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Abstract 
The objective of this study is to improve the performance of semi-empirical radar 
backscatter models, which are mainly used in microwave remote sensing (Oh 1992, 
Oh 2004 and Dubois). The study is based on satellite and ground data collected on 
bare soil surfaces during the Multispectral Crop Monitoring experimental campaign 
of the CESBIO laboratory in 2010 over an agricultural region in southwestern France. 
The dataset covers a wide range of soil (viewing top soil moisture, surface roughness 
and texture) and satellite (at different frequencies: X-, C- and L-bands, and different 
incidence angles: 24.3˚ to 53.3˚) configurations. The proposed methodology consists 
in identifying and correcting the residues of the models, depending on the surface 
properties (roughness, moisture, texture) and/or sensor characteristics (frequency, 
incidence angle). Finally, one model has been retained for each frequency domain. 
Results show that the enhancements of the models significantly increase the simula-
tion performances. The coefficient of correlation increases of 23% in mean and the 
simulation errors (RMSE) are reduced to below 2 dB (at the X and C-bands) and to 1 
dB at the L-band, compared to the initial models. At the X- and C-bands, the best 
performances of the modified models are provided by Dubois, whereas Oh 2004 is 
more suitable for the L-band (r is equal to 0.69, 0.65 and 0.85). Moreover, the mod-
ified models of Oh 1992 and 2004 and Dubois, developed in this study, offer a wider 
domain of validity than the initial formalism and increase the capabilities of retriev-
ing the backscattering signal in view of applications of such approaches to strongly- 
contrasted agricultural surface states. 
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1. Introduction 

The backscattering electromagnetic models of bare soils aim to reproduce the interac-
tions between the electromagnetic wave and the surface. They are considered a useful 
tool to understand the processes (single, multi-or volume scattering) in the backscat-
tering coefficient that microwave antennas record, in perspective of the inversion of soil 
parameters such as the top soil moisture, texture, and surface roughness [1] [2] [3] [4]. 
Their use over agricultural surfaces involves the identification of an approach that 
faithfully reproduces the radar signals while reconciling the constraints of the landscape 
and those inherent to satellite remote sensing (i.e., a large observed area with contrasted 
surface conditions) [5] [6]. In this context, approaches based on the exact solution of 
Maxwell equations (or exact models) are not a relevant response at the scale of an agri-
cultural region. Indeed, these methods, which are known as “method of moments” or 
the “finite difference time domain method”, require high computing time and rely on 
many input variables (difficult to collect at a large scale) [7] [8]. Conversely, the ap-
proximate and semi-empirical models provide an alternative method because they re-
quire a limited number of surface descriptors, which are easily measurable in situ. 

The most commonly used approximate models based on a physical description of the 
backscattering processes are the small-perturbation model, Kirchhoff model, which is 
declined using two approximations according to the roughness level (geometric optic 
or physical optic for low or high roughness, respectively), and Integral Equation Model 
(IEM) [9]-[15]. As in the case of physical based models, they are site dependent and li-
mited to specific soil conditions. Finally, the most used semi-empirical models [16] [17] 
[18] have a simple formalism as the main advantage, which facilitates their implemen-
tation and combined use with satellite images. 

With the availability of satellite SAR data that have been acquired over the past 20 
years in the L-band (Alos 1 or 2), C-band (Ers 1 or 2, Radarsat 1 or 2, Envisat, Sentinel- 
1a/b…), and X-band (TerraSAR-X, Tandem-X, Cosmo-skymed constellation…), it is 
now possible to independently evaluate and improve these semi-empirical models (de-
veloped at least 12 years ago) in different wavelength domains in terms of the estima-
tion of surface soil parameters (moisture, texture or roughness). 

In this context, the objective of this study is to address the performances of three 
semi-empirical models (Oh 1992, Oh 2004 and Dubois) over a wide range of soil sur-
face conditions and propose an improvement of the models using an original method 
based on the reduction of their residues. Initially developed and applied in mathematics 
and statistic domains, the analyze and the reduction of the residues is fundamental in 
modeling approaches and can significantly improve the performances of models by 
removing the effect of physical characteristics non-taken into account in the initial 
formalism. The application of such method on backscattering model (used in remote 
sensing) is unique, especially regarding the surface descriptors and/or satellite characte-
ristics. 

This work is based on the multi-spectral SAR satellite images acquired by Ter-
raSAR-X, Radarsat-2 and Alos-PALSAR over agricultural surfaces, which are characte-
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rized by their specific top soil moisture, surface roughness and texture [19]. The second 
section of the paper presents the study site with the SAR satellite images and ground 
measurements. The methodology focuses on the formalism of the semi-empirical mod-
els and their domains of validity before describing different steps of the statistical anal-
ysis (section 3). The results (section 4) present the performances of the models for dif-
ferent SAR configurations (from X- to L-bands and for multi-angular acquisitions). 
The improved models are presented and evaluated in the identical conditions. Finally, 
the conclusions and perspectives are presented in Section 5. 

2. Materials 
2.1. Study Area 

The study area is located in southwestern France near Toulouse (Figure 1) over an area 
of 420 km² centered at the following coordinates: 43˚29'36''N, 01˚14'14''E. The network 
of monitored fields is mainly located in the alluvial plain of Garonne. The region is go-
verned by a temperate climate with an annual rainfall of approximately 600 mm and a 
mean daily air temperature of a few degrees in winter and 25˚C in summer. Agricultur-
al activities occupy 90% of the landscape, where surfaces are dedicated to crops (56.8%), 
forests (7.9%), urban areas (2.4%), grasslands (32.1%) and water bodies (0.8%) [20]. 

2.2. In Situ Data 

The top soil moisture, surface roughness and texture were measured over a network of 
37 agricultural fields when the soils were bare [21] (Figure 1). The sizes and local 
slopes of these fields were 1.4 - 38.2 hectares and 0.04˚ - 5.31˚, respectively. 

The dielectric constant of the soil was measured at each satellite overpass using mo-
bile theta probe sensors. The volumetric soil moisture of the first five centimeters was 
derived from the in situ calibration function of [21] (R² = 0.75, RMSE = 4.1%, n = 403). 
For each field, the mean values of the Top Soil Moisture (TSM) were averaged from at 
least 15 measurements per field. The TSM values were collected during contrasted con-
ditions, which ranged from dry to saturated soil, with values of 2.4% - 35.3% m3·m−3 
(Figure 2(a)). 

The soil roughness was measured using a 2 m pin profilometer at each change of 
surface state (e.g., transition from a prepared soil to a harrowed or plowed soil), that is, 
1 - 6 times on the surveyed fields depending on the agricultural practices. Two profiles 
were collected in the directions parallel and perpendicular to the tillage orientation. The 
two standard statistical parameters (i.e., the standard deviation of roughness heights 
and the autocorrelation length, abbreviated as hrms and lc, respectively) were calculated 
from each profile. During the experiment, 117 roughness measurements were collected 
over the surface states that ranged from smooth (after the soil preparation for the crop 
sowing) to highly rough conditions (after a deep plowing). The roughness values in the 
semi-empirical model (abbreviated as khrms, where k corresponds to the wave number) 
were 0.55 - 12.57 (Figure 2(b)). 

The soil texture measurements included sampling the surface (0 - 25 cm depth) in a  
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Figure 1. Location of the study site in southwestern France. The network of the surveyed fields is highlighted in purple and superimposed 
on a color-composed TerraSAR-X image (Red: 02/21/2010, Green: 03/26/2010, Blue: 05/09/2010). 

 
circle of 15 meters radius, with 16 sub-samples. Along the transect of the soil moisture, 
2 - 8 samples were obtained depending on the length of the transect and the observed 
behavior of the top soil moisture. Over the study area, the soil content was dominated 
by silt, whose mean value was 52%, followed by the fractions of clay and sand (24%). 
Nevertheless, a high variability was observed, and the 146 measurements show that the 
clay, silt and sand contents were 9% - 58%, 22% - 77%, and 4% - 53%, respectively 
(Figure 2(c) and Figure 2(d)). They fill three classes of the European Soil Map [22] 
texture classification system (i.e., Fine, Medium and Medium Fine). 

2.3. Multi-Spectral SAR Data 

Table 1 summarizes the satellite images acquired when the soils were bare. During 
this period, regular high-spatial-resolution images (less than 20 m) were provided by  
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(a)                                  (b) 

 
(c)                                   (d) 

Figure 2. Histograms of soil parameters values considered as input variables in the semi-empi- 
rical models: top soil moisture (a), standard deviation of roughness heights (khrms) (b), fractions 
of clay (c) and sand (d). 

 
TerraSAR-X (TS-X, 29 images), Radarsat-2 (RS-C, 22 images), and Alos-PALSAR (AP-L, 
3 images), which operate in the X-band (f = 9.65 GHz, λ = 3.1 cm), C-band (f = 5.405 
GHz, λ = 5.5 cm) and L-band (f = 1.27 GHz, λ = 23.6 cm), respectively. The TerraSAR- 
X images were acquired with HH polarization at incidence angles of 27.3˚ - 53.3˚ using 
two beam modes (StripMap (SM) and SpotLight (SL)), which were characterized by a 
pixel spacing of approximately 3 and 1.5 m, respectively [23]. The Radarsat-2 images 
were acquired with the full quad-polarization mode (Fine Quad-Pol), which delivers 
images at HH, VV, HV, and VH polarizations [24]. The incidence angles were 24˚ - 41˚ 
with a pixel spacing of 5 m. The Alos-PALSAR images were acquired at the same inci-
dence angle of 38.7 using the fine-beam single polarization (FBS at the HH polariza-
tion) and fine-beam dual polarization (FBD, at HH and HV polarizations). The pixel 
spacings of the FBS and FBD products were 6.25 and 12.5 m, respectively [25]. All radar 
images were calibrated and geo-referenced using ortho-photos (with a resolution of 50 
cm) provided by the French National Geographic Institute [23] [26]. 

3. Methodology 
3.1. Description of the Backscattering Models 
3.1.1. Oh et al. 1992 Model 
The model is based on the relationships that calculate the backscattering coefficients in 
HH, VV and HV polarizations from the polarization ratios (denoted p and q), sensor 
characteristics and surface parameters (Equations (1) - (8)). 
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Table 1. TerraSAR-X, Radarsat-2 and Alos PALSAR image configurations. 

Mission Mode Acquisition Date Pass 
Incidence Pixel 

Polarization 
states 

Angle (˚) Size (m) 

TS-X SpotLight 03/15/10 D 28.7 2 HH 

TS-X SpotLight 04/14/10 A 32.3 2 HH 

TS-X SpotLight 04/08/10; 04/30/10; 08/29/10 A 45.5 1.75 HH 

TS-X SpotLight 03/05/10; 05/21/10; 07/15/10; 08/17/10 D 53.3 1.5 HH 

  
09/30/10; 10/11/10; 10/22/10 

    

  
11/02/10; 11/13/10; 11/24/10 

    
TS-X StripMap 02/21/10; 03/26/10; 05/09/10; 05/20/10 D 27.3 2.75 HH 

  
07/14/10; 08/16/10; 09/29/10; 10/10/10 

    

  
10/21/10; 11/12/10; 11/23/10 

    
TS-X StripMap 09/15/10 A 31.8 2.75 HH 

TS-X StripMap 02/27/10; 07/31/10 D 41.7 3 HH 

RS-C FQ5 03/05/10; 11/24/10 A 23.3 - 25.3 4.7 × 4.9 Full 

RS-C FQ6 10/21/10; 11/14/10 D 24.6 - 26.5 4.7 × 4.7 Full 

RS-C FQ10 02/26/10; 04/15/10; 05/09/10; 09/30/10 A 29.1 - 30.9 4.7 × 5.1 Full 

RS-C FQ11 03/26/10; 08/17/10 D 30.2 - 32.0 4.7 × 5.5 Full 

RS-C FQ15 
03/15/10; 04/08/10; 05/02/10; 08/30/10; 

10/17/10 
A 34.3 - 36.0 4.7 × 4.8 Full 

RS-C FQ16 05/20/10; 07/31/10; 10/11/10 D 35.4 - 37.0 4.7 × 5.1 Full 

RS-C FQ20 11/03/10 A 39.1 - 40.7 4.7 × 4.8 Full 

RS-C FQ21 02/20/10; 03/16/10; 07/14/10 D 40.1 - 41.6 4.7 × 5.1 Full 

AP-L FBS 02/27/10; 04/14/10 A 38.7 6.2 HH 

AP-L FBD 05/01/10 A 38.7 12.5 HH/HV 

 

( ) ( )0 3cosHH V Hg pσ θ θ θ= Γ + Γ                      (1) 

( ) ( )
3

0 cos
VV V H

g
p
θσ θ θ= Γ + Γ                       (2) 

0 0
HV VVqσ σ=                               (3) 

where                     ( )( )1.80.650.7 1 rmskhg e−= −  

The ratio p refers to the co-polarizations ( 0
/HH VVσ ), whereas the ratio q considers the 

co-and cross-polarizations ( 0
/HH VVσ ). The backscattering coefficients are related to the 

angle of incidence (θ), wave number (k), standard deviation of roughness heights (hrms), 
and Fresnel reflection from the surface at nadir (Г0) by non-linear relationships. 
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( )0
00.23 1 rmskh

HV VVq eσ −= = Γ −                    (4) 

2
0

/ 0
11

90 3
rmskh

HH VVp eθσ −  = = − Γ  
  

                  (5) 

The Fresnel coefficients (Г0, ГH and ГV) are derived from the dielectric constant values 
of the soil (εr) (Equations (6) - (8)), which are derived from the top soil moisture and 
texture measurements (clay, silt and sand contents) using the relationships described by 
[27]. 

2

0

1
1

r

r

ε

ε

 −
Γ =   + 

                           (6) 

( )
2

2
2

cos sin

cos sin

r
H

r

θ ε θ

θ ε θ

− −
Γ =

+ −
                      (7) 

( )
2

2
2

cos sin

cos sin

r r
V

r r

ε θ ε θ

ε θ ε θ

− −
Γ =

+ −
                     (8) 

3.1.2. Oh et al. 2004 Model 
In their study of 2004, [18] proposed a variation in the expression of the polarization 
ratios, enabling the relationships proposed by [27] (and consequently the texture data) 
and Fresnel reflection to be overcome. The ratio p and the cross-polarization are a 
function of the angle of incidence (θ), wave number (k), standard deviation of rough-
ness heights (hrms), top soil moisture (mv). Based on a larger dataset than that available 
in 1992, the authors show that the expression of ratio q is independent of the surface 
moisture [28] (Equations (9) - (13)). 

( )1.40.40 0.65
/ 1 0.35

90
rmskh

HH VV vp m eθσ −− = = −  
 

                (9) 

( )( ) ( )( )0.91.4 1.30
/ 0.095 0.13 sin 1.5 1 rmskh

HV VVq eσ θ −= = + −            (10) 

The backscattering coefficients are calculated according to the following relationships: 

( ) ( )( )1.82.2 0.320 0.70.11 cos 1 rmskh
HV vm eσ θ −= −                (11) 

0
0 HH
VV q

σ
σ =                            (12) 

0 0
HH VVpσ σ=                           (13) 

3.1.3. Dubois et al. 1995 Model 
The formalism proposed by [17] differs from the Oh models (no polarization ratios or 
cross-polarization backscattering coefficients) and describes the behavior of the co-po- 
larized backscattering coefficients ( 0

HHσ  and 0
VVσ ) with two empirical relationships 

(Equations (14) - (15)). The microwave signals depend on the characteristics of the 
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sensors (the angle of incidence (θ), wave number (k) and wavelength (λ)), soil parame-
ters, standard deviation of roughness heights (hrms) and dielectric constant (εr). The lat-
ter can be determined based on the relationships proposed by [27], from the top soil 
moisture and texture measurements (as for the [16] model). 

( )
( )

( )
1.5

1.40.028 tan0 2.75 0.7
5

cos
10 10 sin

sin
r

HH rmskhε θθ
σ θ λ

θ
−=            (14) 

( )
( )

( )
3

1.10.046 tan0 2.35 0.7
3

cos
10 10 sin

sin
r

VV rmskhε θθ
σ θ λ

θ
−=             (15) 

3.1.4. Domain of Validity of the Models 
In previous studies, the authors define the range of values for which the performance of 
the models is optimal (Table 2). Regarding the roughness parameter, the extent of the 
confidence interval is a function of the wave number (k) and consequently of the mi-
crowave frequency considered. In Table 2, the equivalence between the khrms values 
(proposed by the author) and hrms in the X-, C- and L-bands are provided (X-hrms, 
C-hrms and L-hrms, respectively, which correspond to the TerraSAR-X, Radarsat-2 and 
Alos-PALSAR data). The confidence intervals regarding the surface roughness are not-
ably similar for the two models proposed by Oh (slightly larger in the case of Oh 2004) 
and significantly wider than the model of Dubois, which is limited to low roughness le-
vels (with values of khrms less than 2.5). In contrast, a wider confidence interval of the 
top soil moisture is associated with the model of Dubois, 35% m3·m−3, followed by Oh 
2004 (25.1% m3·m−3) and Oh 1992 (22% m3·m−3). According to the incidence angle, the 
domain of validity is 10˚ - 70˚ regarding the models proposed by [16] and [18], whereas 
the relationships presented by [17] are valid for incidence angles above 30˚. 

3.2. From Model Performances Analysis to Their Improvement 

The method of evaluation and improvement of semi-empirical backscattering models is 
presented in Figure 3. First, the three models (Dubois, Oh 1992 and 2004) were eva-
luated over all available field data for HH polarization and the three considered fre-
quencies (X-, C-, and L-bands) (Section 4.1). Then, the residues of the models were 
analyzed (i.e., difference between 0

SATELLITEσ  and 0
MODELσ ). They are assessed accord-

ing to the soil roughness, moisture, texture and satellite incidence angle ( 0
SATELLITEσ -

0
MODELσ  = f (hrms, TSM, Clay, Sand, and θ of the image)) to identify different methods  

 
Table 2. Domains of validity of the semi-empirical models. 

Models 
khrms X-hrms [cm] C-hrms [cm] L-hrms [cm] TSM [%] Inc. Ang. [˚] 

Min Max Min Max Min Max Min Max Min Max Min Max 

Oh 1992 0.10 6.00 0.05 2.97 0.09 5.31 0.38 22.56 9.0 31.0 10.0 70.0 

Oh 2004 0.13 6.98 0.06 3.45 0.11 6.17 0.49 26.24 4.0 29.1 10.0 70.0 

Dubois - 2.50 - 1.24 - 2.21 - 9.40 - 35 30.0 - 
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Figure 3. Flowchart of the methodology to evaluate the performances and improve the semi- 
empirical models. 

 
to improve the models. The equations of the modified models are described and eva-
luated in the last section (4.2). The models were implemented and evaluated on two 
independent databases. From a random selection, one half of the samples was used for 
training (STRAINING), and the remainder was used for validation (SVALIDATION) (except in 
the L-band because of the limited quantity of data). 

4. Results and Discussion 
4.1. Evaluation of the Performances of the Semi-Empirical Models 
4.1.1. Comparison of the Global Performances 
The semi-empirical models exhibit a wide range of performances, as illustrated by the 
values of the coefficient of correlation (0.31 - 0.80) (Figure 4). The results obtained in 
the X- and C-bands are poor, with r less than 0.59 and 0.45, respectively. In contrast, 
the results in the L-band are intermediate, with values of r exceeding 0.71 and RMSE 
less than 2.6 dB. For the X- or C-band, the RMSE values are lower for the two Oh mod-
els (RMSE < 2.72 dB) and, more important, for the Dubois model (RMSE < 4.48 dB), as 
noticed in previous studies over different study sites in Canada, France and Tunisia 
[29] [30] [31]. In the L-band, the results are more accurate with the Oh 2004 model, 
which is consistent with the literature [18]. 

Figures 5(a)-5(c) illustrate the best result of the comparison between simulated and 
estimated backscattering coefficients for the X-, C- and L-bands. The simulations in the 
domains of validity (as defined by the authors) are shown in black; otherwise, they are 
in blue. In those examples, the theoretical domains of validity limit the applicability of 
the model to 59% (n = 168, in the X-band), 78% (n = 174, in the C-band) and 66% (n = 
10, in the L-band) of the observed surface conditions. Nevertheless, the distinction of 
the simulations based on the domains of validity appears difficult, particularly in the 
case of Oh’s models, where the two sets of points (blue or black) have fairly similar dis-
persions. Regarding the model of Dubois, the simulations inside or outside the domain  

Ground data
(hrms, TSM, Clay, Sand, θ)

Backscattering coefficients
(X-, C- and L-bands)

Analysis of the residues (Oh and Dubois) and 
improvement of the models (Section 4.1.2)

σ0
SATELLITE - σ0

MODEL = f (σ0
MODEL)

σ0
SATELLITE - σ0

MODEL = f (hrms, TSM, Clay, Sand,θ)

100%

Evaluation of modified models (Section 4.2)
σ0

SATELLITE vs σ0
MODIFIED MODEL

50%
(100% in L-band)

100%

50%
(100% in L-band)

Evaluation of models (Oh and Dubois)
(Section 4.1.1)
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Figure 4. Coefficient of correlation and RMSE estimated between simulated 
and observed backscattering coefficients for the two Oh models and Dubois 
model in the three frequency domains (X-, C- and L-bands). 

 

 
(a) 

 
(b)                                           (c) 

Figure 5. Examples of the comparison between the observed and simulated backscattering 
coefficients in the X-, C- and L-bands ((a), (b) and (c)), respectively. The black and blue dots 
represent the simulations performed inside or outside the domain of validity of the models. 
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of validity are clearly separable and associated with an underestimation or overestima-
tion of the backscattering coefficient values, respectively (the results in the X- and C- 
bands are not shown here). 

4.1.2. Analysis of Residues of the Models 
The behaviors of the residues of the models ( 0

SATELLITEσ - 0
MODELσ ) were analyzed ac-

cording to variables related to the surface conditions (soil texture, moisture and rough-
ness) or sensor configuration (incidence angle and SAR antenna frequency). For each 
input variable, the sensitivity of the residues was calculated by considering all mea-
surements (inside and outside the domain of validity of the models). Figure 6 shows an 
overview of the sensitivity values observed for each semi-empirical model in the X-, C- 
and L-bands. Maximal sensitivities were observed between the residues and khrms (with 
a decreasing trend from 0.3 to 2.4 dB per unit of khrms), which confirms that the de-
scription of the surface roughness is poor in radar backscatter models. Moreover, the 
increase of this bias with the frequency (illustrated by the Oh 1992 and Dubois models) 
underlines the sensitivity of the backscattering coefficients to the roughness states, par-
ticularly in the L-band. Other important dynamics constitute interesting levers to 
reduce the model bias, such as the trends with the incidence angle (particularly for 
the model of Dubois). Finally, the low sensitivity between the residues and the top 
soil moisture can be overlooked if this parameter is not a key descriptor of bare 
soils. 

Those sensitive parameters were corrected in the modified version of the three mod-
els (displayed in red in Figure 6). 
 

 

Figure 6. Summary of the sensitivities observed between the residues of the models and the input 
variables, expressed in dB for khrms, dB by % m3·m−3 for Top Soil Moisture, dB by % for Clay or 
Sand, and dB−1 for Incidence Angle. 
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As an example, Figure 7 presents two observed residue behaviors with respect to the 
incidence angle or khrms and the Dubois model. The behaviors of the model residues are 
not necessarily homogenous and linear, as in the case of the relationship between the 
incidence angle and the residues of the Dubois model in the X-band (Figure 7(a)). In-
deed, a non-linear decrease (relationship between khrms and the residues, Figure 7(b)) 
is observed. These specific behaviors are integrated in the semi-empirical models to 
improve their representativeness of bare agricultural soils. 

4.2. Improvement of the Semi-Empirical Models 
4.2.1. Statistical Performances of the Modified Models 
The modified semi-empirical models were statistically evaluated on validation samples, 
which represent 50% of the total samples (Figure 8). The increase in r and the RMSE 
values demonstrate the improvement of the simulations of different models regardless  
 

 
(a) 

 
(b) 

Figure 7. Examples of relationships observed between the residues of the 
models and the input variables: residues observed in the X-band with the 
Dubois model versus the incidence angle (a) or standard deviation of the 
roughness heights (b). The black and gray dots represent the samples used 
for the training and validation, respectively. 
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Figure 8. Coefficient of correlation and RMSE estimated between simulated and observed 
backscattering coefficients for the three modified models in the three frequency domains 
(X-, C- and L-bands). 

 
of the considered frequency. In the X-band, the coefficient of correlation is 0.69 for the 
models proposed by Oh in 1992 and Dubois (versus 0.59 before the modification), and 
the errors on the backscattering coefficients are equal to 1.47 and 1.41 dB, respectively 
(2.33 and 4.79 dB before the correction). In the C-band, different models show similar 
performances, where r is approximately 0.64 (they were 0.32 - 0.45), and the RMSE is 
less than 2 dB (20% in relative value). These errors were 2.16 - 3.66 dB depending on 
the considered model (Figure 4). The simulations performed with the best modified 
model (from Dubois) in the X- and C-bands are shown in Figure 9(a) and Figure 9(b), 
respectively (black dots), which illustrate the reduction of scattering compared to the 
initial version of the model (gray dots). 

In the L-band, the coefficient of correlation also increases (r is larger than 0.84 for 
the models proposed by Oh, whereas it is 0.80 before the correction) (Figure 9(c)). The 
associated RMSE of the backscattering coefficients is reduced to values below 1 dB and 
1.30 dB for the model proposed by Dubois. 

In the following sections, only the best modified models are described for each wave-
length (Dubois in the X- and C-bands; Oh 2004 in the L-band). 

4.2.2. Equations of the Best Modified Models 
In the X-band, three correction functions (denoted C1-Dubois =f (θ), C2-Dubois = f (TSM) 
and C3-Dubois = f (khrms)) were applied to the initial Dubois model to reduce the error 
from the incidence angle, top soil moisture and standard deviation of roughness heights 
(Equations (16) - (19)): 

0 0
-MODIFIED  Oh1992-INITIAL 1-Dubois 2-Dubois 3-DuboisHH HH C C Cσ σ= + + +            (16) 

( )1-Dubois 0.30 11.92C f θ θ= = × −                      (17) 
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(a)                              (b) 

 
(c) 

Figure 9. Examples of the comparison between the backscattering coefficients simulated by the 
initial (gray) and modified (black) versions of the models and those observed from the satellite in 
the X-, C- and L-bands ((a), (b) and (c)), respectively. 

 
( )2-Dubois 0.03 0.73C f TSM TSM= = − × +                 (18) 

( ) 0.18
3-Dubois 16.78 9.13rms rmsC f kh e kh−= = × × −                (19) 

In the C-band, the errors from the incidence angle, top soil moisture and standard dev-
iation of roughness heights were also reduced by applying three correction functions to 
the initial Dubois model (denoted C1-Dubois = f (θ), C2-Dubois = f (TSM) and C3-Dubois = f 
(khrms)) (Equations (20) - (23)): 

0 0
-MODIFIED  Dubois-INITIAL 1-Dubois 2-Dubois 3-DuboisHH HH C C Cσ σ= + + +           (20) 

( )1-Dubois 0.18 6.32C f θ θ= = × −                      (21) 

( )2-Dubois 0.09 1.61C f TSM TSM= = × +                  (22) 

( ) 0.44
3-Dubois 16.21 6.89rms rmsC f kh e kh−= = × × −              (23) 

In the L-band, the Oh 2004 model was modified (C1-Oh2004 = f (TSM) and C2-Oh2004 = f 
(khrms)) according to the sensitivities observed with the top soil moisture and standard 
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deviation of roughness heights (Equations (24) - (26)): 
0 0

 Oh2004-MODIFIED  Oh2004-INITIAL 1-Oh2004 2-Oh2004HH HH C Cσ σ= + +             (24) 

( )1-Oh2004 0.07 3.16C f TSM TSM= = − × +                 (25) 

( )2-Oh2004 1.31 0.90rms rmsC f kh kh= = − × +                 (26) 

 

 
(a) 

 
(b) 

 
(c) 

Figure 10. Domains of validity of the initial (gray) and modi- 
fied (black) semi-empirical models regarding the incidence 
angle (a), top soil moisture (b), and standard deviation of rough- 
ness heights (c) in the microwave bands (X, C and L). 
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4.2.3. Extending of the Domains of Validity of the Modified Models 
The domains of validity of the three modified models were extended according to khrms, 
the top soil moisture and the incidence angle point of view (Figure 10). In the X-band, 
the domain of validity increases by a factor 5 according to the khrms values for the mod-
ified Dubois model. Initially, limited to values below 2.50, the modified model can be 
applied over a larger range of roughness (to 12.57, which corresponds to an hrms of 6.22 
cm). It is slightly improved regarding the incidence angle (27.3˚ - 70.0˚ instead of 30.0˚ 
- 70.0˚) and not improved in terms of the surface soil moisture. In the C-band, the do-
main of validity of khrms for the modified Dubois model also strongly increased (limited 
now to 9.72, compared to 2.50 initially). No difference was observed for the domain of 
validity of the top soil moisture, but the lower limit of incidence angle is now 24.3˚ in-
stead of 30.0˚. The increase of the domain of validity widens the possibilities of applica-
tions of the semi-empirical models to various agricultural surface states observed after 
tillage practices [32] [33] [34]. 

Finally, unlike the X- and C-bands, the limited sampling in the L-band (n = 15) does 
not enable the extension of the domain of validity of the models. Indeed, the observed 
roughness levels, with khrms values of 0.33 - 1.44, are circumscribed within the limits 
defined by the authors (0.13 - 6.98). Regarding the incidence angle, all images were ac-
quired at a single value of 38.7˚. Only the top soil moisture had a slightly larger range of 
values than the initial Oh 2004 model: 3.8-33.3% instead of 4.0% - 29.1%. 

5. Conclusions 

This study aimed to improve the performances of three semi-empirical models (Oh 
1992, Oh 2004 and Dubois) using a SAR multi-frequency (X-, C- and L-bands) data-
base, which was acquired over an agricultural area with a wide variability of bare soil 
surface states. The proposed methodology consisted in identifying and correcting the 
residues of the models, depending on the surface properties (roughness, moisture, tex-
ture) and/or sensor characteristics (frequency, incidence angle). The results show that 
the correction of the residues is significant, especially regarding to the incidence angle, 
top soil moisture and soil roughness, for which the signal sensitivity is equal to 0.13 dB 
by, 0.06 dB by % m3·m−3 and 1.25 dB by m m−1 in mean, respectively. Finally, the mod-
ified models perform better than the initial formalisms, and the best modified model 
has been retained for each frequency domain: Dubois for X- and C-bands, and Oh 2004 
for L-band. After correction of the residues, the correlations were improved between 
simulations and observations (from 0.59 to 0.69 in the X-band, from 0.44 to 0.65 in the 
C-band, and up to 0.84 in the L-band), whereas the RMSE and biases were reduced 
(RMSE < 2 dB in the C- and X-bands and 1 dB in the L-band), highlighting the perti-
nence of the method. Moreover, the domains of validity were strongly increased for the 
modified models because the original formalism did not consider all information car-
ried by the main input variables (standard deviation of roughness heights and top soil 
moisture) to simulate the backscattering coefficients, which explains the poor initial 
results. The extension of the domains of validity is particularly notable in the X- and 
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C-bands with maximum khrms values of 12.57 and 9.72 for the Dubois model, which 
corresponds to an increase by a factor 5 and 4, respectively. 

The results offer new perspectives for the inversion of soil parameters from micro-
wave models, particularly with the ongoing and future satellite missions (Sentinel-1A/ 
B, Alos-2, Terrasar-X…). In a near future, this approach could be extended to physi-
cal-based models such as the IEM (Integral Equation model) widely used in microwave 
remote sensing. 
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