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Abstract 

Forest structure mapping is investigated in this work using initial P-band data acquired from ESA’s recently launched 

BIOMASS sensor. First results over a tropical forest in Pará, Brazil, show the excellent radiometric and polarimetric 

quality of the sensor, where the scattering entropy can effectively be used as a measure of polarimetric coherence. The 

full polarimetric capabilities are further exploited to extract the forest signal from the ground component. By modelling 

the ground response as a combination of elementary surface and dihedral contributions, the proposed approach success-

fully identifies forest areas with distinct structural characteristics.  

 

 

1 Introduction 

Natural forest scenes are complex scattering scenarios 

from the radar point of view. SAR polarimetry (PolSAR) 

[1] enables forest structure mapping through polarimetric 

change analysis [2]-[5]. These techniques rely on detecting 

the maximum variation in the backscattering amplitude as-

sociated with changes in the scattering mechanisms. How-

ever, they cannot separate the vertical location of the dif-

ferent scattering contributions. In addition, changes in 

backscattering amplitude are affected by weather and sea-

sonal variations, introducing effects that overlap with those 

caused by structural forest changes [6], [7].  

To separate in height the scattering phase centres of the el-

ements in the scene, interferometry can be employed. In-

terferometric acquisitions at multiple angular directions 

along displaced tracks allow the vertical reconstruction of 

the backscattering intensity. In general, the separated phase 

centres derived from interferometry are more robust to di-

electric variations than the scattering amplitude itself [8], 

[9]. 

This work addresses the mapping of forest structure by 

jointly exploiting polarimetric and interferometric acquisi-

tions (Pol-InSAR) [10]. Ambiguities arising from the su-

perposition of seasonal, weather related, and structural 

changes are reduced by simplifying the complexity of the 

scattering contributions and analysing their individual sig-

natures. This is achieved by first exploiting interferometry 

to separate the ground and volume contributions in height. 

The individual, simpler scattering responses of these com-

ponents can be then analysed in terms of their polarimetric 

information.  

For this, we focus on P-band data. In particular, we use 

very early In-Orbit Commissioning (IOC) phase data from 

the recently launched ESA’s BIOMASS mission [11]. 

With its 70 cm wavelength, this frequency band has sensi-

tivity to the full extent of the forest canopy, from top to 

bottom. At the moment, the analysis is performed over 

purely polarimetric acquisitions from COM-0 acquired on 

May 2025. The results will subsequently be extended to in-

clude interferometric data acquired in later mission phases. 

2 Forest structure mapping from 

Pol-InSAR data 

2.1 Pol-InSAR ground and volume         

separation 

The complete information of single-baseline polarimetric 

and interferometric (Pol-InSAR) [10] configurations at 

pixel level are comprised in the coherency matrix 𝐓: 

 

 𝐓 = 〈𝐤𝑖𝐤𝑗
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which contains second-order statistics of two-coregistered 

scattering vectors 𝐤𝑖 =
1
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𝑖  correspond to the single-look complex (SLC) 

images acquired by the SAR system at the end of each 

across-track baseline and at polarizations 𝑝, 𝑞 ∈ {H, V}. In 

(1), matrices 𝐓𝑖𝑖  are real positive semi-definite matrices 

containing the polarimetric information, while 𝛀𝑖𝑗  are 

complex matrices with the interferometric correlation. Su-

perscript (∙)𝐻 denotes Hermitian transpose and 〈∙〉 spatial 

multi-looking. 

This information is typically represented by means of the 

Pol-InSAR coherence [10]: 

 

 
𝛾𝑖𝑗(𝐰) =

𝐰𝐻𝛀𝑖𝑗𝐰

√(𝐰𝐻𝐓𝑖𝐰)(𝐰𝐻𝐓𝑗𝐰)

, 
(2) 

 

where 𝐰 is a complex unitary vector expressing the varia-

tion with polarization. The Pol-InSAR coherence provides 

a measure of the normalized complex cross-correlation of 

the two images composing the interferometric pair, and it 

is used to link the SAR measurements with a physical 

model of the scene.  

The Random Volume over Ground (RVoG) model [10] de-

scribes the scene as formed by a homogeneous canopy 

layer of randomly oriented scatterers uniformly distributed 



over an impenetrable ground surface. Accordingly, the Pol-

InSAR coherence in (2), is expressed as 

 

 𝛾𝑖𝑗(𝐰) =
𝛾𝑖𝑗

𝑣 + 𝛾𝑖𝑗
𝑔

𝜇(𝐰)

1 + 𝜇(𝐰)
, (3) 

 

where 𝛾𝑖𝑗
𝑣  and 𝛾𝑖𝑗

𝑔
 are the interferometric coherences of the 

volume and ground layers, respectively. 

The separation of the ground and volume components is 

performed to decompose the complex scattering processes 

present in the forest canopy into simpler contributions with 

lower scattering entropy. Starting from (1) to (3), this sep-

aration is achieved by means of the polarimetric (𝐓𝑖𝑖) and 

interferometric (𝛀𝑖𝑗) relationship of such contributions 

[12], [13], expressed as follows: 

 

 𝐓𝑖𝑖 = 𝐓𝑔 + 𝐓𝑣 , (4) 

           𝛀𝑖𝑗 = 𝛾̃𝑖𝑗
𝑔

𝐓𝑔 + 𝛾̃𝑖𝑗
𝑣 𝐓𝑣 . (5) 

 

2.2 Polarimetric ground component  

When using interferometry for separating the ground and 

volume components, their respective polarimetric signa-

tures can be analysed individually. At P-band, a significant 

backscattering contribution comes from the ground. It is a 

strongly polarized component sensitive to variations in 

scattering mechanisms that can be related to characteristics 

of the forest structure. Therefore, the analysis is focused on 

this component, which is modelled as a linear combination 

of surface and dihedral scattering mechanisms [14]: 

 

 𝐓̂𝑔𝑚 = (1 − 𝑟)𝐓̂𝐵 + 𝑟𝐓̂𝐹 , (6) 

 

In (6), 𝑟 ∈ [0,1] is the mixing coefficient or weight of each 

of the contributions, located at ground level. Matrices 𝐓̂𝐵 

and 𝐓̂𝐹 are mutually orthogonal rank-1 matrices represent-

ing Bragg surface and Fresnel dihedral [15] scattering con-

tributions. They are parameterized using equations (69) 

and (72) in [16]. 𝐓̂𝑔𝑚 is rank-2 for 0 < 𝑟 < 1, and becomes 

rank-1 at 𝑟 = 0, 1. The  ∙ ̂ notation represents normalization 

by total backscattering power, i.e., 𝐓̂ = 𝐓 Tr(|𝐓|)⁄ .  

Common polarimetric change analysis methods for detect-

ing changes in the vegetated structure [2]-[5] focus only on 

the optimized polarization states associated with the maxi-

mum variation of the backscattering amplitude. Here, we 

propose a representation of the polarimetric signature of 

the ground where the whole polarization spectrum, and not 

just the optimized one, is observed. This is performed by 

varying the polarization vector 

 

 𝐰 = [

cos 𝛼 ∙ 𝑒𝑖𝜑1

sin 𝛼 ∙ cos 𝛽 ∙ 𝑒𝑖𝜑2

sin 𝛼 ∙ sin 𝛽 ∙ 𝑒𝑖𝜑3

] (7) 

 

for different values of 𝛼 ∈ [0°, 90°] and 𝛽 ∈ [−45°, 45°] 
angles. They represent the type of scattering mechanism 

and the orientation of the target relative to the radar line-

of-sight, respectively. Terms 𝜑1, 𝜑2, 𝜑3 are relative phase 

shifts [10]. 

The projection of 𝐰 onto the ground component 𝐓̂𝑔𝑚 gen-

erates the polarimetric signature to be analysed: 

 

 |𝐰𝐻𝐓̂𝑔𝑚𝐰|, (8) 

 

It yields a two-dimensional histogram with the distribution 

of the scattering mechanisms across all polarizations. This 

is shown in Figure 1, where, from left to right, the ground 

component varies from pure surface (𝑟 = 0) to pure dihe-

dral (𝑟 = 1) scattering. This representation is used to link 

the polarimetric signature of the ground to the physical for-

est structure: surface versus dihedral contributions.  

The data under analysis in this work belongs to the COM-

0 of the IOC phase and it is purely polarimetric. Current 

activities are focused on evaluating the interferometric sta-

bility of the system. In consequence, as an alternative to the 

interferometric ground and volume separation, we focus on 

analysing the polarimetric quality of the data. The fully po-

larimetric matrix 𝐓̂𝑖𝑖 is forced to be of rank-1. This is per-

formed under the assumption that the main scattering con-

tribution at P-band comes from the ground, thus consider-

ing only the first eigenvalue and eigenvector of 𝐓̂𝑖𝑖:  

 

 𝐓̂𝑖𝑖 ≈ 𝐓̂𝑔 = ∑ 𝜆𝑛𝐞𝑛𝐞𝑛
𝐻

3

𝑛
→  𝐓̂𝑔

1 = 𝜆1𝐞1𝐞1
𝐻 . (9) 

 

From (9), a space with elementary orthogonal matrices 

with low entropy scatterers is obtained.  
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Figure 1 Two-dimensional histograms of the (normalized) modelled polarimetric ground component 𝑻̂𝑔𝑚 across all po-

larizations. Leftmost graph corresponds to an ideal (Bragg) surface scattering, i.e., 𝑟 = 0 and 𝛼𝑚𝑎𝑥 = 12°, and rightmost 

graph to an ideal (Fresnel) dihedral scattering, i.e., 𝑟 = 1 and 𝛼𝑚𝑎𝑥 = 60°. Scattering models are simulated with 𝜃0 = 40° 

and dielectric constants 𝜀𝑆 = 4 − 0.5𝑗, 𝜀𝑃 = 40 − 20𝑗, characteristic of dry soil and trunks at P-band [15], respectively. 

Entropy (H), anisotropy (A), alpha (𝛼, in degrees) values [16] are also provided. 



The link between the polarimetric signature and forest 

structure is then provided by estimating the best single sca-

lar mixing coefficient 𝑟 that best fits 𝐓̂𝑔 in the Frobenius 

norm: 

 

 𝑟 =
〈𝐓̂𝑔 − 𝐓̂𝐵 , 𝐓̂𝐹 − 𝐓̂𝐵〉

‖𝐓̂𝐹 − 𝐓̂𝐵‖
2 , (10) 

 

where 〈𝐀, 𝐁〉 = ℜ(Tr(𝐀𝐻𝐁)) indicates Hermitian inner 

product. 

Note that to compute the mixing coefficient 𝑟, no polariza-

tion vector 𝐰 (i.e., 𝛼, 𝛽) is used. Its estimation is given by 

projecting the ground component from the data 𝐓̂𝑔 onto the 

modelled surface 𝐓̂𝐵 and dihedral 𝐓̂𝐹 components. 

3 Initial results with BIOMASS 

IOC data 

One of the very early IOC phase acquisitions from the re-

cently launched ESA’s BIOMASS [11] mission is selected 

for an initial characterization of the forest structure. The 

test site and SAR data are presented in Figure 2, where an 

acquisition from 24th May 2025 around the Amazon River 

covering part of a tropical forest is shown. 

The Pauli RGB colour composite corresponding to the sec-

ond plot shows very distinctive areas. There is a river that 

appears in deep purple-blue colour characteristic of surface 

scattering. It is surrounded by a flooded area with vegeta-

tion in pink and reddish typical from dihedral scattering, 

which is a test for optimum polarimetric phase calibration. 

The rest is covered in green vegetated areas.  

The quality and richness of the polarimetric information of 

the data shown in the Pauli image is demonstrated in the 

entropy (H), anisotropy (A) and alpha (𝛼) parameters [16] 

of the last three plots. The river and water bodies show en-

tropy close to 0, an indication of very high signal-to-noise 

ratio. In addition, there are not only extreme cases, black 

(0) and white (1), but also intermediate grey levels. This 

proves the value of the polarimetric information, i.e., the 

entropy can be used as a measure of polarimetric coher-

ence.  

In consequence, the anisotropy, even with its characteristic 

noisy nature, shows white around the water when there are 

clear dominant scattering mechanisms, and black where 

the scattering complexity increases in the vegetated areas. 

This indicates the presence of three or more equally domi-

nant scattering mechanisms.  

The different types of dominant scattering mechanisms 

shown in the Pauli image are visible in the alpha parameter. 

Surfaces appear in blue (towards 0°) and dihedrals from the 

mangrove trees in flooded areas show in red (towards 90°). 

Three pixels from such distinctive areas are taken to ana-

lyse the forest structure according to the method proposed 

in Section 2 using equations (8) and (9). Histograms with 

their characteristic distribution of dominant scattering 

mechanisms across all polarizations are shown in Figure 

3. Their location in the scene is indicated in the second plot 

of Figure 4, in blue, orange and green crosses, respec-

tively. The zoomed area from the original image in Figure 

4 corresponds to the black square in Figure 2. Such area is 

particularly selected for covering distinctive areas with low 

polarimetric entropy. That entails low complexity scatter-

ing environments, suitable for exploring polarimetric-only 

dominant rank-1 (9) data. 

Figure 3 proves how the polarimetric signatures relate to 

forest structure in terms of surface and dihedral contribu-

tions. The first pixel, (blue cross in the Pauli RGB in Fig-

ure 4) shows 86% of surface contribution, typical from a 

bare area with (almost) no trees. It is followed by pixels 

dominated by 91% dihedral in the flooded area with trees 

 
 

 
 

 
 
 
  
 
 

Figure 2 Early IOC phase fully polarimetric data from ESA’s BIOMASS mission acquired on 24th May, 2025, around an 

area extending over tropical forest and the Amazon River in the state of Pará, Brazil. From left to right, images correspond 

to the SAR backscatter (L1b product), a Pauli RGB composition, and polarimetric H/A/𝛼 parameters [16], respectively. 



(orange cross), and a mixture of 67% surface and 33% di-

hedral (green cross), characteristic of more complex volu-

metric type of scattering mechanisms. 

A clear dominant scattering mechanism with a high per-

centage of surface or dihedral is associated with low en-

tropy values, i.e., 0.1 and 0.02 for pixels (a) and (b). The 

entropy increases for more complex scatterers with more 

than one dominant scattering mechanisms, as it starts to 

show in pixel (c). 

From the mixing ratio 𝑟 in (10), the relative surface and 

dihedral contributions are derived and mapped over the 

study area, as illustrated in Figure 4 (c) and (d). Although 

forest height alone does not directly correlate with the sur-

face or dihedral components, the generated maps are com-

pared with the LiDAR-derived height from the GEDI [17] 

sensor (Figure 4 (a)) to investigate their structural corre-

spondence.  

Forest height can be regarded as a general indicator of 

structure, but it remains ambiguous, as it does not account 

for forest density or the spatial distribution of trees. In con-

trast, the relative proportions of surface and dihedral scat-

tering contributions provide complementary information 

on these characteristics. Surface-dominated areas typically 

indicate open or low-density regions, such as bare soil or 

water bodies, e.g., the river is visible in red in Figure 4 (c). 

Dihedral-dominated areas, in turn, correspond to vertical 

structures that promote double-bounce interactions be-

tween the ground and tree trunks. This is evident in the 

flooded areas surrounding the river, which appear in deep 

blue in the height map (Figure 4 (a)) and are delineated by 

strong dihedral contributions, as shown in deep red in Fig-

ure 4 (d). Such behaviour reflects the enhanced dihedral 

scattering produced by the interaction of the radar signal 

with the water surface and the vertical trunks in the inun-

dated forest. 

4 Conclusions 

Tests using early IOC P-band BIOMASS data shown in 

this work demonstrate the capability of the proposed 

method to map forest structure. By modelling the ground 

response as composed of elementary surface and dihedral 

scattering contributions, the identification of forest areas 

characterized by open and close canopies is possible. Even 

if calibration activities are still undergoing, these prelimi-

nary results already show the polarimetric quality of the 

data and the potential of this frequency band and this mis-

sion. 

Once consolidated the interferometric stability of the data, 

future steps will focus on further simplifying the complex-

ity of the signatures and amplifying the sensitivity to forest 

structure. The goal is then to exploit jointly Pol-InSAR 
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Figure 3 Two-dimensional histograms of the (normalized) modelled polarimetric component 𝑻̂ across all polarizations 

for three pixels with different dominant scattering mechanisms. Percentages of mixing coefficient 𝑟 according to surface 

(S) and dihedral (D) scattering contributions, together with values of H/A/𝛼 parameters [16] are provided. 
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Figure 4 Forest structural characterization results as a mixture of surface and dihedral dominant scattering mechanisms 

coming from a strong ground response at P-band. 



measurements over time to detect and identify the type of 

forest structural changes through variations in the surface-

dihedral contribution of the P-band ground signal. 

This investigation finds place in current activities within 

the ESA-funded BioTomEx project (contract AO/1-

11713/23/NL/CT) for the generation of a forest disturbance 

product derived from BIOMASS data. 
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