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Abstract

:

The main objective of this study is to analyze the potential use of L-band radar data for the estimation of soil moisture over tropical agricultural areas under dense vegetation cover conditions. Ten radar images were acquired using the Phased Array Synthetic Aperture Radar/Advanced Land Observing Satellite (PALSAR/ALOS)-2 sensor over the Berambadi watershed (south India), between June and October of 2018. Simultaneous ground measurements of soil moisture, soil roughness, and leaf area index (LAI) were also recorded. The sensitivity of PALSAR observations to variations in soil moisture has been reported by several authors, and is confirmed in the present study, even for the case of very dense crops. The radar signals are simulated using five different radar backscattering models (physical and semi-empirical), over bare soil, and over areas with various types of crop cover (turmeric, marigold, and sorghum). When the semi-empirical water cloud model (WCM) is parameterized as a function of the LAI, to account for the vegetation’s contribution to the backscattered signal, it can provide relatively accurate estimations of soil moisture in turmeric and marigold fields, but has certain limitations when applied to sorghum fields. Observed limitations highlight the need to expand the analysis beyond the LAI by including additional vegetation parameters in order to take into account volume scattering in the L-band backscattered radar signal for accurate soil moisture estimation.
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1. Introduction


An accurate knowledge of soil moisture is important for the evaluation of several processes, such as evapotranspiration, infiltration, and runoff, and for the modeling of the soil–vegetation–atmosphere interface [1,2,3,4,5]. In an agricultural context, soil moisture measurements can contribute to the management of water resources [6,7]. Although soil moisture has long been measured through the use of local field measurements, this technique can become impractical and very costly when extended surface areas need to be measured and/or long-term monitoring is required. Over the last 30 years, various algorithms based on the use of optical and radar remote sensing observations have been proposed for the estimation of soil moisture [8,9,10,11]. Currently, various global soil moisture products are available on an operational basis. These rely on microwave radiometric measurements (e.g., SMOS: Soil Moisture and Ocean Salinity, AMSR-E: Advanced Microwave Scanning Radiometer for EOS, SMAP: Soil Moisture Active and Passive mission) and/or scatterometer measurements (e.g., ASCAT: Advanced SCATterometer), and have a spatial resolution ranging between 10 and 40 km [12,13,14,15,16]. As agricultural farms are small in size (~ ha), these global soil moisture products alone are of little use for the evaluation of soil moisture at the scale of individual fields.



Optical/thermal and synthetic aperture radar (SAR) sensors can generate high spatial resolution (less than 30 m) images, which can be processed to provide meaningful information for agricultural farms. On the other hand, optical and thermal sensors have a reduced sensitivity to the soil underneath the vegetation biomass, and are unable to penetrate clouds, thus limiting their relevance for the study of tropical agriculture [17]. High resolution SAR data has been used in several studies for the estimation of soil moisture [18,19,20,21,22,23], and in the last decade several new satellites have been launched, with SAR payloads operating in the C- and X-bands (ASAR/ENVISAT, RADARSAT-1,2, TerraSAR-X, COSMO-SKYMED, RISAT-1, and the Sentinel-1 constellation). The recent availability of these data have led to the development of new algorithms, such as the multi-temporal [18], neural networks [19,20], cumulative density function (CDF) transformation [21], and change detection algorithms [22], and has enabled the direct inversion of physical or empirical models [23].



In the case of a bare soil surface, the backscattered radar signal is affected by the dielectric constant of the first few centimeters of the upper surface layer, and by the soil roughness. In practice, the penetration depth of the radar signal varies between 1 cm in the X-band, and 5 cm in the L-band, in the case of high soil moisture [10,24]. The dielectric constant of the soil depends on its moisture and texture, and the frequency band used by the radar sensor [25]. Several studies have quantified radar signal backscattering as a function of soil moisture and roughness [26]. The backscattering coefficient is found to have a relatively high sensitivity to soil moisture at lower incidence angles (20°–35°) [27,28]. In this context, various radar backscattering models (physical, semi-empirical, and empirical) have been developed in an effort to improve scientific understanding of the relationship between the backscattering coefficient and the parameters used to characterize the soil. The most frequently used models are the integral equation model (IEM) proposed by Fung et al. [29], and the advanced integrated equation model (AIEM) [30], both of which can be applied to a large range of soil roughness conditions. Semi-empirical models, such as those of Oh [31], Dubois [32], and Baghdadi [33], have been proposed and have the advantage of providing simple analytical relationships between the backscattered radar signal and the physical soil parameters.



When the surface is covered with vegetation, the backscattered radar signal depends not only on the soil, but also on the characteristics of the vegetation. Several studies have been proposed, based on solving of the radiative transfer equation, to account for the contribution to the total radar backscattering coefficient produced by the vegetation cover [34,35]. A semi-empirical approach, known as the water cloud model [35], has been widely used in the literature due to its simplicity. This model considers the total backscattered radar signal to be the sum of contributions from the vegetation cover, together with a second contributor related to the soil, which is attenuated by the vegetation cover. The attenuation produced by the vegetation has been estimated using physical, crop-related variables such as the biomass, vegetation water content, crop height, and leaf area index (LAI) [36,37,38], and through the use of satellite observations of optical indices such as the Normalized Difference Vegetation Index (NDVI) [39].



These studies have led to an improved understanding of radar scattering over agricultural surfaces in the C- and X-bands. Different algorithms have been proposed, in particular for the estimation of soil moisture, for experimental as well as operational applications using Sentinel-1 data [20,22,40,41].



In this context, although L-band radars are particularly effective in terms of their ability to penetrate the vegetation cover, for the estimation of underlying soil parameters, relatively small volumes of remotely sensed data have been produced in this frequency band. In practice, recent spaceborne L-band measurements are limited to those provided by two JAXA missions: (PALSAR/ALOS) [42] and PALSAR/ALOS-2 [43], to SMAP measurements recorded during a short period in 2015 [44], and to scatterometer data provided by the Aquarius Sea Surface Salinity mission. The L-band is particularly suitable for observations in tropical areas characterized by a dense vegetation cover and the frequent presence of dense clouds, which can lead to strong attenuation even in C-band radar data [45]. Various studies have analyzed the potential of airborne or spaceborne L-band radar for the observation of agricultural surfaces, as well as for the estimation of land cover and vegetation properties [46,47,48,49,50]. Several studies have proposed the use of polarimetric airborne SAR measurements to analyze soil moisture [51,52,53,54,55,56,57,58,59,60,61,62,63], and have demonstrated the potential of L-band data for the high accuracy retrieval of soil moisture. These studies applied polarimetric decomposition models to the analysis of different types of vegetation cover (corn, soybean, wheat, etc.). Jagdhuber et al. [51] reported an accuracy of 6–8 vol.% using a multi-angular polarimetric decomposition, applied to a variety of crop types, Wang et al. [59] tested various polarimetric decompositions for the retrieval of soil moisture over different areas characterized by a vegetation cover, with a root mean square error (RMSE) of 6–11 vol.%. Using Aquarius data, Liu et al. [63] proposed a method for the global estimation of soil moisture. Using the water cloud model, they obtained an accuracy of 6 vol.%, when comparing Aquarius moisture estimations with passive microwave radiometer products. In the case of future L-band remote-sensing missions such as NISAR ISRO/NASA [64], further progress is needed in the understanding of radar signals, in order to progress towards the development of more operational algorithms, in particular those based on the use of one or two polarization configurations.



In this context, the aim of the present study is to discuss the potential use of L-band radar data for the estimation of soil moisture over agricultural tropical areas. Section 2 describes the study site, satellite images, and ground measurement database. Section 3 presents methodologies and models considered in the proposed study. Section 4 provides a statistical analysis of the relationships established between the backscattered radar signals and soil moisture. We present the performance of different models for the simulation of backscattering over bare and vegetation-covered soils and finally, we discuss the potential of WCM inversion for soil moisture estimations. Our conclusions are provided in Section 5.




2. Study Site and Dataset Description


2.1. Description of the Study Site


The study was carried out in the Berambadi watershed (Figure 1), located near to the town of Gundlupet, with the Bandipur National park lying at its western boundary, in the Chamarajanagar district of Karnataka state, South India (centered at approximately 11.75 °N, 76.6 °E) [21]. The Berambadi watershed lies in a semi-arid climate zone, classified as AWh (equatorial, desert/arid, dry) according to the latest Köppen–Geiger world climate classification [65]. It has a mean annual, dominantly South–West monsoon rainfall of 800 mm. It is included within the French environmental observatory BVET [66] and the so-called: “Assimilation of Multi-satellite data at Berambadi watershed for Hydrology And land Surface” experiment (AMBHAS) [67]. The soil texture map provided by the Karnataka State Remote Sensing Application Centre (KSRSAC) reveals the significant spatial variability of soil textures in this area, with sandy clay, clay, sandy clay loam, clay loam, sandy loam, and loamy sand soil types [21]. During kharif (summer) and rabi (winter), marigold, sorghum, turmeric, sunflower, maize, finger millet, vegetables, lentils, groundnut, etc., are grown. As the climate is semi-arid, irrigation is commonly used in kharif (to complement insufficient monsoon rains), very frequently in rabi and always in summer [68]. This area is characterized by small agricultural plots, with a median surface area of less than 0.3 hectares.




2.2. Dataset Description


2.2.1. SAR Data


Ten L-band (wavelength ~24 cm in free space) SAR images acquired by the Phased Array Synthetic Aperture Radar (PALSAR), the main payload of ALOS-2 (Advanced Land Observing Satellite), were analyzed for the present study. These images were recorded in the dual-polarization mode, with HH (horizontal-horizontal) and HV (horizontal-vertical) polarizations at a pixel size of 6 x 6 m. The SAR images were firstly multi-looked to reduce speckle, using the NEST software [69]. We considered two looks in the azimuthal direction and one in the range direction. The images were then radiometrically calibrated to derive the backscattering coefficients σ0. As NEST is unable to perform automatic geo-referencing of ALOS-2 images, this step is carried out using control points retrieved from a Sentinel-2 optical image of the site. All of the images were geo-referenced and superimposed, with a root mean square (RMS) control point error of approximately one pixel. The mean backscattering coefficient (linear scale) was computed from each calibrated SAR image, by averaging the values of σ0 for all pixels corresponding to the reference plots of interest.




2.2.2. Ground Measurements


During the five-month period from June–October 2018, field measurements were recorded at the same time as the PALSAR radar acquisitions, which have a revisit cycle of 14 days. At the Berambadi site, this period corresponds to the Southwest Indian monsoon, which is accompanied by high levels of precipitation and the growth of vegetation. In this area, the agricultural cycle commences in May–June.



Three major crops were used in the analysis. These comprised of 16 plots of marigold, 6 plots of turmeric, and 7 plots of sorghum, as shown in Figure 2. The agricultural cycle of turmeric extends from May until December, whereas marigold and sorghum are sown in May and harvested in August. Depending on each farmer’s strategy, slightly different agricultural cycles can be implemented with the same crop in different plots. For this reason, peak vegetation growth may not necessarily occur at the same time for all plots containing the same crop. All irrigated fields directly use groundwater on their fields or temporarily store it in individual farm ponds.



Most ground measurements were made before mid-August, prior to the harvesting of marigold and sorghum. This allows to monitor the entire agricultural cycle for these two crops. In the case of turmeric, the field campaigns were extended to mid-September. These measurements are sufficient to consider almost all the phenological cycle of the vegetation and the associated variations of soil moisture. In view of the 6 × 6 m pixels recorded by PALSAR, sufficiently large reference fields were selected (at least 0.5 ha in the case of the present study), to enhance the accuracy of the mean radar signal computed for each field.



Soil moisture and leaf area index measurements were recorded on each reference plot, at approximately the same time as each radar acquisition. The roughness observations were made at the beginning of the ground campaign for a selected number of reference plots.



Soil Moisture Measurements


Soil moisture measurements were performed using a handheld theta probe (SM-300, Delta-T devices, Ltd, Cambridge, UK), which measures the mean value of soil moisture down to a depth of 5 cm. Local calibration of the probe was achieved with 76 gravimetric measurements, confirming its good performance, with a correlation coefficient of 0.91 and a RMSE of 0.031 m3/m3 [21]. Three samples were taken in each reference plot, at the same time (within an interval of two hours) as the overhead pass of the PALSAR-2 satellite. The soil moisture determined for each field was thus computed from the mean value of these measurements. During the measurement campaigns the values of volumetric soil moisture ranged between 2% and 57% in reference fields. As shown in Figure 3, for the three crops (turmeric, marigold, sorghum), the highest moisture mean levels are observed in July. On each of the seven different measurement dates the soil moisture varies greatly with a higher standard deviation for marigold and sorghum crops compared to turmeric. This is due to differences in moisture level between irrigated and rainfed fields.




Leaf Area Index Measurements


The leaf area index (LAI) is defined as the total, one-sided area of leaf tissue per unit ground surface area, and is thus a dimensionless quantity characterizing the vegetation cover of an ecosystem. During the ground campaigns, the LAI was derived using the LAI-2200C Plant Canopy Analyzer. Three measurements were made in each reference field, at approximately the same time as the satellite acquisitions. During the campaigns organized for the present study of reference fields, the LAI ranged between approximately 0 and 5 for the three crops of interest (turmeric, marigold and sorghum). As shown in Figure 4, the average LAI value on the turmeric fields increase over the seven measurement dates, whereas for the sorghum or marigold, the LAI decreases on the last date with the end of their agricultural cycle (mid-august). The LAI varies considerably from one field to another, even for measurements of the same crop made on the same date, as shown in Figure 4. This result is characteristic of tropical areas, where farmers often have different agricultural strategies in terms of planting dates, which makes it difficult to identify clear trends for marigold and sorghum, contrary to the case of agricultural regions in Europe [70].




Roughness Measurements


Roughness measurements were made in early June, at the beginning of the ground measurement campaign. These are relevant only for a small number of reference fields, with bare soils or a highly dispersed vegetation cover. The roughness measurements were obtained with a needle profilometer, 150 cm in length, and a sampling interval of 2 cm between needles. Six measurements were recorded for each reference field, using three profiles parallel to, and three profiles perpendicular to the direction of tillage. The soil height profiles were considered to be stationary and ergodic. Two statistical parameters were then extracted from the height correlation function (i.e., the soil’s RMS height (HRMS)) and its correlation length [71]. The mean values of these two parameters were used to characterize the roughness of each reference field. It is important to note that in these reference fields, no significant directional variations in roughness were observed. In practice, directional variations in the soil’s RMS height or correlation length can decrease the accuracy of the modeled relationship between the backscattered radar signals and the mean roughness estimation [72]. The mean values of HRMS in the reference fields ranges between 1.1 and 2.2 cm, corresponding to low to medium values of soil roughness. The soil height correlation length ranges between 4 and 11.3 cm, which is typical for agricultural areas.







3. Methodology


3.1. Backscattering Model


The aim of the first part of this section is to present five different models used to simulate the PALSAR data in the HH and HV polarizations over bare soil and vegetation-covered fields.



3.1.1. Water Cloud Model (WCM)


The water cloud model was used to model the radar signal backscattered by covered surfaces. At an incidence angle equal to θ, the backscattering coefficient in this model [35] is given by the following expression:


σ0=σcanopy0+σcanopy+soil0+τ2σsoil0



(1)




where τ2 is the two-way vegetation transmissivity. The σcanopy0 represents scattering produced by the vegetation, whereas σcanopy+soil0 is related to multiple scattering effects, and τ2σsoil0 represents soil scattering attenuated by the vegetation cover. The second term, which is generally neglected in the case of scattering arising from annual vegetation cover, is used to account for double-bounce scattering. This term is generally neglected in studies dealing with low levels of vegetation cover, even in the L-band [49,53,63], and is known to be particularly low at high incidence angles [10,11].



Equation (1) can thus be simplified to [33]:


σ0=σcanopy0+τ2σsoil0



(2)




where τ2=exp(−2 B V1 secθ) and σcanopy0=A V2 cosθ (1−τ2) and V1 and V2 are parameters related to the vegetation.



A and B are parameters which depend on the characteristics of the vegetation canopy. This formulation provides a first-order solution for the radiative transfer equation through a weak medium, in which multiple scattering is neglected. The parameters A and B are estimated empirically, using ground-truth measurements and radar signals measured over vegetation covers. The most commonly used vegetation descriptors, which are derived mainly from optical data, include the LAI and NDVI satellite indices, which provide an accurate representation of the influence of vegetation on the total backscattering coefficient in the C-band [20,24].




3.1.2. Soil Backscattering Models


In order to retrieve soil moisture, we need to combine the water cloud model with a bare soil backscattering model, to estimate the value of σsoil0 defined in Equation (2).



(a) Dubois model



Dubois et al. [32] proposed a semi-empirical model that estimates the co-polarized backscatter coefficient over bare soil, as a function of the dielectric constant, incidence angle, RMS height s, and wavelength. In the present study, we consider the HH polarization only.


σHH=10−2.75(cos1.5θsin5θ)100.028εtanθλ0.7(ks sinθ)1.4



(3)




where k is the wave number, defined as 2πλ, λ is the wavelength of the radar signal, ε is the dielectric constant of the soil, and θ is the incidence angle. The model’s domain of validity is defined as: ks ≤ 2.5; mv < 0.35 cm3/cm3; and θ > 30°.



(b) Baghdadi model



Baghdadi et al. [33] proposed a modified version of the Dubois model, which is generalized to include the effects of cross polarization and low incidence angles:


σHH=10−1.287(cosθ)1.227100.009 cotan(θ) mv(ks)0.86 sin(θ)



(4)






σHV=10−2.325(cosθ)−0.01100.011 cotan(θ) mv(ks)0.44 sin(θ)



(5)




where θ is expressed in radians and mv is in vol.%.



(c) Oh’92 model



Oh et al. [31] proposed a semi-empirical model for soil moisture and roughness inversion, which can include the effects of different polarization ratios. In the present study, we consider simulations for the HH and HV polarizations.


σHV=0.23 Γ0 (1−exp(−ks))g cos3θP(Γh+Γv)



(6)






σHH=P g cos3θ (Γh+Γv)



(7)




where


P=(1−(2θπ)[1/3Γ0]exp(−ks))2



(8)






g=0.7[1−exp(−0.65(ks)1.8)]



(9)






Γ0=|1−ε1+ε|2



(10)






Γh=|cosθ−ε(1−sin2θ)cosθ+ε(1−sin2θ)|2



(11)






Γh=|cosθ−1ε(1−sin2θ)cosθ+1ε(1−sin2θ)|2



(12)







The Oh model is optimized for bare soils in the following domain of validity: 0.13 ≤ kHrms ≤ 6.98; 4 ≤ mv (vol.%) ≤ 29.1; and 10° ≤ θ ≤ 70°.



(d) IEM model versions



Fung et al. [29] developed the integral equation model (IEM), which made new contributions to theoretical simulations. In recent years, various improvements to this model have been proposed. With the AIEM, Wu et al. [30] introduced a transition function for the reflection coefficient, taking surface roughness and permittivity into account. Baghdadi et al. [73] proposed an empirical calibration of the IEM model, in order to improve the determination of backscattering coefficients on bare agricultural soils. This approach consists in replacing the measured correlation length by a fitting parameter (Lopt) for each data element, thus allowing the IEM simulations to be in very good agreement with the radar measurements. In the L-band, the fitting parameter Lopt was defined for the HH polarization, as a function of the RMS surface height (HRMS) and incidence angle (θ), as follows:


Lpot(Hrms, θ,HH)=2.6590 θ−1.4493+3.0484 Hrms θ−0.8044



(13)







(e) Empirical linear relationship between soil moisture and radar signal



In order to retrieve the volumetric surface soil moisture from a single radar configuration, a linear relationship is generally established between the radar backscattering coefficient σ0 and mv (vol.%) alone, in the absence of any knowledge of the soil roughness [26]. This relationship can be expressed as follows:


σ0=a mv+b



(14)




where the coefficients a and b depend on the incidence angle and polarization of the radar signal, and on the soil roughness.





3.2. Statistical Parameters


In the present study, statistical analyses are applied, using two quality measures: Pearson’s correlation, and the RMSE (root mean square error).



Pearson’s correlation is defined by:


R=∑i=1N(xi−x¯)(yi−y¯)∑i=1N(xi−x¯)2∑i=1N(yi−y¯)2



(15)




where xi and yi are individual samples taken at points indexed with the variable i,



N is the number of samples, x¯ is the mean of the samples xi, and y¯ is the mean of the samples yi. RMSE (root mean square error)


RMSE=1N∑i=1N(Pi−Oi)2



(16)




where N is the number of data samples, Pi is the predicted value of sample i, and Oi is the measured value of sample i.



The data are checked to ensure they follow a normal distribution, and for their significance, prior to all analyses. The simulated values of soil moisture (SM) were compared with the in situ measurements, and the validity of each simulation was assessed using the RMSE.





4. Results and Discussions


4.1. Analysis of Radar Signal Sensitivity to Soil Moisture


In this section, the sensitivity of L-band radar signals to the surface soil moisture is analyzed for HH and HV radar polarizations, and for different agricultural areas. The results are discussed, firstly for the case of bare soil, and then for the three main crops selected for the present study (i.e., turmeric, marigold, and sorghum).



4.1.1. Bare Soil


In the case of bare soils, various studies have shown that the sensitivity of radar signals to soil moisture has a slope (dB/(vol.%)), which in general lies between 0.1 and 0.3 [26]. This sensitivity depends mainly on the incidence angle and the SAR polarization used for the observations [26]. Figure 5 shows the variations in HH and HV radar signal strength, as a function of the in situ soil moisture measurements, on the reference plots. The linear regressions shown in this figure correspond to HH and HV soil moisture sensitivities equal to 0.21 dB/(vol.%) and 0.20 dB/(vol.%), respectively, for the L-band PALSAR observations. This analysis does not take the influence of soil roughness into account, even though it has an indirect influence on the constant terms determined for the linear regressions (−15.7 and −24.8 for the HH and HV polarizations, respectively). As shown in both theoretical and experimental studies [31,74], the soil roughness has a stronger influence on the backscattered signal strength in the L-band, than at higher frequencies, such as those used in the C- and X-bands. The influence of roughness could also be present in the computed slope, in the case of strong spatio–temporal variations in soil roughness [75]. In the case of the present analysis, there were no significant variations in soil roughness (which was generally low to medium), due to the influence of strong precipitation events.




4.1.2. Surfaces with Vegetation Cover


Three main crops are considered in this analysis, namely turmeric, marigold, and sorghum. In this section, we evaluate the sensitivity of L-band radar signals to soil moisture, in the presence of vegetation cover. In order to clearly distinguish between the influence of vegetation cover and that of soil moisture, we analyze the sensitivity of the radar signals to soil moisture, for two sets of data. For each type of vegetation, two sets of data were thus considered, using the same number of measurements in each case. The first set includes measurements with relatively low values of LAI (less than ~2.5), whereas the second set includes all measurements with the strongest values of LAI (LAI ≥~2.5). For each set, the relationship between soil moisture and radar signal strength was analyzed.



Figure 6 plots the results obtained in the HH and HV polarizations for turmeric fields, and for the two classes of LAI produced by the aforementioned LAI limit (~2.5). Firstly, one can note a significant decrease in the sensitivity of radar signals to soil moisture, for the case of fields with a vegetation cover, as compared to fields with bare soil. This outcome is clearly produced by attenuation of the soil signals due to the presence of a vegetation cover, and by the power scattered by the vegetation. The sensitivity is equal to 0.15 dB/(vol.%) for LAI <2.5, and 0.11 dB/(vol.%) for LAI >2.5. In the case of the HV polarization, the sensitivity is 0.06 dB/(vol.%) for LAI <2.5. This low sensitivity to soil moisture could be explained by the strong, and temporally variable scattering contributed by the vegetation, in the case of low to medium values of LAI (between 0 and 2.5), which in turn reduces the radar signal’s sensitivity to soil moisture. As described in the literature, the influence of vegetation on the backscattered radar signals decreases with increasing vegetation biomass. This effect is clearly observed in forests [76], but also for the case of annual agriculture [77]. This behavior explains why noise coming from vegetation effect in radar signal sensitivity to soil moisture could be higher for the low LAI class than for the high LAI class. In fields having a high value of LAI (LAI >2.5), the noise produced by the vegetation cover appears to be relatively small in both polarizations, and the radar signal is mainly sensitive to variations in soil moisture. This outcome indicates that L-band observations can remain sensitive to soil moisture, even in the presence of a high-density vegetation cover (LAI >2.5).



Figure 7 shows the results derived from observations of the marigold fields. As in the case of the turmeric crops, although the radar signal sensitivity to soil moisture is clearly lower than that observed for bare soil, it remains relatively high, even in the case of densely covered fields. In the HH polarization, the sensitivities are approximately constant for the two LAI classes, respectively equal to ~0.1 dB/(vol.%) and ~0.11 dB/(vol.%), thus confirming the limited influence of vegetation cover in terms of attenuation in the L-band. In the HV polarization, the soil moisture sensitivities are equal to 0.15 dB/(vol.%) and 0.08 dB/(vol.%), respectively, for the two classes of LAI. The presence of flower blossoms in the case of high values of LAI could explain the corresponding decrease in sensitivity to soil moisture. Theoretical backscattering modeling could provide valuable insight into this behavior.



Figure 8 plots the results computed for the case of sorghum fields, for which no correlation is observed between soil moisture and radar signal strength, at low-to-medium values of LAI. Conversely, this sensitivity is found to be relatively strong (0.12 dB/(vol.%) and 0.09 dB/(vol.%) for the HH and HV polarizations, respectively) when the LAI >2.5. As in the case of the turmeric fields, the growth of low LAI sorghum vegetation, together with strong changes in vegetation biomass (leaves, flowers), could explain the observed absence of sensitivity to soil moisture. Given the small number of data points recorded, it is difficult to draw clear conclusions concerning the specific influence of sorghum LAI and vegetation biomass on soil moisture sensitivity. The results computed for the maximum growth classes (LAI ranging between 2.5 and 5) confirm the strong sensitivity of L-band radar observations to soil moisture, even in the presence of a dense vegetation cover.





4.2. Backscattering Models


The aim of this section is to validate the ability of different backscattering models to simulate the behavior of radar signals over bare soils and vegetation-covered surfaces. This approach can then be used to identify models that are suitable for the accurate inversion of radar data.



4.2.1. Bare Soil Backscattering


In the case of bare soils, several studies have validated both physical and semi-empirical backscattering models in the L-, C-, and X-bands [78,79]. The validity domains of various models depend on soil roughness and tillage, which can vary from one agricultural area to another. In this section, five models are tested: the AIEM model; the IEM model modified by Baghdadi (IEM_Bagh); the Oh’92 semi-empirical model; the Dubois semi-empirical model; and finally the Baghdadi semi-empirical model, which is a modified version of the Dubois model. The inputs used for these different models are the soil roughness (standard deviation of the height of the soil only, or including its correlation length), the soil moisture converted to a dielectric constant using Hallikainen’s empirical model [25], and the radar configurations (frequency, polarization, and incidence angle). It is important to note the relatively small volume of data available for the simulation and evaluation of the proposed models, as just seven plots were available, with roughness measurements carried out at the beginning of the ground campaigns only, in the case of bare soils (June 2018). In the presence of heavy rainfall and irrigation, these measurements are meaningful only at the time when they are recorded. Figure 9 compares the results obtained from the models with the real data. The model with the best performance is found to be the Baghdadi model, with an RMSE equal to 1.2 and 2 dB, for the HH and HV polarizations, respectively. The Oh’92 model has the strongest discrepancies with respect to the radar data, with an RMSE equal to 5.4 and 9.4 dB, for the HH and HV polarizations, respectively. The AIEM physical model and its modified version have an intermediate accuracy, with an RMSE close to 2–3 dB for the HH polarization. These results are summarized in Table 1. Despite the small number of data points used for this comparison, the Baghdadi model appears to provide the best simulations of L-band backscattering over bare soil.




4.2.2. Vegetation Covered Soil Backscattering


For the interpretation of Equation (2) in the present study, we determine the parameters V1 and V2 using the LAI index, and the parameters A and B as a function of the type of canopy. This formulation provides a first-order solution for the radiative transfer equation. In the context of the present study, and in view of the small number of roughness measurements, the simple empirical linear relationships established between the soil moisture and radar signals (described in Section 4.1), are tested with respect to the value of σsoil. This approach makes it possible to test the simulation of radar signals, over crops for which larger volumes of L-band data are available. We consider two datasets. The first set (50% of the data) was used to calibrate the parameters A and B, using the least squares method, and the second set (50% of the data) was used for validation of the retrieved model. Figure 10 shows the calibration results obtained for the combined WCM-linear soil backscattering model for three analyzed crops in the HH and HV polarizations. It can be seen that the proposed calibrated model is in good agreement with the observed data. The RMS errors obtained with this model are relatively small, for example: 1.3 dB and 2.2 dB for the HH and HV polarizations, respectively, in the case of the turmeric crop. Table 2 lists the parameters A and B, as well as the model’s statistical performance (RMSE and R2), for the three types of crop (turmeric, marigold, and sorghum). It is important to note the limited number of samples considered, in the case of the sorghum crops, for calibration of the WCM (just 14 points). The retrieved values of A and B are thus less robust than in the case of the two other crops: turmeric crops calibrated with a set of 26 points, and marigold crops calibrated with a set of 34 points. For all crops, the RMSE is found to be higher, and the R2 lower, in the HV polarization than in the HH polarization. This is due to approximations used in the water cloud model, neglecting multi-scattering effects, which are known to be stronger in the HV polarization [80].



In the HH polarization, the parameters A and B have approximately the same order of magnitude for all three crops, thus revealing a certain balance between the influences arising from vegetation attenuation and volume scattering. On the other hand, it can be seen that in the HV polarization, the value of B is very low for turmeric and marigold, and the value of A is very low for sorghum. This could be explained by various limitations in the use of the WCM, due to significant multi-scattering effects, which are not accounted for in the simulations.





4.3. Soil Moisture Estimation


The results presented in Section 4.1 show that the sensitivity of the radar signal to soil moisture is high, even in the case of crops with a high level of vegetation cover at maximum growth (LAI >2.5). Taking into account the small number of roughness measurements available for this study, we implemented a hybrid approach, combining an empirical model for bare soil backscattering, together with the WCM. The inversion of this model to provide soil moisture values in turmeric and marigold fields is shown in Figure 11. This result was produced using a second set of data (50% of the data), that were different to the data used for the calibration, with the same number of data points (26 for turmeric and 34 for marigold). Using the known radar signal data, together with the vegetation contribution derived from the LAI measured during the ground campaigns, the soil moisture can be retrieved through direct inversion of the WCM. The in situ moisture measurements and the remotely-sensed estimations are clearly consistent with an RMSE equal to 6.7 vol.% in the HH polarization, and 7.9 vol.% in the HV polarization for turmeric, and an RMSE equal to 8.7 vol.% in the HH polarization, and 11 vol.% in the HV polarization for marigold. It can be seen that the accuracy obtained in the HV polarization is lower, probably as a consequence of multi-scattering effects, which are not taken into account in the proposed WCM equations. This leads to a decrease in the accuracy of the soil moisture estimations. The fact that the influence of soil roughness could not be taken into account is likely to have decreased the accuracy of the estimations. Low roughness values lead to the over-estimation of moisture, and vice versa for the case of high roughness conditions.



Table 3 shows the moisture estimations obtained for the three crops. Very high values of RMSE are found for the sorghum crops, corresponding to inaccurate soil moisture estimations. This outcome could be explained by the small number of samples (14 samples) used to calibrate the model, and can be expected to limit the robustness of the resulting parameterization.



In the present study, the LAI only was measured. In future studies, it will be of considerable interest to estimate the dry, green biomass and other geometric parameters, which describe the vegetation cover, in order to improve the assessment and understanding of vegetation contributions. Physical backscattering simulations could also be used to study multi-scattering effects in the vegetation cover.





5. Conclusions


In this study, the potential of PALSAR L-band radar data for the estimation of soil moisture is analyzed on different types of agricultural surfaces, at a tropical, semi-arid site in Berambadi, India. The results are based on a large database acquired over a five-month period (June–October 2018). The PALSAR radar data are compared to field data acquired on 29 test plots, with bare soils and different types of crop (turmeric, marigold, and sorghum).



The sensitivity to soil moisture of radar signals in the HH and HV polarizations decrease from bare to covered soils. In the case of covered soils, varying behaviors are observed, which depend on the type of crop. It is important to note that for all types of crop, in the case of dense vegetation, the sensitivity of the signal to moisture remains relatively high (i.e., approximately 0.08–0.15 for the three types of crop: turmeric, marigold, and sorghum), in both HH and HV polarizations. The radar signal backscattered over bare soil and fields with a vegetation cover is simulated using different types of electromagnetic models. In the case of bare soil, simulations obtained with the AIEM, IEM-Bagh, Oh’92, Dubois, and Baghdadi models show that the latter is best suited to the simulation of real signals, with an RMSE of 1.2 and 2.1 dB, for the HH and HV polarizations, respectively, using the tested data. In the case of fields with a vegetation cover, the WCM is calibrated using a soil component simulated with an empirical linear relationship between moisture and radar signal, due to the very small number of roughness measurements available for this study. Moderately accurate soil moisture estimations are obtained for turmeric and marigold fields, using the WCM calibrated with respect to the vegetation (represented by the LAI), with errors equal to 6.7 vol.% and 7.9 vol.%, in the HH and HV polarizations, respectively, for turmeric and 8.7 vol.% and 11 vol.%, in the HH and HV polarizations, respectively, for marigold. In the case of sorghum, the soil moisture estimations made with the WCM are inaccurate. This is probably due to the small number of samples used to calibrate the WCM. The soil moisture estimation errors observed in the HV polarization are higher than in the HH polarization, for the three considered crops. This result could be explained by the fact that multi-scattering effects are not taken into account in the simplified first order radiative transfer equation of the WCM.



In future studies, additional vegetation cover measurements (dry and green biomass and other geometric parameters) should be combined with other physical backscattering models of the vegetation cover, in order to gain an improved understanding of the behavior and interaction of L-band signals with the vegetation. Reliable modeling of multi-scattering effects and a more accurate knowledge of the validity limits of the WCM are also needed.
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Figure 1. View of the Berambadi watershed, showing the location of studied plots of marigold, sorghum, and turmeric. 
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Figure 2. Illustration of three agricultural fields: (a) turmeric, (b) marigold, (c) sorghum. 
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Figure 3. In situ soil moisture measurements in reference fields during the ground campaigns. 
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Figure 4. Ground measurements of leaf area index (LAI) in reference fields during the experimental campaigns. 
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Figure 5. Phased Array Synthetic Aperture Radar (PALSAR) radar data as a function of soil moisture for bare soils: (a) horizontal-horizontal (HH) polarization, (b) horizontal-vertical (HV) polarization. 
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Figure 6. PALSAR radar data as a function of soil moisture for turmeric cover: (a) HH polarization, LAI <2.5; (b) HH polarization, LAI >2.5; (c) HV polarization, LAI <2.5; (d) HV polarization LAI >2.5. 
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Figure 7. PALSAR radar data as a function of soil moisture for marigold cover: (a) HH polarization, LAI <2.5; (b) HH polarization, LAI >2.5; (c) HV polarization, LAI <2.5; (d) HV polarization, LAI >2.5. 
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Figure 8. PALSAR radar data as a function of soil moisture for sorghum cover: (a) HH polarization, LAI <2.5; (b) HH polarization, LAI >2.5; (c) HV polarization, LAI <2.5; (d) HV polarization, LAI >2.5. 
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Figure 9. Comparison between real radar data and simulations using different physical or semi-empirical models: (a) HH polarization; (b) HV polarization. 
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Figure 10. Comparison between calibrated model and radar data for: (a) turmeric, HH polarization, (b) turmeric, HV polarization, (c) marigold, HH polarization, (d) marigold, HV polarization, (e) sorghum, HH polarization, (f) sorghum, HV polarization. 
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Figure 11. Comparison between ground measurements and estimated soil moisture values using PALSAR radar data, (a) turmeric, HH polarization, (b) turmeric, HV polarization, (c) marigold, HH polarization, (d) marigold, HV polarization. 
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Table 1. Root mean square (RMS) errors between simulated and real radar data, using five different physical or semi-empirical models.
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Model

	
RMSE (DB)






	

	
HH pol

	
HV pol




	
AIEM

	
2.2

	
-




	
IEM-Bagh

	
2.9

	
-




	
Oh’92

	
5.4

	
9.4




	
Dubois

	
2.1

	
-




	
Baghdadi

	
1.2

	
2.1
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Table 2. Water cloud model (WCM) parameters for different crops and polarizations, and RMSE between the calibrated model and the observed data.
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Crop

	
Pol

	
A

	
B

	
RMSE (dB)

	
R2






	
Turmeric

	
HH

	
0.037

	
0.05

	
1.3

	
0.68




	
HV

	
5.12

	
6 × 10−5

	
2.2

	
0.41




	
Marigold

	
HH

	
0.031

	
0.069

	
1.6

	
0.35




	
HV

	
1.06

	
0.00035

	
1.9

	
0.28




	
Sorghum

	
HH

	
0.038

	
0.11

	
0.9

	
0.77




	
HV

	
0.006

	
0.13

	
1.3

	
0.42
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Table 3. Accuracy of soil moisture estimations for the three considered crops (turmeric, marigold, and sorghum).
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Crop

	
Pol

	
RMSE (vol.%)






	
Turmeric

	
HH

	
6.7




	
HV

	
7.9




	
Marigold

	
HH

	
8.7




	
HV

	
11




	
Sorghum

	
HH

	
15.7




	
HV

	
16.1
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