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ABSTRACT 

 

Hybrid compact polarimetric (CP) SAR systems present 

significant advantages with respect to fully polarimetric (FP) 

ones, in terms of hardware simplification and better attainable 

resolution and coverage. Retrieval of soil moisture is a 

classical application of FP SAR data: in this context, 

advanced model-based techniques have been proposed to 

support microwave data inversion. In this paper, we present a 

new approach for soil moisture retrieval from CP data, based 

on the use of the Polarimetric Two-Scale Model (PTSM), 

which has been originally proposed in support of soil 

moisture retrieval from FP data. Obtained results are 
validated using simulated CP data relevant to the AgriSAR 

campaign test sites and compared with FP PTSM-based 

retrieval results. 

 

Index Terms— SAR, compact polarimetry, soil 

moisture retrieval 

 

1. INTRODUCTION 

 

Retrieval of soil moisture from Synthetic Aperture Radar 

(SAR) data has been the object of considerable research and, 

in this context, polarimetric data has attracted significant 

attention in the last couple of decades [1]-[5]. Several model-

based approaches have been proposed over the years. First 

efforts were focused on modeling the surface scattering 

component only [1]-[3]; then, refined models were developed 

to account for the volume and double-bounce components, 
thus habilitating the estimation of soil moisture also in 

moderately vegetated areas [4]-[5]. Most of these models 

require fully polarimetric (FP) measurements and exploit all 

the elements of the FP covariance matrix. 

However, FP systems present well-known drawbacks, in 

terms of hardware complexity and limited coverage and 

resolution. Therefore, recently significant research efforts 

were devoted to the analysis and development of compact 

polarimetric systems, with several spaceborne hybrid 

compact polarimetric (CP) SAR sensors launched in the last 

years, such as the Indian RISAT-1, the Canadian RCM, and 

the Argentinian SAOCOM-1. With respect to FP systems, CP 

systems are not able to measure the complete scattering 

matrix, thus calling for the development of ad hoc soil 

moisture retrieval approaches. Indeed, several techniques 

have been proposed in the literature (e.g., [6]-[8]), usually 

based on the joint use of suitable CP parameters and surface 

scattering models. In many cases, the X-Bragg model is used 

to account for surface scattering [7]-[8]. Since the retrieval is 

usually based on the inversion of the surface scattering 

component, it is reasonable to expect that soil moisture 

retrieval could benefit from a more accurate modeling of this 

scattering component. 

In this paper we propose to model surface scattering 

using the Polarimetric Two-Scale Model (PTSM) [2]-[3], 

which has been demonstrated to be more accurate than X-
Bragg, since it accounts not only for the random rotation of 

the incidence plane around the line of sight, as X-Bragg does, 

but also for the random variation of the local incidence angle, 

which is, conversely, neglected by X-Bragg. Based on the 

obtained PTSM expressions of the entries of the CP 

covariance matrix, we then develop an effective retrieval 

method, based on the definition of suitable CP parameters. 

The proposed method is then tested on suitable AgriSAR test 

sites and compared with FP retrieval results. In particular, 

sparsely vegetated measurement sites are considered here, for 

which the surface scattering component can be considered to 

be definitely dominant. In order to extend the method to the 

case of non-negligible vegetation cover, the surface 

component should be preliminarily isolated, e.g. using 

existing CP decomposition approaches [9], which is object of 

current research. 

 
2. THEORY 

 

We first recall how the covariance matrix elements of CP data 

can be expressed in terms of those of the FP one. Then, we 

use PTSM to obtain meaningful expressions of these 

elements. 

 

2.1. Hybrid compact polarimetry 

CP SAR systems transmit circular polarized fields and 

receive the two orthogonal polarized horizontal (H) and 

vertical (V) fields. Therefore, considering right circular 

polarization (R), the elements of the CP scattering matrix can 

be related to those of the FP scattering matrix as follows [6]: 
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𝑆𝑅𝐻 = 𝑆𝐻𝐻 − 𝑗𝑆𝑉𝐻  (1) 

 

𝑆𝑅𝑉 = −𝑗𝑆𝑉𝑉 + 𝑆𝐻𝑉  .  (2) 

 

It is possible to obtain the expression of the elements of 

the CP covariance matrix in terms of the FP scattering matrix 

elements using (1) and (2) 

 
〈|𝑆𝑅𝐻|

2〉 = 〈|𝑆𝐻𝐻|
2〉 + 〈|𝑆𝐻𝑉|

2〉            (3) 

 

〈𝑆𝑅𝐻𝑆𝑅𝑉
∗〉 = 𝑗(〈𝑆𝐻𝐻𝑆𝑉𝑉

∗ 〉 − 〈|𝑆𝐻𝑉|
2〉)       (4) 

 

〈|𝑆𝑅𝑉|
2〉 = 〈|𝑆𝑉𝑉|

2〉 + 〈|𝑆𝐻𝑉|
2〉 ,       (5) 

 

where 〈∙〉 stands for statistical mean and * for complex 

conjugate. Reflection symmetry has been assumed, implying 

zero correlation between copolarized (copol) and 

crosspolarized (crosspol) returns [6]: this assumption holds 

with very good approximation in the case of scattering from 

isotropic rough surfaces [10]. 

 

2.2. Polarimetric two-scale model 

We here limit our attention to sparsely vegetated areas and, 

hence, we assume a dominant surface scattering component, 

so that the returns can be modeled using the PTSM [2]-[3], 

which provides expressions for the elements of the FP 

covariance matrix. According to PTSM, the soil surface is 
modeled as a collection of randomly tilted rough facets, with 

facets' roughness representing the small-scale surface 

roughness, whereas facets' random slope the large-scale one. 

Large- and small-scale roughness are modeled as 

independent stochastic processes. Facet slopes a and b along 

azimuth and range directions are assumed to be independent 

2-variance Gaussian random variables, whose means are 

assumed to be zero, in view of the flatness of the areas 

considered in the experiments. The small-scale roughness is 

modeled as a zero-mean band-limited fractional Brownian 

motion (fBm) stochastic process, characterised by its Hurst 

coefficient Ht  (with 0 < Ht <1) and by its height standard 

deviation s0, which is assumed to be small compared to the 

electromagnetic wavelength , so that the validity limits of 

the Small Perturbation Method (SPM) are satisfied. 

According to PTSM, the entries of the covariance matrix of 

the overall surface can be obtained averaging the elements of 

the covariance matrix of the tilted rough facets over a and b, 

after a second-order expansion around a=b=0. Substituting 

these expressions in (3)-(5) leads to 
 

〈|𝑆𝑅𝐻|
2〉 ≅ 𝑠0

2𝑓𝑠(𝜀,𝐻𝑡)|𝛽𝑟(𝜀)|
2 [1 + (𝛿𝐻(𝜀) +

𝛿𝑋(𝜀)

|𝛽𝑟(𝜀)|
2)𝜎

2] 

 (6) 

 

〈𝑆𝑅𝐻𝑆𝑅𝑉
∗〉 ≅ 𝑗𝑠0

2𝑓𝑠(𝜀,𝐻𝑡)𝛽𝑟(𝜀) [1 + (𝛿𝐻𝑉(𝜀) −
𝛿𝑋(𝜀)

𝛽𝑟(𝜀)
)𝜎2]

 (7) 

 

〈|𝑆𝑅𝑉|
2〉 ≅ 𝑠0

2𝑓𝑠(𝜀, 𝐻𝑡)[1 − (𝛿𝑉(𝜀) − 𝛿𝑋(𝜀))𝜎
2] , (8) 

 
where 

 

𝑓𝑠(𝜀,𝐻𝑡) = 𝑘4 cos4 𝜗 |𝐹𝑉(𝜗, 𝜀)|
2𝑊𝑛(2𝑘 sin𝜗 , 𝐻𝑡) , (9) 

 

𝜗 is the incidence angle, k=2/ is the wavenumber, Wn() is 

the normalised power spectral density of the small-scale 

roughness, whose expression is reported in [2], FV(,) and 

FH(,) are the Bragg coefficients for vertical and horizontal 

polarizations, that depend on the soil relative permittivity , 
 

𝛽𝑟(𝜀) =
𝐹𝐻(𝜗,𝜀)

𝐹𝑉(𝜗,𝜀)
    (10) 

 

𝛿𝑋(𝜀) =
|1−𝛽𝑟(𝜀)|

2

sin2 𝜗
    (11) 

 

{
 
 

 
 𝛿𝑉(𝜀) = 2Re {

1−𝛽𝑟(𝜀)

sin2 𝜗
} −

𝐶2
𝑉𝑉(𝜀,𝐻𝑡)

𝑓𝑠(𝜀,𝐻𝑡)
                

𝛿𝐻(𝜀) = 2Re{
1−𝛽𝑟(𝜀)

𝛽𝑟(𝜀) sin
2 𝜗
} +

𝐶2
𝐻𝐻(𝜀,𝐻𝑡)

|𝛽𝑟(𝜀)|
2𝑓𝑠(𝜀,𝐻𝑡)

  

𝛿𝐻𝑉(𝜀) =
1−𝛽𝑟(𝜀)

𝛽𝑟(𝜀)sin
2 𝜗
−

1−𝛽𝑟
∗(𝜀)

sin2 𝜗
+

𝐶2
𝐻𝑉(𝜀,𝐻𝑡)

𝛽𝑟(𝜀)𝑓𝑠(𝜀,𝐻𝑡)

 

 (12) 

 

𝐶2
𝑝𝑞(𝜀,𝐻𝑡) =

1

2

𝜕2(𝑊𝑛𝑘
4 cos4 𝜗𝐹𝑝(𝜗,𝜀)𝐹𝑞

∗(𝜗,𝜀))

𝜕𝑎2
|
𝑎=𝑏=0

+

1

2

𝜕2(𝑊𝑛𝑘
4 cos4 𝜗𝐹𝑝(𝜗,𝜀)𝐹𝑞

∗(𝜗,𝜀))

𝜕𝑏2
|
𝑎=𝑏=0

 ,  (13) 

 
with p and q that can each stand for H or V. Full analytical 

expressions of the derivatives in (13) are reported in [2]. 

 

3. RETRIEVAL METHOD 

 

Retrieval of soil moisture via PTSM can be implemented 

through the joint use of copol ratio and copol correlation 

coefficient [3]. Their use is justified by the fact that the 

dependence from the small-scale roughness cancels out in the 

ratios, which are only dependent on  and . Therefore, if we 

reasonably neglect the imaginary part of the soil dielectric 

constant, this makes possible to retrieve  and  (and, hence, 

the soil moisture) from FP data (actually, even from dual-pol 

HH-VV data). 

However, the abovementioned quantities cannot be 

measured by CP systems. Therefore, we propose here to use 

the following ratios (limiting to the same second-order 

expansion considered by the PTSM) in support of soil 

moisture retrieval: 

 
〈|𝑆𝑅𝐻 |

2〉

〈|𝑆𝑅𝑉|
2〉
≅ |𝛽𝑟(𝜀)|

2 [1 + (𝛿copol(𝜀) + 𝛿comp
′ (𝜀))𝜎2] (14) 

 
|〈𝑆𝑅𝐻𝑆𝑅𝑉

∗〉|

√〈|𝑆𝑅𝐻|
2〉〈|𝑆𝑅𝑉|

2〉
≅ 1 − (𝛿corr(𝜀) + 𝛿comp

′′ (𝜀))𝜎2 , (15) 
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where 

 

{
  
 

  
 
𝛿copol(𝜀) = 𝛿𝐻(𝜀) + 𝛿𝑉(𝜀)                              

𝛿comp
′ (𝜀) =

1−|𝛽𝑟(𝜀)|
2

|𝛽𝑟(𝜀)|
2 𝛿𝑋(𝜀)                              

𝛿corr(𝜀) =
1

2
𝛿𝐻(𝜀) −

1

2
𝛿𝑉(𝜀) − Re{𝛿𝐻𝑉(𝜀)}

𝛿comp
′′ (𝜀) =

𝛿𝑋(𝜀)

2

|1+𝛽𝑟(𝜀)|
2

|𝛽𝑟(𝜀)|
2                                 

  . (16) 

 

It is worth noting that (14) and (15) differ from the FP 

copol ratio and correlation coefficient, respectively, for the 

presence of the non-null terms 𝛿comp
′ (𝜀) and 𝛿comp

′′ (𝜀) [3]. 

Equations (14)-(16) can be used for the retrieval of σ and ε 

from measurements exactly in the same way described in [3] 

for the retrieval of  and  from measured copol ratio and 

correlation coefficient. In fact, in both cases it is possible to 

build up numerical look-up tables parameterized by the 

dielectric constant  and the large-scale roughness rms slope 

. Accordingly, the same automatic estimation algorithm as 

in [2]-[3] can be devised. 

 

 

4. EXPERIMENTAL RESULTS 

 

We consider L-band SAR data acquired by the DLR airborne 

experimental SAR (E-SAR) system over the site of Demmin 

in northern Germany, during the whole vegetation growth 

cycle in the year 2006 [11]. They refer to an agricultural 

scenario with several different crop types, see Fig. 1, where 
the considered fields are highlighted with their identification 

numbers. Field conditions significantly change from the times 

of the first acquisitions to those of the latest ones, moving from 

scarcely, to moderately, and finally to very vegetated fields. 

In the framework of the AgriSAR campaign, in 

correspondence with SAR acquisitions a wide set of ground 

data was collected, regarding vegetation phenology, terrain 

conditions, precipitations, and volumetric soil moisture [11]. 

Based on photos and descriptions available in [11], here we 

focus on two fields, namely corn field 222 and sugar beet 

field 460, which are bare in correspondence of the first 

acquisition in April 2006, and on the subset of acquisitions 

for which vegetation height is lower than 10 cm, i.e. the first 

six acquisition dates for field 222 and the first five for field 

460. 

Starting from the measured values of the FP scattering 

matrix and using (1)-(2), we simulate the CP scattering matrix 

elements, which are then used to evaluate measured values of 

the ratios in (14) and (15). The retrieval procedures are 

performed after application of a spatial multilook leading to a 

final pixel spacing of 20 m × 20 m. Estimation maps of the 

volumetric soil moisture have been obtained from the soil 

permittivity maps through the Hallikainen mixing model [12] 

(average values of percentages of sand and clay can be 

derived from data in [11] and they are about 68% and 7%, 

respectively). One example of soil moisture maps is provided 

in Fig. 2, both for FP retrieval in Fig. 2 (a) and for CP retrieval 

in Fig. 2 (b). In general, a higher inversion rate is observed 

for CP data. However, note that most of the fields are 

significantly vegetated at the time of acquisition, so that the 
high inversion rate does not necessarily correspond to 

accurate soil moisture retrieval results in these fields. 

In Figs. 3 and 4 quantitative results of soil moisture 

estimation are provided for fields 222 and 460, respectively. 

For the corn field 222 FP and CP results are quite similar and 

they are in good agreement with the ground truth, being 

within the ±30% variation region for almost all the 

considered dates. Note that good retrieval results are obtained 

up to a vegetation height of 10 cm. Moving to the sugar beet 

field 460 the agreement between FP and CP results worsen, 

with CP data providing mostly underestimated soil moisture, 

especially for growing vegetation. In general, FP results 

better fit ground measurements, even if CP estimates seem to 

roughly follow the ground truth soil moisture temporal 

variations. It is worth noting that from the field pictures 

provided in [11] some tillage patterns can be appreciated, 

with tillage activity being dependent on the type of crop. This 
may significantly impact, in a crop-dependent fashion, on the 

 
Figure 1: Optical image of the considered area, with indication of 

the field identification number. 

 

 
(a) 

 
(b) 

Figure 2: Soil moisture maps retrieved for the date of April 19, 2006 

(black pixels: parameter not retrieved): (a) FP; (b) CP. 
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reflection symmetry assumption made in the derivation of the 

presented model [10], and, hence, on the estimation results. 

 

5. CONCLUSION 

 

A novel approach for the estimation of soil moisture from CP 

data based on the inversion of the surface scattering 

component modeled via PTSM has been presented in this 

paper. Suitable CP measurables have been identified in 

support of inversion. Future research paths will focus on the 

extension of the proposed approach to moderately vegetated 
soils and on the possibility to account for anisotropic 

surfaces, frequently encountered in agricultural sites due to 

the occurrence of tillage activities. 
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Figure 3: Estimated average soil moisture over corn field 222 

inverted from simulated CP data (red circle) and FP data (blue 

triangle). The in situ estimated soil moisture (as taken from [11]) is 
indicated by the black dashed line and the ±30% variation region is 

highlighted in gray. Vegetation height is indicated by the green 

dashed line. 

 

 

Figure 4: Estimated average soil moisture over sugar beet field 460 
inverted from simulated CP data (red circle) and FP data (blue 

triangle). The in situ estimated soil moisture (as taken from [11]) is 

indicated by the black dashed line and the ±30% variation region is 

highlighted in gray. Vegetation height is indicated by the green 
dashed line. 
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