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Abstract  

In this paper the problem of soil moisture estimation under vegetation is investigated. Pol-SAR inversion algorithms are de-
veloped and applied on the multi-temporal AGRISAR data set from 2006 to investigate their potential and limitations over 
time. Modifications of the model based Freeman decomposition are used to decompose the scattering contributions and to 
invert the surface and dihedral scattering components for soil moisture estimation at C- and L-band. The applied decomposi-
tion approaches for agricultural land surfaces are suitable but indicate insufficiencies in modeling the volume and the dihe-
dral components, even though some improvements due to the modifications could be shown. Finally this results in a soil 
moisture estimation which does not perform sufficiently well especially over the whole acquisition period. 
 
1 Introduction 

The estimation of soil moisture under vegetation by means 
of remote sensing is a challenging topic and has been inves-
tigated for years. The presence of vegetation posses an addi-
tional so far unsolved problem due to the gradual increase 
of vegetation over the growing season for the estimation of 
soil moisture. Dealing with soil moisture estimation on ag-
ricultural land surfaces means to take such a vegetation 
layer into account for the majority of the growing season. In 
order to overcome the vegetation disturbance on soil mois-
ture estimation several possibilities exist to extend the pa-
rameter and observable space. In this paper SAR po-
larimetry is used to extend it.  
The main goal is to investigate the potential of SAR po-
larimetry (Pol-SAR) to separate the individual scattering 
contributions within one resolution cell using simple ca-
nonical scattering models. Model based decompositions 
described in [1] - [3] are applied on C- and L-band data to 
invert soil moisture. In the following the modified scatter-
ing components for the decomposition, the application on 
experimental data and the inversion and validation are pre-
sented exemplarily over a corn field during the vegetation 
cycle. 

2 Model based three component 
decomposition 

As a basis for the scattering decomposition the well-known 
three component Freeman decomposition [2] is applied to 
decompose different scattering components into a surface 
[TS], a dihedral [TD] and a volume part [TV] [3]  
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The goal is to first decompose the individual scattering 
components and second to subtract the volume component 
from the surface and dihedral component. From these re-
maining components the surface soil moisture is inverted. 
The surface component modeled as a Bragg surface is de-
rived from Maxwell’s equations approximated for a low 
frequency and for slightly rough surfaces [3]. The parame-
ter β of the coherency matrix [TS,] consists only of the 
Bragg coefficients (Rh, Rv) for horizontal and vertical po-
larization and in turn depends on the incidence angle θ and 
the dielectric constant of the soil εs, which is converted into 
volumetric soil moisture via a universal polynomial of 
Topp et al. [4]. For a more realistic formulation of a slightly 
rough surface the expression developed in [5] is used, intro-
ducing a cross-polarization term and a HHVV correlation 
which originates directly from surface roughness. 
The dihedral component is modeled as a Fresnel reflection, 
where the soil and the perpendicular stem of a plant repre-
sent the two Fresnel planes [3]. The resulting coherency 
matrix [TD] is parameterized by the ratio α and the backscat-
tering amplitude fd., both a function of the Fresnel coeffi-
cients of the surface Rs and of the stem (e.g. trunk) Rt, de-
pending on the incidence angle θ, the polarimetric phase 
difference φ and the dielectric constant of the surface εs and 
of the trunk εt.  
The volume component in (1) is modeled as a random vol-
ume of dipoles. In order to model oriented volumes the ap-
proach of [6] is used, which models the vegetation layer 
with horizontally oriented, vertically oriented or randomly 
oriented dipoles depending on the power ratio Pr [6]: 



                        
2

HH

2
VV

r
S

S
10P log⋅=  (2) 

In a further approach the orientation distribution is strength-
ened resulting in a distribution width of Δτ = π / 2. For ver-
tical orientation the probability density function (pdf) as 

ττ sin)/()( 21p =  within 434 // πτπ <<  was ap-
plied, whereas for horizontal orientation the pdf as 

ττ cos)/()( 21p =  within 44 // πτπ <<−  is used to 
derive the following volume coherency matrices 
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In addition to the orientation the shape of the particles ρ is 
also variable and is derived from [7], where the coherency 
matrix under assumption of a random orientation is ob-
tained as [8] 
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with ρ ranging from 1/3 (dipoles) to 1 (spheres). 

3 Experimental results 

All approaches were applied on a subset of the C- and L-
band data of the west-east track acquired in the frame of the 
AgriSAR campaign within four months over the vegetation 
growing period in 2006 [9]. A European team consisting of 
16 institutions performed the campaign, unique in scope and 
scale, to generate an image and ground database for exami-
nation and validation. The test site is located in Northern 
Germany and offers a variety of different soil and crop 
types. SAR data have been acquired by DLR’s Microwave 
and Radar Institute’s airborne E-SAR system.  

3.1 Three component decompositions 

Altogether five different approaches were applied: 
• Bragg decomposition as presented in (1). 
• X-Bragg decomposition using X-Bragg [5] instead of 

Bragg for surface modelling. 
• Volume 1 decomposition using (4) for the volume de-

scription. 
• Volume 2 decomposition including the volume model 

of [6]. 
• Volume 3 decomposition incorporating the volume de-

scription of (3). 
 

 
Figure 1 Percentage of surface (or dihedral) dominated 
points calculated using the Volume1-approach (dashed) and 
all other approaches (solid) at L- (green) and C-band (blue). 

 

Figure 1 presents for the three component decomposition 
which mechanism is dominant at which acquisition time 
over the whole scene. As the shape parameter affects the 
decision criterion of the Volume1-approach which is not the 
case for all other approaches it shows for both frequencies a 
more distinct dihedral component at all times. 
 
 
 
 

 

Figure 2 Relative power components (top: C-band, bottom: L-band) for the five decompositions over time exemplarily for a 
corn field. The powers presented are calculated for the surface, dihedral and volume components. The green curve in the 
background denotes the vegetation height (shown on right y-axis). 



 

Focusing on C-band, surface scattering is dominant at the 
beginning of the vegetation growth period until mid of May 
(until day 130) and at the end of the growing season begin-
ning from mid of July (from day 200), when most of the 
crops were mature, with a minimum in mid of June. Turning 
to L-band dihedral scattering is dominant in the early stage 
of the vegetation growth period in mid of May (minimum 
around day 130). Afterwards surface scattering is predomi-
nant from June until the end of the acquisition period (at the 
beginning of August) which may be due to the better pene-
tration capabilities of L-band at a 23 cm wavelength.  
To investigate the performance of the different scattering 
contributions (surface, dihedral, volume) over the entire 
growth period in both frequencies a corn field was selected 
(see Figure 2). The single scattering contributions are 
shown as relative powers, normalized to the sum of all three 
contributions. Comparing the three scattering components 
in time for C- and L-band they show in general the same 
behaviour driven by the vegetation growth. That means un-
til mid of June (day 165) dihedral scattering does not exist 
due to the missing vegetation cover. Afterwards the situa-
tion changes when surface scattering decays and the dihe-
dral contribution emerges until the end of the acquisition 
period. 
The volume component reveals an increase with vegetation 
growth from day 165, but is also distinct in the period be-
fore without vegetation cover. It is important to note that the 
corn field showed a strong surface roughness before seeding 
and also of its seedbed. This indicates the insufficient vol-
ume description of all models leading to a misinterpretation 
of surface roughness induced cross-polarization as scatter-
ing of a vegetation volume. This is stronger in C- band than 
in L-band owing to its shorter wavelength (5 cm).  
The X-Bragg approach should exhibit a better performance 
due to a better roughness description of the surface. This 
can especially be seen in L-band where the power is trans-
ferred from the volume to the surface component as com-
pared to the other approaches. This is not the case for C-
band where the roughness limit for X-Bragg (ks < 1) is vio-
lated. Looking to other approaches in detail the Volume1-
approach displays a strong overestimation of the volume 
component over almost the whole acquisition period in C-
band. Whereas in L-band this approach is consistent with 
almost all other approaches over time, except the X-Bragg 
approach for the reasons mentioned above. 

3.2 Soil moisture estimation 

Soil moisture was estimated over the whole acquisition pe-
riod for the dominant surface and dihedral component using 
the five different decomposition approaches in both fre-
quencies (C- and L-band). The validation compares values 
averaged from three ground measurement points at two dif-
ferent soil depths (0-5 cm and 5-10 cm) with the estimated 
soil moisture values (Figure 3). A 21 x 21 box around the 
sampling points leading to 441 effective looks was taken. 

The ground measurements are denoted by the black dashed 
line surrounded by a gray area showing the ±30 % interval 
around the respective value. Estimates outside the interval 
are blurred meaning not reaching the needed accuracy. In 
addition the vegetation height is indicated as dashed green 
line.  
In Figure 3 on the upper plot the soil moisture at L-band 
retrieved from the dihedral component (in red) shows a poor 
performance in time. Of course only in the period when di-
hedral scattering is present. Soil moisture can be inverted, 
but the power is too low to be properly inverted. For the soil 
moisture values retrieved from the surface component it can 
be highlighted that the X-Bragg approach performs best in 
time. It can also be seen that for day 186 and 193 when the 
vegetation was growing intensively the Volume 2 – ap-
proach accounting for oriented volumes exhibits good per-
formance.  
 

 
Figure 3 Comparison of mean estimated soil moisture of 
the corn field over time inverted from the surface (blue) and 
dihedral (red) scattering contribution calculated by the five 
approaches (top: L-band, bottom: C-band). The dashed 
black line corresponds to the estimated soil moisture on the 
ground together with its ±30 % variation region shown in 
gray. The green dashed line represents the vegetation height 
(right y-axis). 

Focusing on the C- band results in the lower plot of Fig-
ure 3 the soil moisture obtained from the dihedral compo-
nent shows a far better performance for the last three acqui-



sition times than for L-band, which might be induced by the 
higher level of the dihedral power in C- compared to L-
band (see Figure 2). The results for the soil moisture esti-
mated from the surface component have similar temporal 
behaviour over time compared to L-band except for the X-
Bragg approach which presents a lower performance. But 
this is already indicated in Figure 2 where X-Bragg in C-
band has an average surface power which is in the same 
range as all the other approaches due to the before-
mentioned validity range of X-Bragg (ks < 1). But the re-
sults for X-Bragg in C-band together with the dihedral 
component show good results. Finally the Volume 2 ap-
proach performs best at the times when the vegetation is 
strongly growing in July (day 186 and 193). 

4 Summary 

The modified Freeman three component decomposition of 
the coherency matrix was applied on the time series of the 
AgriSAR data set. The results shown for C- and L-band 
demonstrate the applicability of this decomposition on agri-
cultural fields. The normalized scattering contributions (sur-
face, dihedral, volume) of a corn field for the two frequen-
cies indicate the same major trends in time, but have a dif-
ferent behaviour concerning the volume and roughness 
sensitivity. Despite the three different volume approaches 
(Volume1-3) the volume contribution is not modeled suffi-
ciently well. Thus an accurate separation of surface rough-
ness induced scattering from volume scattering is not good 
enough, even though the volume component was modified. 
Furthermore, soil moisture was retrieved from both ground 
scattering components (surface, dihedral) for five different 
decomposition approaches in two frequencies (C- and L-
band) and validated against ground measurements taken 
during the AgriSAR campaign in 2006. For L-band the soil 
moisture obtained from the dihedral contribution presented 
very poor results leading to the conclusion that the assump-
tion of a specular Fresnel reflection is not compatible with 
natural scattering conditions at this wavelength. It is sug-
gested that modified Fresnel coefficients, which account for 
scattering losses, should be applied to achieve more reason-
able results [10]. For L- and C-band the soil moisture re-
trieved by the surface contribution indicates for most of the 
methods low values compared to the measured soil moisture 
values, caused by a weak surface component which suffers 
from an insufficiently modelled volume component for the 
before mentioned reasons. In this work the decomposition 
and the inversion was presented exemplarily for one crop 
type. During the AgriSAR campaign five different crop 
types were analysed for further investigations. 
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