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Polarimetric Analysis of Natural Terrain Observed
With a Ku-Band Terrestrial Radar
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Abstract—Terrestrial radar interferometers (TRI) are compli-
mentary to spaceborne synthetic aperture radar systems for defor-
mation monitoring in natural terrain: they permit shorter revisit
times and greater flexibility in acquisition mode and timing. The ad-
ditional diversity offered by polarimetric data can also be beneficial
for TRI observations because polarized waves are sensitive to the
dielectric and geometrical properties of the scatterers. Polarimetric
data helps to distinguish different scattering mechanisms in a reso-
lution cell while at the same time estimating terrain displacements.
However, the polarimetric scattering signatures of natural surfaces
at Ku-Band are not as well characterized as the ones at longer
wavelengths, owing to relative rarity of full polarimetric systems
operating in Ku-band. This band is often employed in TRI to obtain
a fine azimuth resolution with a limited aperture size. This article
aims at assessing the potential of polarimetric measurements in Ku-
band TRI through an experimental study of polarimetric scattering
signatures of natural surfaces using two datasets acquired over a
glacier and in an agricultural and urban scene. The main finding of
this analysis is that the Cloude–Pottier entropy is high for all land
cover types; it is only observed to be less than 0.5 for scatterers
with a large radar cross section. Several plausible hypotheses for
this observation are formulated and tested, the most likely assumes
a combination of depolarizing scattering from natural surfaces
and the effect of the large ratio of wavelength to resolution cell
size.

Index Terms—Entropy, ground based radar, polarimetric radar.

I. INTRODUCTION

A. Background

IMAGING radar systems are a fundamental tool for earth
observation. Spaceborne synthetic aperture radars (SAR) are

among the most widely used of these systems. These sensors
provide high-resolution images of large areas regardless of solar
illumination and weather conditions.
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A common application of these systems is differential SAR
interferometry (D-InSAR): through coherent combination of
images of the same scene at different times, it permits dis-
placement estimation with a precision limited by the wavelength
employed [1], [2].

By employing orthogonally polarized antennas, polarimetric
imaging capabilities can be added to SAR systems [3]–[8]. The
sensitivity of polarized electromagnetic waves to the geometric
and dielectric properties of the objects they interact allows the
separation of scattering mechanisms within a resolution cell and
to characterize their scattering behavior. Example applications
of polarimetric radar data are land cover classification [9], [10],
the estimation of soil moisture and the reconstruction of snow
and vegetation properties and structures [11]–[19].

A drawback of space—and airborne—SAR system is their
high cost and the low flexibility in acquisition location and
schedule. Terrestrial radar interferometers (TRI) [20], [21] are an
alternative to these sensors for the observations of fast changes of
limited size in natural terrain. These devices found applications
in the monitoring of unstable slopes, glaciers, and subsidence in
urban areas [20]–[26]. A thorough review of these systems and
their application is presented in [21] and [27].

Some polarimetric TRI systems are documented in the litera-
ture; RISKSAR [25], [28]–[33] an X-band full polarimetric SAR
mounted on a motorized rail is the most exhaustive example: the
polarimetric data was employed to improve the spatial density
of persistent scatterers in urban regions and to optimize the tem-
poral interferometric phase stability for subsidence monitoring.

A rail-based system operating in C-band is presented in [34]; a
polarimetric analysis of an urban scene acquired with it is shown
in [35] and [36]. In [37] and [38], another system operating
from L- to X-band is introduced, which is used in different
configurations to produce polarimetric imagery and study the
scattering behavior of trees and tree stands [18], [19], crops [39],
and the effect of changes in soil moisture [40].

The majority of polarimetric TRI are operated at L-, C- and
X-band, in the range of wavelengths between 30 and 3 cm. These
same used by the majority of air- and spaceborne polarimetric
SAR systems.

The Ku-band advanced polarimetric radar interferometer
(KAPRI) [41] is designed for operations in Ku-band, at a
wavelength of 17mm. The choice of a shorter wavelength is
imposed by two aspects. First, KAPRI is a real-aperture radar;
this design requires a short wavelength to achieve a good azimuth
resolution while keeping the antenna’s size small enough for
easy transportation and installation. Second, a short wavelength
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is beneficial for zero-baseline differential interferometry as it
increases the sensitivity to deformation for short repeat-time
observations.

Since KAPRI uses a wavelength relatively unexplored in SAR
polarimetry, an assessment of polarimetric scattering responses
at this wavelength is necessary. This study aims to understand the
applicability of common polarimetric scattering models to the
acquisition scenarios—repeat time, geometry, resolution, and
wavelength—encountered in Ku-band polarimetric terrestrial
radar interferometry.

B. Contributions of This Article

This article presents a polarimetric analysis of two datasets
acquired with KAPRI, a Ku-band TRA. One dataset covers the
Bisgletscher glacier and the surrounding Alpine terrain, in the
Southwestern Swiss Alps. The other dataset covers urban and
agricultural terrain near the city of Bern.

In both datasets, high Cloude–Pottier entropy H and cross-
polar backscatter power are observed over most land cover
types. Four different interpretations for these observations are
proposed. In the first hypothesis, the entropy is attributed to the
presence of depolarizing scattering. Likely, physical mechanism
for depolarization are hypothesized by relating the observed
parameters with the terrain types using land cover classification
data, aerial photographs, and, in the case of the polarimet-
ric time-series dataset, with temperature measurement from a
nearby automatic weather station.

Three alternative hypotheses for the high entropy, involving
causes other than scattering processes are presented and tested.
These hypotheses are: the effect of measurement noise, target
mixing caused by spatial averaging, and mixing of the responses
of several scatterers in the resolution cell.

The results of these analyses suggest that a combination of
depolarizing scattering from natural surfaces, combined with
the short wavelength and large resolution cell size are likely to
produce the observed parameter distribution.

II. METHODS AND DATA

A. Polarimetric Analysis

KAPRI is a coherent, fully polarimetric radar. Such radars
measure the polarimetric scattering matrix S of every scatterer
they image. The S matrix relates the transmitted polarization
state with the polarization state of the backscattered signal. This
is sufficient to describe scattering interactions with determinis-
tic, point-like objects.

1) Depolarization: However, most natural surfaces are so-
called distributed scatterers or extended scatterers that are not
well modeled as point-like scatters. The response of these objects
is instead modeled as the superposition of backscatter from
collections of point-like scatterers with varying geometrical
and electrical properties. As these elements vary in position,
orientation, and properties, the total backscattered field will
fluctuate in time and space and so will its polarization state.
Such interactions are called depolarizing. The scattering matrix
is insufficient to model depolarizing scattering; instead statistical
descriptors are needed to quantify these interactions [42]–[44].

Since polarimetric radars only measure the fully polarized
component of the backscattered signal, i.e., the scattering matrix
S, in a strict sense they cannot directly observe depolarization.
To overcome this limitation, statistical descriptors for depolar-
izing scattering mechanism can be derived by computing the
second-order statistics of S

T = E [kᵀk] ,C = E [lᵀl] (1)

where k and l are the Pauli and lexicographic scattering vectors,
obtained as the vectorization S in the Pauli or lexicographic ma-
trix basis. The average should be computed over the fluctuation
of S, which is rarely observable, especially so for imaging radar,
where only one snapshot is acquired.

The common alternative is to assume ergodicity of the scatter-
ing process; the hypothesis that different samples of S acquired
at different locations or times represent independent samples of
the same scattering process [44].

In coherent SAR polarimetry, this is done by computing the
single-look polarimetric coherence or covariance matrices T
or C from S and averaging the result in space assuming that
adjacent pixels belong to a distributed scatterer, i.e., a scatterer
whose spatial extent is larger than a single resolution cell. This
is usually assumed to hold for natural surfaces.

Several descriptors can be obtained from these matrices,
which are used to model aspects of the depolarizing scattering
process. In this article, the subset listed in Table I was considered.

The polarimetric backscatter coefficients have been linked to
variations in environmental parameters: vegetation parameters
such as water content [45], snow properties [46]–[49], soil
moisture, and roughness [50]–[52] to cite some examples.

The copolar (HH − V V ) coherence phase and magnitude are
also correlated with several physical quantities, for example,
the depth of fresh snow [13], the anisotropy of ice and snow
particles [53], properties of snow and firn [54], and several
properties of the vegetation cover [12].
γ(HH−V V )−(HH+V V ) is the coherence between the HH +

V V and HH − V V components of the Pauli scattering vector,
corresponding to the normalized T12 element of the polari-
metric coherency matrix T. This parameter is an indicator for
the presence or absence of rotational and azimuthal scattering
symmetries [44]. In [11], it was shown that this coherence is cor-
related with the surface roughness through the extended-Bragg
scattering model (X-Bragg).

Finally, the most relevant parameters considered in this analy-
sis are the entropyH and the meanα angle of the Cloude–Pottier
decomposition, obtained from the eigenvalue decomposition of
the polarimetric coherence matrix T. These are employed to
describe depolarizing scattering mechanisms. The entropy H
measures the amount of depolarization: a value of zero corre-
sponds to a fully deterministic scattering process while a value of
one indicates high scattering randomness. In the latter case, the
coherence matrix can be expressed as the sum of three distinct
polarimetric scattering matrices.

Theα angle, bound between 0◦ and 90◦ is used to characterize
the dominant type of scattering, with angles close to zero corre-
sponding to single or odd-bounce scattering from point scatterers
and smooth surfaces, angles around 45◦ anisotropic scatterers
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TABLE I
SUMMARY OF THE POLARIMETRIC PARAMETERS EXTRACTED FOR THE ANALYSIS

from dipole-like objects and values close to 90◦ indicating
even-bounce scattering from dihedral structures.

These parameters are often visualized in the H–α plane,
which is used to perform a classification of observed scattering
mechanism, customarily in nine zones [10], [55].

Depolarizing scattering is frequently observed in radar po-
larimetric observation of natural features. A literature survey
shows the following three common physical mechanism behind
depolarization.

1) Rayleigh scattering from a volume of anisotropic
spheroidal particles with random orientations [42], [44],
[56].

2) Multiple scattering in a cloud of spheroidal particles [57]–
[59]. The level of depolarization increases rapidly with
increasing interaction order n [44].

3) Surface scattering from a rough surface [11], [44] as
predicted by the Bragg or small perturbation method
(SPM) surface scattering model [60] a low frequency
approximation. SPM is applicable to surfaces where the
root-mean-square (rms) height s [61] is small w.r.t.
the wavelength, conventionally, where ks < 0.3 with k
being the wavenumber. At Ku-band, k is 367 m−1, and s
for agricultural soils is reported between 0.3 and 4cm [50],
[62], [63]. At Ku-band, the X-Bragg model should be
applicable to smooth soils.

However, other mechanisms not related to the scattering me-
dia are also known to increase the observed entropy [64]. Thus,
the following four hypotheses ought to be considered for the
analysis of polarimetric signatures.

1) the presence of depolarizing scattering mechanisms;
2) a significant noise contribution;
3) mixing of heterogeneous pixels in the multilooking

process;
4) mixing of many polarized scattering processes in a reso-

lution cell;
2) noise: Thermal noise in the radar electronics can produce

observations similar to these of depolarizing scattering for non-
depolarizing surfaces.

To understand how, suppose all polarimetric channels of the
radar to be equally affected by noise with standard deviation σn.
Moreover assume that the observed scatterer is not depolarizing
and can be represented by a scattering matrix S. Then, the
estimated coherency matrix T̂ is

T̂ = T+ Iσ2
n. (2)

Since the target is not depolarizing, T is a singular matrix
therefore the entropy of T is zero. However, the estimated
entropy of the observed coherency matrix T̂ is

H
(
T̂
)

=
2

SNR + 3
log3

(
1

SNR + 3

)

− SNR + 1

SNR + 3
log3

(
SNR + 1

SNR + 3

)
(3)

where the SNR is defined as the ratio of the nonzero eigenvalue
of T and the noise variance σ2

n. This function is monotonously
decreasing in the SNR; the entropy will approach zero for
infinite SNR. This shows that assuming equal noise power in
all polarizations would cause an increase in estimated entropy
which is not caused by depolarization in the imaged targets.

When channels are affected by different levels of noise this is
not longer true. In that case, the entropy depends on the relative
noise power. Therefore, if a depolarizing target is observed, a
discrepancy in noise power may lower the estimated entropy by
biasing one of the eigenvalues of T̂. In that case, the entropy
cannot be expressed in a closed-form as a function of the noise
powers since there are no formulas to compute the spectrum of
sums of Hermitian matrices.

3) Mixing of Scattering Processes Due to Multilooking:
Spatial averaging or multilooking is needed to estimate the
coherency matrix T from the measured scattering matrix. De-
pending on the type of averaging, multilooking can bias entropy
estimates [64], [65].

To minimize the biasing effect of multilooking adaptive, mul-
tilooking techniques are proposed [66]–[71]. These methods aim
to preserve spatial resolution and avoid mixing distinct scattering
mechanisms by selecting only similar pixels before averaging.

To keep higher resolution and reduce mixing, the coherency
matrix can be estimated by averaging pixels in time in case
time-series data is available [25], [64], [72].

Since a time series is available for one of the regions in this
study, three different estimators are compared.

1) Hboxcar: 20× 2 multilook average.
2) HIDAN: Intensity-driven adaptive neighborhood (IDAN).

Region growing adaptive filter [71] with a maximum
region size of 40 pixels.

3) Htemporal: Temporal average [25], [64].
The temporal average Htemporal differs from the estimate

discussed in [64]: in the latter, the elements of the scattering
matrix are acquired in multiple passes; covariance matrices
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Fig. 1. Typical full-polarimetric antenna arrangement for KAPRI. The upper two antennas are the transmitters in the vertical and horizontal polarizations. Two
pairs of vertical and horizontal receiving units are installed on the bottom half of the tower assembly. The two blue dots represent the locations of the equivalent
phase centers for the upper and lower HH channel, and the red dot represent the phase center location for the V V channel. The tower assembly is rotated about
its center with an angular velocity ω by the motor, producing 2-D images resolved by range using a frequency modulated chirp and by angle with the narrow fan
beam having beamwidth θ3 dB .

are then built from the stacked channels such that temporal
decorrelation directly affects Htemporal.

For this article, all channels of S are acquired simultaneously
and the covariance/coherence matrix are estimated from the av-
erage of single-look matrices obtained from scattering matrices
measured at different times, removing the coherent effect of
temporal decorrelation due to changes is the complex scattering
amplitude.1

In order to obtain approximately the same number of looks as
for the estimates obtained from spatial averages, 40 acquisitions
are used to estimateHtemporal. These are chosen to be as close as
possible in time, to minimize the effect of changes in the scene.

B. Mixing Within a Resolution Cell

The combination of many scatterers due to a large resolution
cell size may also cause high entropy to be estimated.

The level of entropy is affected by the number and types of
targets contained a resolution cell. If a cell comprises a low en-
tropy scatterer with a large radar cross section such as a trihedral
reflector, the entropy will be low. Otherwise, if the cell contains
several scatterers of similar radar reflectivity but differing shape
and orientation, the entropy will be higher. Since its estimation
requires averaging, if neighboring cells also contains a mixture
of targets with similar properties, the spatial estimate of entropy
will be high.

1Although not its indirect effect due to changes in the imaged scene that may
increase the entropy.

This effect is controlled by the wavelength. Substantial scat-
tering comes from objects larger than several wavelengths.
Therefore, as the ratio of wavelength to resolution cell size
decreases, the entropy will increase as the number of scatterers
per resolution cell is expected to increase, which will in turn
increase the entropy.

C. Data Acquisition: KAPRI

KAPRI [41] is a Ku-band polarimetric real aperture radar
developed from Gamma portable radar interferometer II
(GPRI-II) [73]. GPRI-II initial application is slope instability
monitoring using differential interferometry. While the GPRI-II
employs vertically polarized antennas, KAPRI was upgraded
by the manufacturer through the addition of a set of horizontally
polarized antennas and switching circuitry in order to acquire
fully polarimetric datasets.

KAPRI operates at 17.2 GHz, corresponding to a wavelength
of 0.017 m. Distance resolution is obtained using a 200 MHz
chirp, processed with the deramp-on-receive frequency mod-
ulated continuous wave (FMCW) architecture [74]. The chirp
produces a nominal range resolution of 0.75 m, which increases
to an effective resolution of approximately one meter after range
windowing, necessary for sidelobe suppression based on the fast
Fourier transform (FFT) range compression.

Resolution orthogonal to the line of sight is obtained by scan-
ning a 2m-long slotted waveguide antenna having a beamwidth
of 0.385◦ with an azimuthal drive. The principle is illustrated
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TABLE II
MOST IMPORTANT HARDWARE PARAMETERS OF KAPRI

in Fig. 1. With this method images are acquired on a polar
grid, with trapezoidal resolution cells whose cross-range size
increases linearly with distance from the radar: the ground
resolution in cross range is 8m at a distance of 1Km.

The hardware characteristics of KAPRI are summarized in Ta-
ble II.

D. Data Preparation and Calibration

For a valid polarimetric analysis it is necessary that radar data
is processed and calibrated correctly. The methods employed for
this purpose are described in detail in another publication [41].
The following paragraphs provide a short overview of the pro-
cedure for the benefit of the reader.

KAPRI is based on a dechirp-on-receive FMCW architecture,
where the system transmits a chirped continuous wave signal;
the backscatter signal received by the antenna is then mixed
with the transmitted chirp, producing a modulated signal whose
beat frequency is proportional to range. This beat signal is
digitized and range profiles are reconstructed using a Fourier
transform [41], [75].

To obtain two-dimensional (2-D) images, a series of range
profiles at different antenna azimuth angles are acquired, re-
solving the scatterers by their range and by their angle thanks
to a narrow fan beam emitted by a slotted waveguide antenna,
as illustrated in Fig. 1. However, during the chirped the relative
phasing of the radiation emitted at the antenna’s slot change,
causing an antenna mainlobe squint [76] leading to the degra-
dation of range and azimuth resolution.

To correct this effect, the raw data matrix acquired in the
chirp frequency–azimuth angle domain—often called fast time
and slow time, respectively—is processed with a frequency–
azimuth interpolation to align the samples along in the correct
angle–frequency bins. After squint compensation and range
compression the SLC data must be corrected with an azimuth
matched filter to remove the azimuth phase ramp caused by the
eccentric motion of the antenna’s phase centers as the antenna
are mounted offset from the motor’s center of rotation. This
correction is done according to the procedure detailed in a
previous publication [41].

The polarimetric channels are coregistered by interpolation
using theHH channel as a reference with the purpose of correct-
ing a 0.18◦ antenna mainlobe pointing difference between the
horizontally and the vertically polarized antennas. The pattern
misalignment reduces the signal-to-noise (SNR) ratio for HV

channel by 1.8 dB with respect to the SNR for the copolar
channels because the transmission and reception patterns do not
completely overlap.

KAPRI uses separate transmitting and receiving antennas
for the H and the V polarizations to minimize crosstalk. The
antennas are installed with vertical spacing on a metal truss,
which is on turn attached to the azimuth drive motor, as shown
in Fig. 1. Because of the spatial separation of the equivalent
polarimetric antenna phase centers—as shown by the diagram
in Fig. 1 where the equivalent phase center locations for theHH
and V V for the upper receiver are displayed as blue and red dots
respectively—the entries of scattering matrix S have a different
propagation phase.

Therefore, phase differences computed from channels where
the phase centers are not at the same height will contain a phase
term proportional to the terrain topography and to the base-
line. A method to remove this contribution from a single look
polarimetric covariance matrix C was presented in [41]. The
method was latter modified to operate on scattering matrices:
the absolute topographic phase is estimated using two channels
with the same polarization located at two ends of a baseline;
then unwrapped, rescaled to the baseline between each channel’s
phase center and the reference phase center placed at the location
of the top transmitting antenna and subtracted from the channel’s
phase.

After removal of the topographic phase, the polarimetric and
radiometric calibration parameters determined using the dataset
and procedure described in [41] are applied to S.

Finally, radiometric normalization is applied by dividing the
entries of the scattering matrix S with the pixel area factor,
determined using an external digital elevation model geocoded
in radar azimuth-range coordinates [77], [78]. This generates a
scattering matrix where the pixel’s intensities correspond to the
equivalent normalized radar crossection σ0.

E. Datasets

The polarimetric analysis presented in this article is made
with two datasets acquired in 2015 and 2016 in two regions of
Switzerland.

The first data was taken in the summer months of 2015 during
a glacier monitoring project in the Mattertal, an Alpine valley
in the Southwestern Swiss Alps, Canton of Valais.

The second dataset was acquired in September 2016 during
a calibration experiment at the “Chutzen” location, at the top



BAFFELLI et al.: POLARIMETRIC ANALYSIS OF NATURAL TERRAIN OBSERVED WITH A Ku-BAND TERRESTRIAL RADAR 5273

Fig. 2. (a) 0.25m resolution orthophoto of the Bisgletscher test site. The ROIs used for the polarimetric analysis are overlaid to the image in dark blue and are
assigned a short alphanumeric code. (b) Zoom-ins of each ROI, including its full name according to the SWISSNAMES placename inventory and the land cover
class from the NOLC04 land use statistics. The alphanumeric codes in three correspond to the first two character of the ROI’s name followed by an increasing
number. (Geodata ©swisstopo). (a) Overview map for Bisgletscher. (b) Excerpts for Bisgletscher ROIs.

of the “Belpberg” hill, near the town of Münsingen, Canton of
Bern, Switzerland.

1) Bisgletscher Dataset: The data was acquired during a
project to monitor the surface ice flow velocity of the Bis-
gletscher [79] glacier in the Mattertal valley, Canton of Valais,
Southwestern Swiss Alps. The device was installed in the
vicinity of the Domütte alpine hut, where electrical power
supply and a Wi-Fi communication and control link used by
the PermaSense/X-Sense project [80] were available. From its
location at the hut, KAPRI was overlooking the Bisgletscher
on the other flank of the valley at distances between 3000 and
8000m, where the terrain is covered by glaciers, rocks, scree,
short vegetation, and sparse forests. An overview of the scene is
given by the aerial photograph of Fig. 2(a).

The campaign was carried out in the summer months of 2015,
between the second half of July and September, using acquisition
repeat times of 150 s. Because of data transmission and storage
limitations, acquisition were only made for 12 h each day.

Only a subset of the whole time series could be analyzed as
processing the entire dataset would have exceeded the available
storage and computation capabilities. The analysis is focused
on the week between July 10 and July 17, 2015. Ten acquisition
times were used for each of these days: 6:00, 7:00, 8:00, 9:00,
10:00, 12:00, 14:00, 15:00, 16:00, and 18:00 Coordinated Uni-
versal Time. The local time is Central European Summer Time.

An averaging window of 20 pixels in range and 2 in azimuth
is used to estimate the polarimetric covariance matrices used
to extract polarimetric parameters. The choice of a rectangular
window with a high aspect ratio is imposed by the polar ac-
quisition geometry. If too many azimuth pixels are used in the

averaging, the angular resolution is greatly degraded and pixels
representing widely different targets on the ground would have
been averaged together; however, enough samples are necessary
for a robust estimate of the second-order statistics. Since the
range resolution is finer than the azimuth resolution, a larger
averaging factor in range gives approximately square pixel in
the middle of the scene: namely 20m × 50m at a slant range of
6000m.

2) Chutzen Dataset: The scene covers slant range distances
between 50m and 3 km. An aerial photograph of the scene is
shown in Fig. 3(a).

This measurement was acquired during a calibration and vali-
dation campaign; to this end, five trihedral corner reflectors—of
which three have triangular faces with 40 cm side length and two
have cubic faces with the same size—were placed at distances
between 70m and 3 km from the radar. More details on the
acquisition campaign and the polarimetric calibration are found
in [41].

Data processing is automated with Nextflow [81], a scientific
workflow management system, to ensure consistent and repro-
ducible analyses.

For each dataset a number of polygonal region of interest
(ROIs) are selected over the extent of the data, each repre-
senting different terrain features. These ROIs are drawn in a
geographical information system on a 0.25m orthophoto [82]
of the investigated area, ensuring that each polygon only consist
of one land cover type. Then, the land cover type according to
the NOLC04 [83] land cover inventory is added to the polygons
and each ROI is assigned a name taken from the nearest feature
in the SWISSNAMES geographic name inventory provided by
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Fig. 3. The geographic situation of the Chutzen dataset. (a) Overview of the area using a 0.25m resolution orthophoto. (b) Zoomed-in photographs corresponding
to the ROIs used for the polarimetric analysis. The title of each panel gives the ROI’s land cover type according to the NOLC04 land cover survey and its name
according to the SWISSNAMES Swiss placename inventory (Geodata ©swisstopo). (a) Overview map for Chutzen. (b) Excerpts for Chutzen ROIs.

Swisstopo [84]. Finally, these polygons are converted to range-
azimuth coordinates using a geocoding lookup table generated
with an external DEM (SWISSALTI3D by Swisstopo) with a
posting of 2m [85].

The shape of the ROIs is shown in the map of Fig. 3(a) where
they are assigned a short alphanumeric code; detailed excerpts
of the aerial photograph showing individual ROIs with their land
cover class and name are displayed in Fig. 3(b).

III. RESULTS

The results of the polarimetric analysis are described for each
dataset. First, the variability of the parameters within the ROIs,
between land cover types and—in the case of the Bisgletscher
time series—are addressed.

This is followed by an analysis of parameter maps, to assess
the presence of large-scale spatial patterns.

Finally, entropy maps obtained with the three different esti-
mators explained in Section II-A1 are shown for the Bisgletscher
dataset.

A. Bisgletscher

1) ROI-By-ROI Analysis: A visual representation of the vari-
ability of the selected parameters in time and within the ROIs is
made by plotting them as a time series in Figs. 4 and 5. Dots are
used to mark the average of each ROI at any time, vertical bar
show ± 1 standard deviations from the mean. The solid line is a
GAM-smoothed estimated, superimposed to the plot to facilitate
the detection of temporal trends.

Each panel of the plot shows the time series for an individual
ROI, with the title giving the code corresponding to the codes

shown in Fig. 2(a); These short codes are derived from the first
three characters of the name shown in each panel of Fig. 2(b)
and a number.

A quantitative summary of this information, as a table of mean
and standard deviation values for each ROI, is displayed in Ta-
ble III. Table IV shows the standard deviation of the parameter
computed along the time series.

In the following sections, the most salient observations
made in each ROI will be highlighted to facilitate later
interpretation.

1) “Bi 1”: Entropy andα decrease in time. Copolar coherence
magnitude increases. Backscatter is initially dominated by
the crosspolarized signal, increase of copolar backscatter
after July 12.

2) “Bi 2”: High entropy, all parameters are stable in time
except for daily variations in backscatter power and an
increase of copolar coherence on July 18. Backscatter is
primarily crosspolarized.

3) “Bi 3”: High entropy. Backscatter predominantly crosspo-
larized, showing diurnal variations.

4) “Bi 4”: High entropy, decreases on July 12, regular diur-
nal variations. Backscatter predominantly crosspolarized,
again showing diurnal variations and overall decreasing.

5) “Lä 1”: High entropy, all parameters stable in time except
for an increase in copolar coherence on July 18. Backscat-
ter crosspolarized, showing a drop on July 18.

6) “Lä 2”: High entropy, low Pauli coherence, parameters
do not significantly vary in time. Backscatter is predomi-
nantly crosspolarized, ratio decreases on July 18.

2) Spatial Distribution of Parameters: The results of the po-
larimetric analysis show that the parameters do not considerably
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Fig. 4. Temporal and spatial variability of (a) mean α, (b) Cloude–Pottier entropy H, (c) copolar phase difference, and (d) copolar coherence for the ROIs in the
Bisgletscher scene shown in Fig. 2. The vertical lines display +/-1 standard deviation for data within each ROI, computed over all the pixels the blue line shows a
smoothed trendline obtained with ggplots “GAM” smoother.

vary over time for most of the ROIs. Therefore, by selecting one
date and plotting the parameter map, their large-scale behavior
over the entire scene can be assessed.

These plots should help to assess whether the selected ROIs
are representative and if there are spatial trends at larger scales.
The plot are derived from a dataset taken on July 14.

In the entropy map [see Fig. 6(a)] the difference between areas
located in radar shadow and the rest of the scene is visible; the
locations of shadow are seen in the Pauli RGB composite in
Fig. 6(c) as the dark areas in the upper part of the image.

Except for this no other trends are observed. The entropy is
between 0.6 and 1.0 over the entire scene. A region of lower en-
tropy is visible in the center of the scene; this part corresponds to
the glacier, which appears dark blue in the Pauli RGB composite.

The entropy estimated using temporal averaging [see
Fig. 7(b)] shows a different behavior and a larger spatial vari-
ability. Its value is lower than the spatial estimate, particularly
in correspondence of rock faces as “Bi 2” and left and right of
the glacier. The IDAN estimate on the other hand shows little
difference from the spatial multilook estimate.



5276 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 12, NO. 12, DECEMBER 2019

Fig. 5. Temporal and spatial variability of parameters in the ROIs of the Bisgletscher data. The panels show (a) magnitude of γ(HH−V V )−(HH+V V ),
(b) backscatter in decibel, (c) normalized backscatter, and (d) backscatter versus air temperature measured at the ”Zermatt” weather station. The vertical lines
around each point display +/− 1 standard deviation, computed over all the pixels in that ROI. The red, blue, and green lines in the backscatter plots encode the
polarization (V V , V V , HV ). (a) γ(HH−V V )−(HH+V V ): coherence magnitude between the first two components of the Pauli scattering vector, Bisgletscher
dataset. (b) Spatio-temporal variability of backscatter in dB. (c) Spatio-temporal variability of normalized backscatter. (d) Backscatter against air temperature, as
measured by the “Zermatt” Automatic Weather Station.

TABLE III
MEAN AND STANDARD DEVIATION OF THE POLARIMETRIC PARAMETERS FOR THE BISGLETSCHER SCENE, GROUPED BY ROI

The statistics are computed over time and space.
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TABLE IV
TEMPORAL STANDARD DEVIATION OF THE POLARIMETRIC PARAMETERS FOR THE BISGLETSCHER SCENE, GROUPED BY ROI

The standard deviation is computed on the mean of the parameter, which are aggregated by ROI.

Fig. 6. (a) Cloude–Pottier entropy H , (b) mean α, (c) Pauli RGB composite, and (d) magnitude of γ(HH−V V )−(HH+V V ) for the Bisgletscher dataset. The
parameters were estimated with a 20× 2 boxcar filter.
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Fig. 7. (a) Comparison between the entropy estimated by spatial averaging. (b) Estimate made using temporal averaging. (c) Estimate obtained using the IDAN
filter. (a) Hboxcar : Cloude-Pottier entropy estimated by spatial averaging. (b) Htemporal: Cloude-Pottier entropy estimated by temporal averaging. (c) HIDAN :
Cloude-Pottier entropy estimated with spatial averaging using the IDAN region-growing filter.

The α angle is high throughout the image and only shows an
area of lower values in the center, in correspondence with the
glacier. Except for the radar shadow, no areas where α is higher
than 60◦ are observed.

Outside of the glacier, where surface scattering appears domi-
nant (blue–violet in the Pauli RGB composite), HV backscatter
(green color in the Pauli RGB) is predominant, as observed in
the time-series plot presented in Section III-A1.

The highest values of γ(HH−V V )−(HH+V V ) are observed in
correspondence of the glacier [see Fig. 6(d)] in the middle of

the scene; they correspond to blue areas in the the Pauli RGB
composite and where the entropy and α show the lowest values.

B. Chutzen

1) ROI-By-ROI Analysis: Since no time series is available
for the Chutzen dataset, the ROI-wise analysis will be performed
on 2-D histograms of the Cloude–Pottier parameters and on
histograms of the polarimetric backscatter, of the copolar
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TABLE V
MEAN AND STANDARD DEVIATION OF THE POLARIMETRIC PARAMETERS FOR THE CHUTZEN SCENE, GROUPED BY ROI

The statistics are computed over all pixels in each ROI.

Fig. 8. Cloude–Pottier H-α histogram for the Chutzen dataset. The title of
each panel corresponds to the ROI’s name, as shown in Fig. 3(b).

coherence and γ(HH−V V )−(HH+V V ). A summary of the
polarimetric parameters is shown in Table V.

The H-α histogram grouped by ROI are shown in Fig. 8,
the histograms of the polarimetric backscatter in Fig. 9(a), the
histogram of γ(HH−V V )−(HH+V V )in Fig. 9(d), and those of the
copolar coherence magnitude and phase in Fig. 9(b) and (c).

1) “Er 1”: Large variance in α, entropy, backscatter, and
polarimetric coherence. Backscatter distribution equal in
all channels

2) “Go 1”: Very concentrated in Cloude–Pottier diagram, low
variance in all parameters. Backscatter levels similar in all
channels. High entropy, α, and γ(HH−V V )−(HH+V V ).

3) “Hi 1”: Parameter distribution concentrated in Cloude–
Pottier histogram. Backscatter predominantly HV , high
entropy.

4) “Mo 1”: Cloude–Pottier parameters concentrated.
Backscatter predominantly copolarized. Medium entropy,
α lower than other ROIS. Highest copolar coherence of
all ROIS.

5) “Mü 1”: Low entropy and α, zero copolar phase dif-
ference and predominantly copolar backscatter. High
γ(HH−V V )−(HH+V V ).

6) “Ut 1”: High α, low copolar phase difference with larger
variance.

2) Spatial Distribution of Parameters: The entropy map is
shown in Fig. 10(a); its average value is lower than in the
Bisgletscher scene. It also shows a larger spatial variability.
Several low-entropy points can be observed in “Mü 1” and “Erl
1” as well to the immediate top right of “Hi 1.”

The mean α angle is lower, at 45◦, as seen in Fig. 10(b).
Pixels with much lowerα are seen, corresponding to the pixels of
low entropy observed previously. Likewise, pixels with α close
to 90◦ are observed, again in correspondence to low-entropy
pixels. All these points match with very bright features in the
Pauli RGB composite. On the aerial photograph, most of these
points correspond to individual buildings.

The map of γ(HH−V V )−(HH+V V ) is displayed in Fig. 10(d);
correlation with entropy is visible. Points of low entropy appear
to have a very high coherence value, while in the rest of the scene
the coherence is low.

IV. DISCUSSION

The most salient result of the polarimetric analysis is the
high entropy, as displayed by the Bisgletscher entropy map in
Figs. 6(a) and in 10(a) for Chutzen. In the latter case, entropy is
observed to be lower than 0.5 for individual buildings of large
scattering cross section in urban areas.

For the Bisgletscher scene, the α angle is no lower than 45◦

for any of the ROIs. None of the parameters show large temporal
variation [see Fig. 4(a) and (b)].

A large fraction of crosspolarized backscatter is observed
for most ROIs (see Fig. 5 for Bisgletscher), the histogram in
Fig. 9(a) for Chutzen—and Tables III and V.

This combination of high entropy and crosspolarized
backscatter hints at the presence of depolarizing scattering
mechanism [44].

This is realistic considering the dominant land cover types
encountered in both areas—ice, gravel, and vegetation—
whose scattering behavior at Ku-band is presumably well-
approximated by random media.

1) Bisgletscher: In the following list, the time-series plots
shown in Section III-A1 will be interpreted ROI-by-ROI with
the help of the orthophotos of Fig. 2(b) and the land cover
classification data, linking the observations to land cover types
and changes in environmental parameters, linking them to the
depolarizing scattering mechanisms discussed in Section II-A1.

1) “Bi 1” is classified as glacier in the land cover map; it is
located in the middle of the lower icefall of Bisgletscher.



5280 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 12, NO. 12, DECEMBER 2019

Fig. 9. Histograms of (a) polarimetric backscatter coefficient, (b) copolar coherence magnitude, (c) copolar coherence phase, and (d) coherence magnitude of
γ(HH−V V )−(HH+V V ). The title of each panel indicates the short code of each ROI plotted in Fig. 3(b).

The observed Cloude–Pottier corresponds to mechanisms
between Zone 5: Medium Entropy Vegetation Scattering
and Zone 4: Medium Entropy Multiple Scattering of the
Cloude–Pottier classification scheme.
This value of α is typical of anisotropic, dipole-like scat-
terers such as needles and branches. The high entropy is
related to a broad distribution of the scatterer’s orientation
angles. As the penetration depth of Ku-band electromag-
netic radiation in wet ice—as it can be encountered on
a glacier’s surface in summer—is almost zero,2 volume

2Nonetheless, far greater penetration is observed in cold and dry ice [86]–[88].

scattering from anisotropic ice crystals is unlikely under
these conditions. The high copolar coherence magnitude
is also evidence for the lack of volumetric scattering, since
polarimetric coherencies for a random volume should be
1/3 according to theory [89].
Medium entropy surface scattering seems likely given
the high copolar coherence magnitude and low copolar
phase dispersion, and the low level of crosspolarized
backscatter and the similar magnitude of the HH and
V V backscatter coefficients. The temporal increase in
γ(HH−V V )−(HH+V V ) and the drop of H and crosspolar
scattering power are presumably related to decreasing
surface roughness [11].
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Fig. 10. (a) Cloude–Pottier entropy H , (b) mean α, (c) Pauli RGB composite, and (d) magnitude of γ(HH−V V )−(HH+V V ) for the Chutzen dataset. The
parameters were estimated with a 20× 2 boxcar filter. (a) Cloude-Pottier entropy H. (b) Cloude-Pottier mean α angle. (c) Pauli RGB. Red: |HH − V V |. Green:
1/

√
2 |HV + V H|. Blue: |HH + V V |. (d) Magnitude of γ(HH−V V )−(HH+V V ).

2) “Bi 2” is located on a steep mountain face. In the aerial
photograph, the rock appears snow free. This is con-
firmed by webcam photos, showing no appearance of
snow during the time-span analyzed. The bare rock surface
explains the temporal and spatial stability of the polari-
metric parameters. In this case, the dominant scattering

mechanism is presumably medium entropy surface scat-
tering. Given the high crosspolar power and the entropy,
the surface is rougher than “Bi 1,” explaining the lower
γ(HH−V V )−(HH+V V ) [11].
An alternative explanation for the observed entropy and α
is presence of many even-bounce scattering processes in
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the resolution cell, such as from single boulders smaller
than the pixel’s size. This corresponds to the typical mech-
anism behind Zone 4: Medium Entropy Multiple Scatter-
ing in the Cloude–Pottier classification. This hypothesis is
supported by the observation of a strongerHH component
compared to the V V power, as expected for even-bounce
scattering.
The observed diurnal variations of backscatter power
might be caused by changes in moisture content, driven
by variations of solar irradiation [46], [48], [90], [91].

3) “Bi 3” is classified as glacier in the land cover map. The
aerial photograph shows several crevasses and glacier ice
covered in glacial till. Because of the cover and the short
wavelength, appreciable penetration in the ice volume is
unlikely. At Ku-band, a penetration depth in the order of
meters is observed with very dry snow and ice [92], [93].
Considering this, the same interpretation as for “Bi 1”
should apply to this case.
The diurnal variations in backscatter power are probably
related to changes in the ice surface water content, which
in turn are correlated with solar radiation.

4) “Bi 4” is located on a small hanging glacier on the flanks
of Weisshorn.
Considering that the snow surface appears smooth in the
aerial photograph and given the high altitude of this ROI,
scattering contribution from the ice volume is more likely
than in the lower ROIs as the ice is more likely to be frozen.
Evidence in favor of volume scattering is the high
crosspolarized backscatter and lower copolar magni-
tude and its broader distribution. The lower value
of γ(HH−V V )−(HH+V V ) compared to the other “Bi” ROIs
supports this explanation: a random volume is rotationally
invariant [94] and, therefore, shows lower polarimetric
coherence.

5) “Lä 1” is assigned the land cover classification “Granular
Soil”; this is confirmed by the aerial photographs, which
show that the entire ROI only consists glacial till.
As no vegetation is present, the two most likely mech-
anisms generating high entropy is multiple scattering
from a dense packing of boulders [9] or surface scat-
tering from a very rough surface. The low value of
γ(HH−V V )−(HH+V V ) is typical of azimuthally symmet-
ric scattering, as expected from a random medium. The
higher level of HH backscatter compared to V V would
suggest the dominance of even-bounce scattering; the
difference in backscatter coefficients explaining the lower
copolar coherence.
Diurnal variations in backscatter are again observed; sup-
posedly correlated to changes in soil moisture [50], [52]
driven by solar radiation.

6) “Lä 2” is classified as “Closed Forest”. The a aerial pho-
tographs show a sparse forest growing on scree.
In this case, given the surface cover, the classification in
Zone 4: Medium Entropy Multiple Scattering seems the
most reasonable. Vegetation scattering, either from the
canopy volume or dihedral interactions under the canopy

followed from propagation in the vegetation volume, con-
tribute significantly to the scattering in this ROI.
Evidence for the dominance of even bounce scattering is
given by the HH component being larger than V V and
by the copolar phase difference being lower with a smaller
coherence magnitude. This interpretation is supported by
the very low value of γ(HH−V V )−(HH+V V ) that is typical
of an azimuthally symmetric medium such as a vegetation
volume. The low copolar coherence and its broad distri-
bution are also suggesting high scattering randomness.
Daily variations of backscatter are observed, which could
be related to changes in vegetation water content [45],
[95]–[97].

7) “Mi 1” consists entirely of short grass. The observed
values of H and α would suggest a classification be-
tween Zone 5: Medium Entropy Vegetation Scattering
and Zone 4: Medium Entropy Multiple Scattering; the
most likely mechanism being scattering from a distri-
bution of anisotropic scatterers with a dominant orien-
tation. This is reasonable considering the low level of
γ(HH−V V )−(HH+V V ) suggesting an azimuthally sym-
metric distributed medium with a certain degree of
randomness.
The higher level of V V compared to HH and the low
copolar phase difference point to predominantly vertically
oriented structures, such as blades of grass. The consider-
able amount of HV backscatter suggest secondary scat-
tering mechanisms; either rough soil or randomness in the
vegetation orientation distribution, which could explain
the low γ(HH−V V )−(HH+V V )and copolar coherence.
Regular diurnal variations in the total backscatter power
are observed again; the most likely driver for these changes
being soil moisture and vegetation water content.

In the plot of Fig. 4(b), the entropy is never below 0.5 in
average all for any of the ROIs. This observation also applies to
the scene as a whole: the areas of lower entropy being mostly
located in proximity of the glacier and on individual pixels where
a very strong scatterer is found. Similarly, the glacier is the area
displaying the lowest α angle, suggesting the dominance of sur-
face scattering, which appears blue in the Pauli RGB composite.
At the same locations, γ(HH−V V )−(HH+V V ) attains its highest
value, which indicates a smoother surface; these observations
would suggest a dominance of lower entropy surface scatter-
ing, presumably because the glacier’s surface is wet during
summer.

Crosspolar backscatter dominates in most of the scene, seeing
as predominance of green in the Pauli RGB composite. One
exception is the region at the left of “Bi 3,” where a set of
pixels with low entropy are seen, presumably dihedral scattering
from highly reflective objects, seen as bright red pixel in the
Pauli composite. Comparison with aerial photographs show the
presence of avalanche protection structures.

2) Chutzen: Similarly as observed for the “Bisgletscher”
dataset, a high entropy is seen for distributed targets, as displayed
in Fig. 10(a). There are, however, individual pixels that display
an entropy closer to zero. They correspond to bright scatterers
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like single buildings, as can be seen in the Pauli RGB composite
of Fig. 10(c).

Other than these exceptions, most of the scene would be
again classified in the Medium Entropy Scattering region ac-
cording to scheme proposed by Cloude and Pottier. Unlike
the Bisgletscher dataset, more variability in α is observed in
Fig. 10(b).

In an attempt to understand the possible physical mechanisms
at the root of the observed parameters, the analysis made for the
Bisgletscher observations is repeated in the following.

1) The land cover classification for “Er 1” is “Con-
solidated Surfaces.” The very wide distribution of
the Cloude–Pottier parameters, of the backscatter and
γ(HH−V V )−(HH+V V ) do not permit to assign a single
scattering mechanism to the pixels in this ROI. This ap-
pears reasonable considering the variety of building types
and orientations observed in the aerial photo Fig. 3(b).
The low entropy pixels observed inside the ROI
in Fig. 10(a) presumably correspond to scattering from
buildings, which are seen as the bright points in the RGB
composite [see Fig. 10(c)]. These are either direct scatter-
ing from edges or triple scattering in corners—seen as the
points of low α—or odd-bounce scattering between the
ground and the buildings—seen as the points where α is
close to 90◦.

2) “Go 1” consists of a single field and is classified as “Grass
and Herb Vegetation.” The Cloude–Pottier histogram is
concentrated at the edge of Zone 4: Medium Entropy
Multiple Scattering.
This classification is compatible with the observed distri-
bution of backscatter: in the Cloude–Pottier classification
vegetation is assumed to scatter as a cloud of anisotropic,
randomly oriented dipoles. The higher V V contribution
and the high copolar coherence magnitude suggest a dom-
inance of vertical structures such as stalks and blades
of grass, the significant HV contribution and the high
entropy are generated by a broad distribution of dipole
orientation angles around the predominantly vertical ori-
entation or by the presence of secondary scattering mech-
anisms, for example the combination of predominantly
vertical stalks under a random canopy [98].
γ(HH−V V )−(HH+V V ) is consistent with the hypothesis of
vegetation scattering since lower values are indicative of
azimuthal symmetry [44].
Another explanation for the higher V V backscatter is
the effect of Bragg scattering from tilling rows the
fields, which were visible to the radar after the cov-
ering vegetation was harvested [99]. The concentration
of copolar phase difference close to zero, and the low
γ(HH−V V )−(HH+V V )support this interpretation. Under
this hypothesism the large HV contribution and the en-
tropy are due to secondary scattering from short vegetation
or to random distribution of orientations [11].

3) “Hi 1” is classified as “Grass and Herb Vegetation.” The
median values of H and α correspond to Zone 4: Medium
Entropy Multiple Scattering. The crosspolar power is sig-
nificantly stronger than the copolar. Compared to “Go

1,” the lack of a preferential orientation in the vegeta-
tion may cause the smaller difference between HH and
V V and the larger crosspolar power. The low value of
γ(HH−V V )−(HH+V V ) is typical of natural surfaces.
As discussed for “Go 1” medium entropy surface scatter-
ing from a rough soil could cause the higher entropy and
the wider distribution of copolar phase differences.

4) “Mo 1” is classified as “Grass and Herb Vegetation.” The
values of H and α correspond to Zone 6: Medium Entropy
Surface Scattering in the Cloude–Pottier plane. In this
case, the median copolar backscatter is higher than the
crosspolar and α is lower; this suggests surface scattering
from a smooth surface. The low γ(HH−V V )−(HH+V V )and
the high copolar coherence magnitude and narrow, zero-
mean copolar phase difference distribution are consistent
with this explanation.
Given the date of acquisition, this appears plausible since
summer crops would have been harvested, leaving bare
soil exposed.

5) “Mü 1” is located on a residential area. The distribution of
α and H is very wide and does not allow the assignment
of a single scattering mechanism to this ROI.
Likewise, the ROI contains a mixture of many scatter-
ing types, from low entropy scattering by buildings to
vegetation scatter from trees and gardens. An interesting
observation is a peak in theHV power approximately 5 dB
lower than the copolar peak: perhaps the weaker secondary
scattering from vegetated surfaces, whose radar cross
section is considerably smaller than the highly reflective
buildings.

6) “Ut 1” covers a forest. The Cloude–Pottier parameters
indicate a classification in Zone 4: Medium Entropy Mul-
tiple Scattering. However, double bounces followed by
propagation in the vegetation volume seems rather un-
likely considering the very shallow incidence angle, where
penetration into the forest appears difficult, and the very
similar HH and V V powers.
Most of the scattering is from the vegetation canopy,
which appears either as a very rough surface or as a
random volume, depending on the penetration depth.
γ(HH−V V )−(HH+V V ) is observed to be low, suggesting
an azimuthally symmetrical volume.
The low copolar coherence magnitude is typical of random
volumes, as is the wide distribution of copolar phase
differences [100].

In the case of the Chutzen dataset, the entropy appears to
be slightly lower than observed for the Bisgletscher data. This
may be due to the small slant range distance of the scene,
leading to a reduced noise level. The corrected antenna pattern
mispointing also contributes to this by increasing the SNR by
1.8 dB.

Some points with very low entropy can be seen in near range
and at the middle of the scene: they correspond to individual
houses or to the trihedral corner reflectors. These are visible in
the α map as well, as it is very close to zero for odd-bounce
scattering. In the case of built-up areas, the main interaction
can be expected to be either direct scattering from the edges of
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buildings or double-bounce scattering between the walls and the
ground.

The high entropy and α observed in the rest of the scene
suggest that the main dominant scattering mechanism corre-
sponds to Zone 4: Medium Entropy Multiple Scattering. This
is compatible with the observed γ(HH−V V )−(HH+V V ), which
is low except at low-entropy pixels. Since the land cover class
of most of the scene is either pasture, farmland or forest, it is
reasonable to expect medium entropy surface scattering to be
the most dominant contribution: these surfaces are presumably
azimuthally symmetrical, as it can be expected for most natural
surfaces.

B. Other Causes of Entropy Increase

Other than depolarizing scattering as described above, the
presence of measurement noise, the process of multilooking and
the imaging resolution can cause increased value of entropy even
in the absence of depolarizing scattering.

The effect of measurement noise on the observed entropy was
assessed by estimating the noise equivalent radar cross section
(NESZ) from 50 acquisitions in the Bisgletscher dataset, using
the pixels located in areas of radar shadow. The result of this
analysis show that the crosspolar channels—HV and V H—
have an NESZ 10 dB larger than the copolar channels.

It appears that for measurements made with KAPRI, noise
does not significantly increase entropy. This can be seen in the
entropy maps and Pauli RGB composites. In areas affected by
radar shadow, for example immediately on top of the “Bi 1”
ROI, the entropy is lower, closer to 0.6. This is due to the noise
imbalance between the copolar and the crosspolar channels.

A simulation, was performed by generating 1000 realizations
of multivariate colored Gaussian noise with theHV power10 dB
stronger than both V V and HH and adding the noise to a zero-
entropy scattering vector. From this vector, T was estimated
by averaging over the realizations of the noise. The result of
this simulation was an entropy of 0.6; very close to the entropy
estimated in areas affected radar shadows.

A comparison of entropy estimate for the Bisgletscher dataset
is displayed in Fig. 7. In Fig. 7(a), Hboxcar is shown, Fig. 7(b)
displays the temporal estimate Htemporal, and Fig. 7(c) dis-
plays HIDAN for the same dataset. The same comparison is
not possible for the Chutzen dataset because no time series is
available.

The entropy obtained with the IDAN filter, HIDAN is lower
than the entropy estimated with the boxcar average Hboxcar.
However, both methods show the same contrast between differ-
ent areas and land cover types. On the contrary, HIDAN appears
grainier and spatially less smooth. The difference between the
glacier and the surrounding rocks seems to be lower in HIDAN

than in Hboxcar, where near “Bi 3” the difference is visible and
reflected by the change between green and blue in the Pauli
RGB composite. The lower entropy contrast of the IDAN filter
may be due to the filter’s implementations, as only backscatter
power and not the polarimetric information is used to test the
similarity of pixels that are deemed to belong to the same region
for averaging. Thus, in some cases the IDAN filter might not be

able to reduce spatial mixing; for example at the edges where two
different scattering types with similar total backscatter power
meet.

The temporal entropy Htemporal is much lower than both
Hboxcar and HIDAN, in correspondence with the glacier. The
glacier’s outline can be seen as it contrasts with the surrounding
rocks left of the “Bi 3” ROI.

However, this observation is not sufficient to prove that spa-
tial mixing is the only factor causing of high entropy. The
glacier’s high flow velocity—up to 2m/day—and weather-
driven changes in the ice surface are likely to cause changes
in the scattering response, thereby increasing Htemporal.

The entropy of rocky areas next to the “Lä” ROIs may be
underestimated by Htemporal. The dominance of HV backscat-
ter is connected to depolarizing scattering; it is unlikely that
natural scatterers on such a large scale have the same orientation
and act as crosspolarizers [72] that can produce significant HV
backscatter.

Thus, if the presence of depolarizing scattering is assumed,
the temporal stability of the scattering response for individual
pixels is the cause of the discrepancy between Htemporal and the
spatial entropy estimates Hboxcar.

As an example, if the X-Bragg scattering model [11] is used
to explain the scattering for a certain pixel and if its surface
properties and roughness do not change over time—as it likely
the case for rough, dry soil over the course of a few hours—then
the observed scattering matrix will remain the same up to a noise
contribution and temporal estimation of the entropy will give low
values, effectively hiding the depolarization.

Ergodicity does not apply in this case. Averaging the co-
herency matrix for a single pixel over time is not equivalent
to the average of coherency matrices of individual facets over
the distribution of orientation angles.

The same arguments apply to volume scattering. If dielectric
properties, shape, and orientation of particles in a random vol-
ume do not change in time, the entropy estimated with temporal
averaging will be very low even though the scattering process
is depolarizing in a strict sense, that is when the entropy is esti-
mated over the distribution of the particles [44]. Unfortunately,
this cannot be observed. For vegetated areas as “Mi 1”, the effect
of wind and changes in vegetation water content are so large to
modify the scattering properties of vegetation, causing a high
Htemporal.

This analysis suggests that, depending on the type of target
and the acquisition repeat time and geometry, neither temporal
nor spatial averages are completely adequate to estimate entropy.

Since Htemporal is very sensitive to changes in the scattering
properties, its adequacy to characterize depolarizing scattering
processes is doubtful when the average is performed using
images far apart in time: the samples over which the average
is made do not strictly represent the same objects anymore if the
surface undergoes large changes, which is very plausible for the
glacier’s surface or vegetated areas.

Similarly, the spatial estimators suffer from spatial mixing
and resolution loss, which can be especially problematic at the
low resolution of TRIs, since a large enough number of samples
needs to be averaged for a robust estimate.
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V. CONCLUSION

This article presents an analysis of Ku-band polarimetric data
from two test sites, acquired with the KAPRI polarimetric ter-
restrial radar. The first dataset is a time series of the Bisgletscher,
an Alpine glacier in the Swiss Alps, acquired in the summer of
2015. The other dataset was acquired in September 2016 in an
agricultural area near Münsingen, Canton of Bern, Switzerland.

The most relevant observation made for both datasets is a high
Cloude–Pottier entropy parameterH; higher than 0.5 for natural
targets and only observed to be close to 0 for highly reflective
scatterers such as buildings or trihedral corner reflectors.

The high entropy is accompanied by an α angle above 50◦

and a high fraction of crosspolarized backscatter. These values
hint at the dominance of depolarizing scattering mechanisms.
This interpretation is realistic in the light of the dominance of
natural surfaces in both scenes. In alternative to this explanation,
effects other than depolarizing scattering can bias the observed
entropy [64], [72].

1) Thermal noise in the radar electronics: This is less likely
because of the imbalance in polarimetric noise.

2) The spatial average used to estimate the coherency matrix
may bias the entropy if the scene is very heterogeneous
and spatially adjacent pixels do not represent realizations
of the same extended target [64].
This has been tested by comparing different averaging
methods (temporal average, boxcar, and IDAN filter),
which gave similar results excepts in areas affected by
fast changes. Thus, again mixing is not likely to cause the
high entropy.

3) Another source of increased entropy is the relationship of
the resolution cell size to the wavelength, having a ratio
of 1000 in this case. Thus, several scatterers are present
in a resolution cell, increasing the entropy. This calls for
detailed investigation by imaging the same distributed
target at different wavelengths with similar resolutions.

4) Finally, the effect of incidence angle should also be con-
sidered. It is known that for steeper incidence angles
the scattering tends to be less diffuse, and thus, a lower
level of depolarization,and hence, a lower entropy should
be observed [101], [102]. In TRI, usually very shallow
incidence angles are employed, which could contribute to
the increase of the observed entropy.
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