map of West Africa, computed from CYGNSS data recorded in March 2017
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 3 Figure 3. Comparison between CYGNSS moisture products and ground measurements. Upper panel: Merguellil site mid panel: Dallo Basso site; lower panel: Ouémé site