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Abstract

This work employs a Polarimetric SAR Interferometry (PolInSAR) two-layer model in order to separate the polarimetric
response from ground and volume contributions in vegetated scenarios. The full rank covariance matrix for the ground
and volume components may be extracted. The polarimetric properties of the extracted components will be evaluated
under different acquisition conditions, in order to better understand the potentials of the PolInSAR separation technique
for bio/geo-physical parameters extraction.

1 Introduction

SAR Polarimetry (PolSAR) allows to discriminate dif-
ferent geometric and dielectric properties of scatterers
within the resolution cell. Several polarimetric ground and
volume models have been employed to extract bio/geo-
physical properties of the scene. However, in a real sce-
nario, the radar response of ground and volume contribu-
tions are mixed together over vegetated areas. On the other
hand SAR Interferometry, by exploiting acquisitions with
different baselines, has sensitivity to the vertical distribu-
tion of scatterers. This work combines SAR Polarimetry
and Interferometry (PolInSAR) in order to separate ground
and volume components assuming a two-layer model.

2 The PolInSAR two-layer model

PolInSAR sensors measure the fully polarimetric response
of the target at N different baselines. Therefore, the Mul-
tipolarization Multibaseline coherency matrix TN may be
expressed as
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where Tii represent the polarimetric coherency matrix at
baseline i and Ωij represents the PolInSAR matrix be-
tween baselines i and j.
Traditionally, in the two layer models the scattering is de-
composed into two main physical components: the soil,
considered as an impenetrable surface, and the vegeta-
tion on top of it, represented by a volume of small scat-

terers. These models have been also employed for in-
terferometry as, for instance, the Random Volume Over
Ground (RVOG) [5] or the interferometric water cloud
model (IWM) [4].
In the two layer model the interferometric coherence γij
between acquisition i and j for a particular polarization
state w may be expressed as [5]

γij(w) =
wHΩijw√

wHTiiw · wHTjjw
=
γvij + γgijµ(w)

1 + µ(w)
(4)

where γgij and γvij represent the interferometric coherence
for the ground and volume layers, respectively, defined as

γlij =

∫
F l(z)ejkzij

z dz∫
F l(z) dz

, (5)

with l ∈ (g, v), kzij is the vertical wavenumber between
acquisition i and j, and µ(w) represents the ground to vol-
ume power ratio for the polarization state w

µ(w) =
wHTgw
wHTvw

. (6)

As mentioned in [5], under these assumptions the coher-
ence region for each baseline γij(w) is following a segment
of the line defined by the two layers coherences γgij and γvij
controlled by the ground to volume ratio µ(w). Different
two layer models differ only in the interpretation of these
layers and/or their vertical characteristics F l(z) definition.

3 Ground and Volume Response
Separation

This two layer model formulation is convenient since (4)
indirectly separates the polarimetric and interferometric
components into the µ(w) and γgij , γvij factors, respectively.
The assumption behind this fact is that the scene and the



vertical distribution of scattering are not changing between
baselines and polarizations. This allows one to define the
different coherence Tii and PolInSAR Ωij matrices in (1)
as already noted in [6] [7]

Tii = Tg + Tv (7)
Ωij = γgijTg + γvijTv (8)

For a more concise multibaseline notation, the representa-
tion of the two layer models covariance matrix TN defined
in (1) may be expressed by a Sum of Kronecker Products
(SKP), as described in [8]

TN = Rg ⊗ Tg + Rv ⊗ Tv (9)

where Rg and Rv represent the N × N structure matrices
and Tg and Tv the 3× 3 coherency matrices of the ground
and volume, respectively.
Instead of working directly over the Ωij matrices a polari-
metric pre-whitening filter may be applied. This filter sim-
plifies the formulation as the interferometric coherences
may be obtained as the numerical range of the Πij ma-
trices [7]

Πij = T
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2
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2

jj = γgijTgw + γvijTvw (10)

where Tgw and Tvw correspond to the whitened ground
and volume coherency matrices, having

I = Tgw + Tvw. (11)

From (10) and (11), the whitened ground and volume co-
herency matrices may be extracted for every i, j acquisition
combination by fixing the γgij and γvij as
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where H(A) denotes the Hermitian part of matrix A, de-
fined as H(A) = (A + AH)/2.

In a multibaseline scenario, T̂
(ij)

gw and T̂
(ij)

vw may be esti-
mated from every baseline and the average T̄gw and T̄vw

may be obtained. Finally, a vertical profile model may be
employed to link the γgij and γvij between baselines and a
unique solution may be obtained by minimizing the error
of Πij in (10) for all baselines [3]. Finally, the original
ground and volume components Tii

g and Tii
v may be ob-

tained after de-whitening the estimated T̄gw and T̄vw with
the corresponding Tii.
It is worth noticing that one of the key differences between
the proposed ground and volume decomposition and the
techniques based on the two largest Kronecker Product ap-
proximation [8] is that the proposed technique may be con-
sidered as a polarimetric decomposition in the sense that
the equality in (7) strictly holds, instead of being just an
approximation under some measure.

4 Results

To analyze the proposed technique, the TMPSAR08 L-
band ESAR dataset will be employed. Two different multi-
baseline acquisitions of this dataset will be considered,
consisting of 6 airborne acquisitions with similar baselines
on each one, acquired on the 10th and 12th of June 2008
over the Traunstein site, in southern Germany. The main
difference between these two images is that the acquisition
on the 10th of June was performed after a large dry period
(i.e. dry conditions) while the acquisition on the 12th of
June was taken after a number of rain events occurring on
the 11th and 12th of June (i.e. wet conditions). In this work
the two datasets will be referred to as dry and wet, respec-
tively. The Pauli RGB of the first image for the dry and
wet acquisitions may be seen on Fig. 1a and 1d, respec-
tively. Similarly, the Pauli RGB of the obtained covariance
matrices Tg and Tv for the ground and volume are repre-
sented in Figs. 1b, 1e and 1c, 1f, respectively. The areas
where the model could not be inverted are represented in
black. They are mainly surface and bare areas where the
two layer model do not apply.

(a) Original - dry (b) Ground - dry (c) Volume - dry

(d) Original - wet (e) Ground - wet (f) Volume - wet

Figure 1 Pauli RGB of the first acquisition and of the
extracted ground and volume components for the dry and
wet acquisitions.

In a first qualitative analysis of the data, no large differ-
ences may be observed. This is an expected results as the
temporal baseline of only two days is not enough to pro-
duce significant changes over the vegetation. However, the
change from dry to wet conditions may induce changes in
the dielectric constant of the volume and ground layers. In-
deed, a more closer look shows small differences between
them. Fig. 2 shows the PDF over the image of the ground



to volume ratio for the dry and wet acquisitions, calculated
as tr(Tg)/tr(Tv). As it may be seen, on wet conditions
smaller values of ground to volume ratios are obtained.
This is consistent with the hypothesis of an increased re-
flectivity and extinction of the volume layer on wet con-
ditions, predicted by some models. Moreover, it may be
observed that the distribution is wider for dry conditions.

Figure 2 Histogram of the ground to volume ratio for the
dry and wet acquisitions.

In order to analyze in more detail the change of power dis-
tributions between the two acquisitions, Fig. 3 shows the
2D scatter plot distribution between the dry and wet total
power (the span) for the original data and for the extracted
ground and volume components. It may be seen that on the
original data, in Fig. 3a, most of the distribution is tightly
concentrated around the diagonal, indicating no significant
changes between both acquisitions. On the other hand,
Figs. 3b and 3c show a wider distribution, presenting more
values away of the diagonal. It may also be seen that on
the ground component in Fig. 3b the distribution is slightly
concentrated over the diagonal, while in Fig. 3c the oppo-
site behavior is observed. This indicates that generally a
small increase of the volume and a decrease of the ground
component is observed on the wet acquisition, which may
be consistent with the interpretation that on the wet acqui-
sition more scattering and extinction is observed on the for-
est canopy.
However, the change in the components is not only vis-
ible in its power distribution but also on its polarimetry.
For instance, Fig. 4 shows the scatter plot distribution of
the Pauli1-Pauli2 phase of the extracted volume compo-
nents for the dry and wet acquisitions. As it may be seen,
there is a shift of the observed phase probably related to
the change of dielectrics, having generally a larger Pauli1-
Pauli2 phase for dry conditions.
In order to perform a more detailed analysis of the changes,
the polarimetric change analysis technique proposed in
[2][1] will be employed. Fig. 5 shows the obtained change
representation for the increase and decrease in the origi-
nal data and in the extracted ground and volume compo-
nents. As it may be seen in Figs. 5a and 5b no signifi-
cant changes may be observed on the original data, but the
extracted ground and volume components, in Figs. 5c-5f,
show a more defined change pattern, dominated by an in-
crease of the ground and a decrease of the volume in dry

(a) Original dry vs. wet

(b) Ground dry vs. wet

(c) Volume dry vs. wet

Figure 3 Scatter plot of the dry vs. wet total power
(span) distribution for the (a) original, (b) ground and (c)
volume components.

with respect to wet conditions.
This analysis shows that although the polarimetric change
between the original dry and wet images is small, there
is in fact a redistribution of the power within the ground
and volume components, resulting in a larger change when
analyzing these layers independently.
In order to see more clearly these redistribution of power,
Fig. 6 shows the 2D distribution of the volume vs ground
ratio changes, in dBs, between dry and wet conditions.
This ratio is analyzed for each of the three Pauli compo-
nents in Figs. 6a-6c, showing the volume ratio on the hor-
izontal axis and the ground ratio on the vertical axis. The
white dashed line depicts a inverse relation between them,
for reference. In order to see the effect of the changes only
over forested areas, a mask has been applied to consider
only areas covered by trees with a height larger than 15



Figure 4 Scatter plot of the Pauli1-Pauli2 phase of the
extracted volume components for dry and wet acquisi-
tions.

meters, using a lidar acquisition as a reference.
In all the three plots of Fig. 6 it may be seen that the center
of the distribution is located around 0 dB for the volume
ratio but slightly higher, about 1 dB, for the ground ra-
tio. This indicates a (small) general increase of the ground
component on the dry acquisition, due to increased pene-
tration. Although the distributions are generally centered,
the inverse relation between them appears clearly on the
plots. All three Pauli components follow an inverse rela-
tion, close to the white line, indicating that when the vol-
ume increases the ground decreases and vice-versa. It may
also be seen that this relation is slightly more pronounced
for Pauli1 and Pauli3 than for Pauli2, presenting a larger
negative slope in Figs. 6a and 6c than in 6b.
In order to analyze the spatial distribution over the scene
of the ground and volume ratios between dry and wet ac-
quisitions, the following Rv and Rg ratios are defined

Rv = 10 log10

tr(Tdry
v )

tr(Twet
v )

(14)

Rg = 10 log10

tr(Tdry
g )

tr(Twet
g )

. (15)

Note that Rv and Rg correspond to the total power (the
span) ratio between dry and wet acquisitions for the vol-
ume and ground components, respectively. With these
quantities a ratio image may be composed with |Rv +Rg|,
indicating with a high value where both increase or de-
crease, and |Rv − Rg|, presenting high values when they
change in an opposite direction.
Fig. 7a shows this ratio image for all the invertible pixels
of the image. Similar to a Pauli image, |Rv +Rg| is repre-
sented in blue color while |Rv−Rg| in the red channel. As
a reference, Fig. 7b shows the forest height extracted from
a lidar acquisition. It may be seen that over forested areas
a red color is obtained while over areas with low vegeta-
tion the blue color dominates. This suggest that the ground
scattering is also increasing due to the increase of water
content and soil moisture but over forest the effect of in-
creased extinction through canopy dominates, perceiving a
general decrease over the ground component. This effect is

(a) Original - pinc (b) Original - pdec

(c) Ground - pinc (d) Ground - pdec

(e) Volume - pinc (f) Volume - pdec

Figure 5 Polarimetric change representation of the in-
crease and decrease (pinc and pdec) between dry and wet
datasets for the original data and the extracted ground
and volume components. The change magnitude has been
scaled from 1dB to 6dB.

more clearly visible on Fig. 7c, corresponding to the same
image in Fig. 7a while masking areas with forest height be-
low 15 meters. Comparing Figs. 7c and Fig. 7b it may be
seen that there is some correlation between forest height
and the amount of increase/decrease of the volume/ground
components between dry and wet acquisitions. This re-
inforces the hypothesis that the decrease of power in the
ground component is caused by the increase of extinction
due to the wetter canopy, being in line with traditional veg-
etation scattering models.

5 Conclusions

This paper has employed a PolInSAR two layer model
in order to perform a polarimetric decomposition of the
ground and volume components over forested area. This



(a) Original dry vs. wet

(b) Ground dry vs. wet

(c) Volume dry vs. wet

Figure 6 Power ratio changes in dB between dry and
wet acquisitions for volume and ground components for
(a) Pauli1, (b) Pauli2 and (c) Pauli3 polarization states.
Areas covered by forest higher than 15 meters have been
considered.

decomposition technique has been applied to compare two
different multi-baseline acquisitions on distinct conditions
over forest, one acquired after a dry period (dry) and the
other after some rainy days (wet).
Although the polarimetric change between these dry and
wet acquisitions was relatively small, it has been shown
that the change on the individual ground and volume com-
ponents was significantly larger. More specifically a re-
distribution of the scattering was observed. The increased
water content on the forest canopy on the wet acquisition
was translated into an increase of the volume scattering and
extinction, resulting consequently into a decrease of the
ground contribution. These observed changes are, there-
fore, in line with the expected response obtained from tra-

(a) Ratios image

(b) Lidar forest height (c) Ratios image for height ≥ 15

Figure 7 Ground and volume ratio images and reference
forest height. Ratio image for all the invertible pixels (a)
and only for areas with forest height larger than 15 me-
ters (c). In the ratio images |Rv + Rg| is represented in
blue (ground and volume change in the same direction)
and |Rv − Rg| is represented in red (ground and volume
change in different direction). The intensity scaling of the
ratio images is from 0 to 4dB. The reference lidar forest
height is shown in (b) going from 0, in blue, to 50 meters,
in red.

ditional physical scattering models. The performed exper-
iments also show the potential of the proposed polarimet-
ric ground and volume decomposition, based on the two
layer PolInSAR model, to separate the different compo-
nents within vegetation and to obtain more insight in the
temporal changes occurring.
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