
���������������	�
�	��

���
�����������
�����������������	���	�����
�����
��
�
�������
�������������
���
�����
�	��������
�����
�	�
�������	��� �
�����
�����
�����!���
�������	���"�
������
�������!�	���������
����

�������������	���
�������
�	��

�
������������������
���
�	�	�������
�#���!���$�����������%�����
�&�������'�#�����	�����
�%�����
���
�����
���
�������
�$�#���(�
�������
���������
��

�������	���
����������������������
�)�*�)�+

���������������������	��������
�����������,�-�-���
���.�
�	�/�-�����������,�-�-���
���.�
�	�/�-�+�*�.�0�1�)�1�-������� �������*�*�*�2�+�3�4�)�2

�������������������	���
����������
���	���
�����5�������
�6�6�
�������������	�����$�����
�����7�.�*�����������	���
�����
���
��

���������������	�	�����������	������������������
�����������8�
�$�	���
�����
�������������������������
�����������������������������������
�	�������9�������	�5�
�����
�������
�����������6�
�������������������/���+�7�#�������������,�-�-���
���.�
�	�/�-�+�*�.�+�+�*�1�-
�8�����������.�)�*�)�+�.�0�+�)�4�*�4�1

�������������
�/�����:�
�����/�������	�
���������
�$���
�6�
�������
���������$���
�������
�:�����
�
�������	�
�6�������������������"�$�	�����������������
�	���������
�������������
���.
�;�
�	���6�
�	�����������
�	�6�
�����
���#���������
���������
�����$�������������������	�6�����
�����$�����.

https://doi.org/https://doi.org/10.3929/ethz-b-000518625
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1109/JSTARS.2021.3126069
https://doi.org/10.1109/JSTARS.2021.3126069
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021 11593

Model-Based Interpretation of PolSAR Data for the
Characterization of Glacier Zones in Greenland

Giuseppe Parrella , Irena Hajnsek , Fellow, IEEE, and Konstantinos P. Papathanassiou, Fellow, IEEE

Abstract—Different approaches have been proposed in recent
years to map glacier zones using Synthetic Aperture Radar (SAR).
Most of them rely on empirical or statistical approaches for the
interpretation of backscatter intensity measurements and their
seasonal variations related to the melting regime of the different
glacier zones. This article focuses on the potential of polarimetric
SAR measurements to characterize the scattering in the different
glacier zones in order to distinguish between them. For this, a
general two-component scattering model is proposed, accounting
for surface and subsurface contributions in the different glacier
zones. The (anisotropic) propagation through snow, �rn, and ice
layers is also accounted for as it plays an important role in the inter-
pretation of the polarimetric signatures. A set of �ve polarimetric
descriptors is proposed to describe the projection of the model on
the SAR measurements. The ability of the model to characterize the
scattering in the different glacier zones is validated and discussed
at different frequencies (X-, C-, and L-band). For this, a multi-
frequency airborne SAR dataset acquired by the DLR’s F-SAR
sensor in West Greenland during the ARCTIC 2015 campaign
is used. The achieved results indicate that L-band polarimetric
measurements allow to differentiate the different glacier zones
based on the subsurface (e.g., volume) scattering characteristics.
In contrast, the increased (back-) scattering complexity and the
reduced penetration capability limit the potential of X- and C-band
polarimetric measurements.

Index Terms—Firn line, glacier zones, Greenland, polarimetric
synthetic aperture radar (SAR), polarization phase difference.

I. INTRODUCTION

SURFACE mass balance represents a primary term of the
total mass balance of a glacier or ice sheet. It is deÞned

as the annual difference between the mass gained and lost due
to surface processes, such as snow accumulation, melting and
refreezing, and melt-water run-off. The spatial variability of the
intensity of such phenomena (e.g., decreasing melt at increasing
altitude) leads to the formation of glacier zones characterized by
different surface and subsurface structure. The mapping of such
zones is of high interest since their spatial extent and tempo-
ral variation are directly related to the surface mass balance.
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Glaciers and ice sheets are generally divided into two main
zones: the accumulation zone, where ice mass is gained, and
the ablation zone, where mass is getting lost. The equilibrium
line (EL) ideally separates the two zones at the altitude where
the net mass balance is zero. Within the accumulation zone, up
to three different subzones can be distinguished, according to
the intensity of summer melt: 1) the dry snow zone, located at
higher elevations, where no melt occurs and snow accumulates
over time, becoming gradually denser with depth, transforming
into Þrn and Þnally ice; 2) the percolation zone, located at
lower altitudes, where occasional melting causes the percolation
of liquid water and the formation of refrozen inclusions (ice
lenses and pipes) into subsurface snow and Þrn layers; 3) the
superimposed ice zone, the lowest part of the accumulation zone,
characterized by substantial melting of the winter snowpack,
which runs-off or refreezes at the surface forming ice layers [1].
The percolation and superimposed ice zones are ideally divided
by the Þrn line (FL), which indicates the lowest location where
Þrn is found. The location of the FL can be interpreted as an
indicator of time-integrated surface mass balance changes [1].

The contribution of Synthetic Aperture Radar (SAR) mea-
surements to the estimation of glacier mass balance is nowadays
well established. Especially interferometric SAR (InSAR) tech-
niques are widely used to accurately measure surface elevation
changes and ßow velocities [2]Ð[7]. Beyond this, the potential to
distinguish and map glacier zones using SAR data was already
recognized in the early days of SAR glacier research, primarily
linking single-polarization backscatter coefÞcients to subsurface
features [8], [9], [10]. Time series of ERS-1 data were exploited
in [11] to mosaic backscattering coefÞcients over the whole
Greenland, generating a Þrst radar map of the ice sheet. Summer
and winter ERS acquisitions were analyzed in [12] in order
to characterize glaciological and geomorphological structures
within the glacier zones. Multitemporal ERS acquisitions were
employed in [13] to assess the sensitivity of backscattering
coefÞcients to the zonation and the seasonal changes of glaciers
in Svalbard, including an attempt to detect the FL as its annual
change. Instead, the detection of the EL and its annual variations
were proved to be more complex and only possible under speciÞc
conditions (e.g., dry snow and presence of superimposed ice)
[14]. An approach based on the thresholding of winter C-band
backscattering coefÞcients to retrieve Þrn masks and map the FL
retreat on the Svartisen ice caps, Norway, over a 7-year period
was proposed in [15]. With a similar approach, the FL retreat in
the Norwegian Blamannsisen ice cap between 1992 and 2010
was mapped in [16]. Common to all studies is the difÞculty in
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detecting thin Þrn layers in the lowest part of the Þrn area, as
they typically exhibit backscattering levels lower than thick Þrn
but higher than bare/snow-covered ice. Late summer C-band
backscattering images of the QinghaiÐTibetan Plateau, China,
were employed in [17] to distinguish wet-snow/Þrn from bare
ice, including an attempt to identify the thin Þrn boundary. In
[18], a more advanced technique for FL monitoring was devel-
oped, based on statistical modeling of polarimetric covariance
matrices. Recently, single-pass X-band interferometric coher-
ence data from the TanDEM-X mission have been exploited to
retrieve the zonation of the entire Greenland ice sheet [19].

The Þrst multipolarization study based on the analysis of
airborne multifrequency (C-, L-, and P-band) data was pre-
sented in 1993 [20]. Winter C- and L-band airborne polarimetric
backscattering data of the Austre Okstindbreen glacier, Norway,
were analyzed in [21], conÞrming the usefulness of polarimetry
for glacier zones mapping. The study also conÞrmed the difÞ-
culties in detecting the annual EL, while a clear backscattering
transition could be observed at the FL location.

To date, only few studies have addressed the modeling of
PolSAR backscatter to gain a physical interpretation of polari-
metric measurements of glaciers and ice sheets. The Þrst model
was presented in [22] to interpret C-, L-, and P-band data from
the percolation zone of Greenland. Icy cylinders were modeled
to describe the scattering behavior of ice lenses and pipes,
which were considered to be the main sources of backscattering.
Such scatterers were assumed to be embedded in a volume of
non-scattering snow and Þrn, whose only effect is to refract the
incident radar signal. Polarimetric phase differences observed
in the data were interpreted as the result of multiple reßections
occurring within the ice cylinders. The proposed model could
describe satisfactorily the C-band data but could not fully explain
the L- and P-band signatures. In [23], a three-component model
was developed to interpret L- and P-band PolSAR backscat-
tering from the percolation and superimposed ice zone of the
Austfonna ice cap. The different components accounted for
surface scattering from a shallow snow/ice interface, a volume
contribution from randomly oriented dipole-like inclusions em-
bedded in background of snow/ice, and a component associated
to the presence of oriented sastrugi Þelds at the glacier surface.
Despite the higher complexity, the modeling only addressed the
amplitude term of the polarimetric measurements and did not
consider the phase signal.

Recent studies have shown that Þrn (and snow) properties can
be retrieved by exploiting the phase (differences) of polarimetric
SAR data [24], [25]. A physical model was proposed in [26] to
link polarimetricHH-VVphase differences to the thickness and
structural anisotropy of Þrn layers. The approach has also been
employed for the retrieval of Þrn maps over two areas in the
accumulation zone of the Austfonna ice cap, Svalbard [24].

In this article, the coherent signatures (including amplitude
and phase information) of multifrequency polarimetric SAR
data are interpreted by means of a two-component model that
describes polarimetric scattering and propagation effects across
the different glacier zones. The model formulation makes use
of the new results and deeper understanding developed over
the last years. It allows to use a set of polarimetric descriptors

to characterize the main scattering processes in the different
glacier zones and, in turn, to retrieve insights about their sub-
surface structure. In Section II, the theory of SAR polarimetry
and the PolSAR descriptors of relevance for the analysis are
introduced. The model-based approach employed for the glacier
zonesÕ characterization is described in Section III. Section IV
presents the study area and the available SAR dataset. Section V
reports a detailed polarimetric analysis of the data based on
the descriptors and scattering models introduced in Section II.
Finally, conclusions and ideas for possible future developments
are presented in Section VI.

II. SCATTERING AND PROPAGATIONMODEL

Quad-polarimetric SAR system conÞgurations allow the mea-
surement of the full polarimetric scattering matrix[S] and pro-
vide data with a higher information content than conventional
single- or dual-polarized SAR conÞgurations that measure only
a single element or row of[S]. Single (deterministic) scatterers
are fully described by[S]. However, when different scatterers
(stochastically distributed) are present within the resolution
cellÑas in the general case of glacier scattering scenariosÑ
second order descriptors are required for a full description. Such
a descriptor is the polarimetric covariance[C] matrix, deÞned
by the spatial correlation of the cross-products of the elements
of [S] [27].

For glacier scenarios, a two-component scattering model, ac-
counting for surface[CSur ] and subsurface[CSub ] contributions,
allows to describe the polarimetric scattering in the different
zones and at different frequencies [24]

[C] = [ CSur ] +
�
�
0

� (z) [P] [CSub ] [P]+ dz (1)

where� (z) is the vertical backscattering distribution in the sub-
surface volume, and[P] is the propagation matrix that describes
the propagation through the volume itself, accounting for both
attenuation and phase shifts. The surface contribution[CSur ],
if present, is in most cases a rough surface scattering contribu-
tion. The subsurface contribution[CSub ] consists, in the most
general case, of the superposition of rough surface scattering at
different depths (accounting for the presence of subsurface melt
layers) and volume scattering accounting for three-dimensional
distributed scatterers. In addition, a nonscattering snow layer on
top of the surface layer may be present. The latter is not explicitly
accounted in (1) and its effect will be discussed later.

Surface scattering occurs at the ice surface in the ablation and
superimposed ice zones as well as at subsurface melt layers in
the percolation zone. Based on [24], surface scattering at slightly
rough surfaces can be described using the X-Bragg model [28],
which accounts for cross-polarized backscattering induced by
roughness. The corresponding covariance matrix[CSur ] is given
by [28]

[CSur ] =

�

�
C1 0 C2

0 C3 0
C�

2 0 C4

�

� (2)
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Fig. 1. Spheroidal particle in the(x̂, ŷ, ẑ) reference system. The link to the
radar reference frame(ĥ, v̂, k̂) is described by the incidence angle� . k̂ is the
propagation direction of the radar signal.a, b, c, with b = c, represent the axes
of the spheroid along thez-, x-, andy-directions, respectively [24].

where

C1 = 0 .5 (g1 + g3 (1 + sinc4� 1) + ( g�
2 + g2) sinc2� 1) (3a)

C2 = 0 .5 (g1 Š g3 (1 + sinc4� 1) + ( g�
2 Š g2) sinc2� 1) (3b)

C3 = g3 (1 Š sinc4� 1) (3c)

C4 = 0 .5 (g1 + g3 (1 + sinc4� 1) Š (g�
2 + g2) sinc2� 1) .

(3d)

The coefÞcientsg1, g2, andg3 are deÞned according to [28]
as

g1 = |BHH + BV V |2 (4a)

g2 = ( BHH + BV V ) (BHH Š BV V )� (4b)

g3 = 0 .5 |BHH Š BV V |2 (4c)

whereBHH andBV V are the Bragg scattering coefÞcients [28],
which depend on the dielectric discontinuity at the air / ice
interface and on the incidence angle� , while � 1 is the parameter
that controls the roughness. The validity of the X-Bragg model
is, however, limited to surfaces characterized by roughness con-
ditions described by0� < � 1 < 90� , corresponding toks < 1,
wherek = 2 �/ � is the wavenumber (with� being the wave-
length of the employed radar signal) ands the rms height of the
surface [28].

The volume component can be described by a 3-D distribution
of scatterers embedded in a homogeneous ice or Þrn background.
Each scatterer is modeled as a spheroid with major axisa and
minor axesb = c. The shape can vary from prolate (needles)
with a > b = c, through spheres fora = b = c, to oblate (disks)
with a < b = c. Their orientation is described in the(�x, �y, �z)
reference system by the Euler angles, namely the (particle)
orientation (� ) and tilt (� ) angles (see Fig. 1). By accounting
for the incidence angle� , the elements of the scattering matrix
of a single spheroid can be linked to the radar reference frame
(�h, �v, �k) and expressed as [24]

SP
HH = AP cos2� cos2� +

�
sin2� + sin 2� cos2�

�
(5a)

SP
V V = AP (cos� sin � cos� + sin � sin � ) + cos2� cos2�

+ sin � sin � cos� Š cos� sin � (5b)

SP
HV = AP

�
cos2� cos� sin � cos� + cos � sin � cos� sin �

�

Š cos� sin � cos�

+ sin 2� cos� sin � cos� Š cos� sin � cos� sin �
(5c)

whereAP is the particle (scatterer) anisotropy given by the ratio
of the particle polarisabilities and depends on the particle shape
(expressed as the vertical-to-horizontal axis ratioSP = a/b) and
permittivity (i.e., dielectric constant) [29]

AP =
L 2 + 1

� Š1

L 1 + 1
� Š1

. (6)

For prolates, the functionL 1 becomes

L 1 =
1 Š e2

e2

�
Š1 +

1
2e

ln
�

1 + e
1 Š e

		
with e =




1 Š
b2

a2

(7a)
while for oblates

L 1 =
1 Š e2

e2

�
Š1 +

1
e

atan (e)
	

with e =



b2

a2 Š 1 (7b)

and in both cases

L 2 =
1
2

(1 Š L 1) . (7c)

The volume covariance matrix[CV ol ] is obtained by in-
tegrating the scattering matrix of a single spheroid over the
probability density functions (pdfs)p(� ) andp(� ) that describe
the orientation distribution of the scatterers in the volume [29],
[27]

CV ol mn = Fir

� �

�,�

SP
m SP �

n cos�p (� ) p(� ) d�d� (8)

with m, n � { HH, HV, V V, V H } and i,r� {1,2,3}. In the sim-
ple case of uniform distributions,p(� ) andp(� ) are deÞned as
p (� ) = 1 / (2� � ) for � 0 Š � � � � � � 0 + � � , andp (� ) =
1/ (2� � ) for � 0 Š � � � � � � 0 + � � , where� � and� � are
the widths and� 0 and� 0 the mean values of the distributions.
The factorFir is a constant (1, 2 or

�
2) required for each element

of [Cvol ]. When two or more types of spheroids are present
in the volume, the total (volume) covariance matrix is given
by the superposition of the contributions from each spheroid
type, accounting for their respective orientation and vertical
distributions and assuming the contributions to be uncorrelated.

The off-diagonal elements of the volume covariance matrix
[CV ol ] are in general complex, implying the presence of a phase
(-difference) term induced by the dielectric properties and shape
of the particles themselves [30]. In a glacier scenario, volume
scattering is mostly related to the presence of ice inclusions in the
subsurface layers. Assuming the (real part of the) dielectric con-
stant� ice = 3 .1 [31] and using the model proposed in [30], the
icy scatterers induce only negligible co-pol phase differences,
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mostly lower than 4¡ for any incidence angle and particle shape,
and for the entire range of frequencies of interest for this article.

Finally, the matrix[P] characterizes the propagation through
a medium in terms of two orthogonal polarizations (known
as eigen-polarisations) and the corresponding wavenumbers. If
the propagation medium has an axis of symmetry, the eigen-
polarisations are linear, oriented parallel, and orthogonal to it.
Assuming (linear) H and V eigen-polarisations, the propagation
matrix (in the Lexicographic-basis) becomes

[P] =

�

�
eŠi 2� H z/ cos(� ) 0 0

0 eŠi ( � H + � V )z/ cos(� ) 0
0 0 eŠi 2� V z/ cos(� )

�

�

(9)
where	 H and	 V are the wavenumbers associated to the H and
V polarization.	 H and	 V are in general complex accounting
for the phase shift with respect to the free space propagation
(real part) and the attenuation (imaginary part) by the volume.
The (complex) wavenumber	 is related to the electromagnetic
properties of the propagation medium through the (complex)
relative permittivity (e.g., dielectric constant)� (f 0) and for
nonmagnetic media

	 i = 2 �f 0

�
µ0� i (f 0), withi � { H, V } (10)

wheref 0 is the radar (e.g., wave) frequency andµ0 the free space
permeability.

While ice is assumed in the following to be widely isotropic,
with 	 H = 	 V so that[P] reduces to a scalar, this is not the case
for Þrn because of its anisotropic microstructure [32], [33]. Ac-
cording to [26], Þrn can be considered as a granular nonscattering
medium in which sparse scatterers (e.g., ice lenses, layers, etc.)
are uniformly distributed. The Þrn volume itself is described
as a homogeneous two-phase mixture of spatially uniformly
distributed and equally shaped spheroidal ice grains imbedded in
air. The fact that typical grain sizes are on the order of a few mm,
much smaller than the wavelength of most conventional radar
remote sensing frequencies, turns ÞrnÑat these frequenciesÑ
into a nonscattering medium. The permittivity components of
the mixture,� Þrn ,x,y,z , in the (�x, �y, �z) orthonormal reference
system (see Fig. 1) can be written as [24], [26]

� Þrn ,x,y,z = � air + µ� air
� ice Š � air

� air + (1 Š µ) Nx,y,z (� ice Š � air )
(11)

where� air and� ice are the air and ice permittivity, respectively,
µ is the ice volume fraction, which is directly linked to the Þrn
density (
 Þrn = µ
 ice, with 
 ice = 0 .917g/cm3) and Nx,y,z the
depolarization factors, which depend on the shape of the ice
grains expressed by the particle anisotropyAP (or alternatively
SP ).

In order to describe the propagation of the H and V polarized
waves through the Þrn layer the permittivity components of (9)
are projected onto the�h and�v polarizations direction [24]

� Þrn ,H = � Þrn ,x , � Þrn ,V = � Þrn ,y cos2� r + � Þrn ,z sin2� r

(12)
where� r = sin Š1(sin �/� Þrn ,H,V ) is the refracted incidence
angle according to the SnellÕs law. The co-pol phase difference
measured by the sensor is related to the wavenumber difference

of the H polarized with respect to the V polarized wave in the
Þrn layer. For a Þrn layer of thicknessl, containing (spatially)
uniformly-distributed scatterers, the co-pol phase difference is
[24]

� = arg



l
�
0

eŠ2j 2 �
�

�
� firn ,H

z
cos � r

�
eŠ2j 2 �

�
�

� firn ,V
z

cos � r

� �
dz

�
.

(13)
The integral in (13) equally weighs the phase (and the re-

spective scattering) contributions coming from different depths,
as it does not consider the extinction of the radar signal with
depth. For this, an additional term is introduced, which accounts
for the vertical distribution of the backscattering in the Þrn.
For simplicity, a uniform distribution (i.e., constant extinction
coefÞcientke) is considered in the depth range between 0 m
(Þrn upper surface) and the equivalent Þrn layer thickness (in
the case of multiple layers space out by ice layers) sensed by the
radar (l). This corresponds to an exponential vertical proÞle of
the backscattering power

� (z) = eŠ 2k e
cos � r

z , with ke := cos � r /l . (14)

It is worth noticing that here the deÞnition ofke differs from
the one traditionally adopted for interferometric models [34].
In this case, the equivalent Þrn thickness is used instead of the
penetration depth since only the depth intervals characterized
by the presence of Þrn and, therefore, contributing to the co-pol
phase difference are considered. At this point, the model in (13)
can be modiÞed as

� = arg
�

l
�
0

� (z) eŠ2j 2 �
� (�

� firn ,H Š
�

� firn ,V ) z
cos � r dz

	
. (15)

The choice of an exponential� (z) keeps the model complex-
ity low. In fact, the number of parameters remains the same as
in (13) despite the additional term, that only depends on the
refracted incidence angle and the equivalent Þrn layer thick-
ness. Accordingly,� becomes a function of two (known) radar
parameters (� and� ) and three (in general unknown) Þrn layer
properties: density (
 Þrn ), thickness (l), and grain shape (SP ).

The model in (15) can be inverted to retrievel if a priori infor-
mation of
 Þrn and (SP ) is available. However, the characteristic
vertical elongation of Þrn grains [32] can exclusively interpret
positive values of� . Moreover, it has to be considered that
positive co-pol phase differences can also result, for instance,
from multiple reßections occurring in the presence of crevasses,
and/or shallow layers of metamorphic snow [35].

Interestingly, a similar modeling approach has been proposed
to describe the polarimetric signatures of sea ice, accounting
for volume scattering from spheroidal brine inclusions, surface
scattering from rough ice interfaces and differential propagation
related to birefringent layers of snow and ice [36].

A. Two-Component Scenario for Glacier Zones

The models described previously are used to set up tailored
scenarios for the individual glacier zones, accounting for the
main sources of scattering expected. The attention is focused on
the ablation zone, superimposed ice zone, and (lower) percola-
tion zone. However, the ßexibility of the model probably allows
to cover additional zones, such as the upper percolation and dry
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snow zone by adapting the model conÞguration accordingly.
A two-layer scenario is considered for all three zones of interest
to describe the superposition of surface and subsurface scattering
contributions, based on the understanding gained from the anal-
ysis of TomoSAR and Pol-InSAR studies [37], [38]. Assuming
that the surface and subsurface contributions are uncorrelated,
the covariance matrix describing the total scattering process can
be decomposed into the sum of the surface[Csur ] and subsurface
[Csub ] covariance matrices as in (1).

1) Ablation Zone:The scattering scenario in the ablation
zone is typically made of the ice surface overlying a volume
of solid glacier ice. The dominant scattering contribution is,
therefore, expected to be at the surface and is modeled according
to (2)Ð(4c). Scattering within the ice volume is expected to be
secondary and related to the possible presence of inclusions (e.g.,
impurities, small air bubbles, etc.) and changes of density along
depth. However, the presence of crevasses induces localized
but signiÞcant disturbances to the spatial homogeneity within
this zone. Typically, they extend some tens of meter in the
horizontal and vertical directions, and can have irregular shapes,
which makes the scattering interaction complex. Accordingly,
crevasses are considered in the following as spatially localized
perturbations of the general ablation zone scattering scenario
dominated by surface scattering. Finally, the model includes an
anisotropic propagation term related to the presence of (nonscat-
tering) dry snow at the ice surface.

2) Superimposed Ice Zone:In the superimposed ice zone,
the scattering is also the superposition of a subsurface volume
with the overlying ice surface component. However, the ice
surface is here in general smoother than in the ablation zone [39]
while the volumetric scattering is triggered by the presence of
smaller air inclusions (bubbles) [40], typically present in glacier
ice as trapped during the formation process of the layers of
superimposed ice. Due to the lack of larger scatterers in the sub-
surface, their scattering contribution is believed to be signiÞcant,
even at longer wavelengths, despite their size is in the order of
some mm to a few cm. This is even more the case at shallow
incidence angles, where surface scattering becomes weak [24].
The scattering model for the superimposed ice is, therefore,
based on the superposition of a surface and a volume component
according to the respective models introduced previously. Also
for this zone, an anisotropic propagation component is included
to account for the presence of a shallow snowpack at the surface.

3) Percolation Zone:The subsurface scattering in the lower
percolation zone occurs on a mixture of ice lenses and pipes
embedded in a background of anisotropic Þrn. The large sized
(several tens of cm) icy inclusions dominate the backscattering
behavior while possible contributions from the Þrn grains, whose
size is typically up to a few mm, are neglected. Therefore,
the model accounts for the sum of two volume components,
associated to oblate (lenses) and prolate (pipes) spheroids, re-
spectively, and an anisotropic propagation component related to
the presence of Þrn, according to (15).

III. POLARIMETRIC DESCRIPTORS

The modeled scenarios introduced previously can be used to
reproduce polarimetric descriptors extracted from the real data

and provide a physical interpretation of the scattering behavior
observed over the different glacier zones.

A. Eigen-Based Polarimetric Descriptors

When it comes to the polarimetric interpretation of scattering
processes a popular alternative to model-based decompositions
are decompositions based on the diagonalization of the covari-
ance matrix[C] that provide scattering descriptors deÞned by the
eigen-vectors and eigen-values of[C] like the scattering entropy
H , the scattering anisotropyA, and mean scattering alpha angle
� (derived from the representation of[C] in the Pauli basis) [41],
[27].

The scattering entropyH is a parameter (0 � H � 1) that
expresses the degree of complexity of the scattering process.
In terms of the two-component scattering model in (1), low
H values (H < 0.3, approximately) are typical for dominant
surface-like scattering at the ice surface or at refrozen subsurface
melt-layers. The level ofH is then determined by the surface
roughness [28], [24]. In contrast, highH values indicate the pres-
ence of a signiÞcant volume scattering contribution. However,
different shapes and orientation distributions of the scatterers
can generate a large range of entropy values (e.g.,H 	 0
for aligned or spherical particles whileH 	 1 for randomly
oriented particle volumes) [27], [24]. Finally, the combination of
surface and volume scattering mechanisms leads to intermediate
H levels depending on the relative contributions.

The scattering anisotropyA is a second parameter (0 � A �
1) deÞned by the eigen-values of[C] and complements the
information provided byH [41], [27] as it expresses the relative
importance of secondary scattering contributions. By deÞnition,
A becomes small when the entropy is high while it becomes
more relevant at intermediateH levels [27]. In this sense,A
may increase when a surface scattering component is added
to a volume. In addition, the scattering anisotropy decreases
with increasing surface roughness and with decreasing volume
randomness.

The mean scattering angle� (0� � � � 90� ) indicates the
type of the mean scattering mechanism. Scattering from a
slightly rough surface is associated to� values typically in the
range between0� and30� , mainly governed by the dielectric
properties and widely independent of the roughness condition
of the surface [28], [24]. In the case of volume scattering, the
corresponding� is widely deÞned by the scatterersÕ shape,
ranging from a few degrees, in the case of disks, to around 45¡
for dipoles [27], [24]. Finally, higher� values (50� � � � 90� )
indicate a large phase difference between theHH andVVchannel
such as induced by dihedral scattering processes, which might
occur at the ice walls of crevasses.

The interpretation of the three descriptors depends of course
on the frequency. For instance, the impact of surface roughness
increases at shorter wavelengths: a surface with a root mean
square height (rms) of a few cm (e.g., 3 cm) behaves smooth
(with low H and� but highA values) at L-band (as the wave-
length is much larger than the rms height) while it appears rough
at X-band (with higherH and� but lowerA values) where the
wavelength is on the order of the rms height.
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B. Copolarization Ratio and Phase Difference

As shown in [24], it is convenient to consider two additional
polarimetric quantities in order to complement the information
provided by the eigen-based descriptors: thecopolarization(co-
pol) power ratioP, and theco-pol phase difference� .

The co-pol ratio is here deÞned as

P = 
| SHH |2� / 
| SV V |2� (16)

and can provide information about the mean orientation of the
scatterers in a volume or the roughness condition of a scattering
surface [28], [24].

The co-pol phase difference, here deÞned as

� = arg ( 
SHH S�
V V � ) (17)

can be used to complement the information provided by�
concerning the presence of dihedral scattering or differential
propagation in dielectrically anisotropic (birefringent) media,
like Þrn and snow. Finally, nonzero values of� can result from
volumes of scatterers if the latter possess a preferred orientation.
In this case, differential propagation occurs similar to the case
of birefringent media, depending on the shape and dielectric
properties of the scattering particles. The information carried by
the co-pol phase difference is, up to some extent, similar to the�
angle: a large (positive or negative)� are associated to a large�
and vice versa. However,� offers a more direct link to dielectric
properties of the scatterers. The anisotropic propagation model
described previously represents an example of how co-pol phase
differences can be related to Þrn properties.

IV. TESTSITE AND EXPERIMENTAL DATA

The study area is the K-Transect, starting approximately 20
km east of Kangerlussuaq (67¡00Õ N, 50¡41Õ W), at the south-
western margin of Greenland, and running eastward towards the
inner part of the ice sheet, roughly parallel to the 67¡N latitude
circle. In the frame of the ARCTIC15 experiment, fully polari-
metric SAR data at X-, C-, and L-band were simultaneously
acquired on 21 May 2015 by DLRÕs F-SAR airborne system
over a 200 km long (and approximately 5 km wide) transect.
The ÒascendingÓ swath starts at the ice margin and crosses the
ablation and SI zone, in W-E direction, up to the percolation zone
(approximately 2100 m a.s.l.), while the ÒdescendingÓ swath has
the opposite heading.

The (single-look complex SLC) data in all frequencies have
been acquired with a spatial resolution of 2.0 m in (slant-) range
and 0.5 m in azimuth. The incidence angle varies across the
swath from 25¡ (in near-range) to 65¡ (in far-range). During the
whole campaign, the air temperature was steadily below 0¡C, so
that dry snow and ice conditions were preserved.

As reported in [42], the surface mass balance at the K-transect
suffered from an accelerating negative trend between 2010 and
2014 with a consequent increase of the equilibrium line altitude
from around 1550 m a.s.l. (long term EL) to around 1730 m a.s.l.
[43]. Shallow ice cores and ground-penetrating radar measure-
ments conducted in spring 2013 indicated that no Þrn was present
below 1680 m a.s.l., Þxing the FL at this altitude (FL2013) [42].
The same study reports the presence of a 5 m thick ice layer in the

shallow subsurface at 1850 m. However, the trend decelerated
in 2015 when the EL was located slightly above 1500 m a.s.l.
[44], at similar altitude as in the period 1990Ð2010.

The ablation zone roughly extends from the coast up to the
long-term EL. The lack of information about the FL location
in 2014 allows only an approximate location of the SI zone,
which is here assumed to extend from the upper boundary of
the ablation zone up to the FL2013 (1680 m a.s.l.). The negative
mass balance trend suggests that the FL might have migrated
further upward in 2014. Finally, the percolation zone is located
above the FL2013 (see also Fig. 3). The area between the FL2013
and the EL2014 (located at 1730 m a.s.l.) is considered to be
part of the transition from SI to the percolation zone, where the
subsurface consists of a mixture of Þrn and ice layers.

Fig. 2 shows a Pauli RGB representation of the two headings
at L-band superimposed to an optical image of the area, as well
as the location of the FL2013 (red line), the EL2014 (grey), and
the long term EL (white). The change of polarimetric behavior
in the different glacier zones is evident: the percolation zone is
dominated by greenish colors, indicating the presence of strong
volume scattering whereas the ablation zone is mostly bluish,
apparently dominated by surface scattering.

V. RESULTS ANDDISCUSSION

A. Polarimetric Analysis

The polarimetric analysis in this section shall assess the
potential of the proposed descriptors to map the different glacier
zones at the different frequencies. For each frequency, the 4X4
covariance matrices are formed using an estimation window
with � 150 independent samples, corresponding to a 30X30 m
window on ground. By performing additive noise compensation
according to [45], the covariance matrices are reduced to the
conventional 3X3 form. After this, the polarimetric entropy,
anisotropy and mean alpha angle as well as the co-pol ratio and
the co-pol phase difference are estimated. Figs. 3Ð5 depict the
Þve PolSAR descriptors for the ÒascendingÓ swath at X-, C-,
and L-band, respectively. In order to facilitate the interpretation,
the elevation proÞle of the study area as well as the location of
the FL2013, the EL2014 and the long term EL are shown in the
top panel of Fig. 3. By comparing the three Þgures, a number of
features common to all frequencies become obvious, such as a
refrozen supraglacial lake at 105 km distance as well as crevasses
(e.g., between 40 and 75 km distance) and melt channels in the
ablation zone. Their presence can lead to signiÞcant deviations
from the expected ablation zone scattering scenario as sketched
in Fig. 3. In contrast, most of the PolSAR parameters exhibit
a smooth spatial behavior over the percolation zone, conÞrm-
ing the expectation of a homogeneous scattering scenario, as
depicted in Fig. 3.

For the multifrequency comparison, the frequency-dependent
penetration of the SAR signal into the glacier subsurface has to
be considered. Tomographic data acquired in the frame of the
same campaign along the EGIG line (about 350 km north of
the K-Transect), which is classiÞed as lower percolation zone
like the uppermost portion of the transect under study, reported
the presence of signiÞcant scattering sources down to a depth
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Fig. 2. Upper panel - Pauli RGB representation of the L-band SAR headings overlying an optical image of the K-transect, in south-west Greenland. Red:HH-VV,
Green:HV+ VH, Blue:HH+ VV. The red line indicates the FL 2013 (1680 m a.s.l.), while the long term EL and the EL 2014 are represented by the white and grey
line, respectively. The cornersÕ coordinates of the ÒascendingÓ heading are reported as geographic reference. The inset shows the location of the study area with
respect to the entire ice sheet. Lower panel Ð Sketch of the subsurface structure of the glacier zones existing in the study area.

Fig. 3. Top panel Ð Elevation proÞle of the study area and corresponding location of the FL2013, the long term EL and the EL2014; (a)Ñ(e) Polarimetric
descriptors extracted from X-band SAR data (E-W heading).
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Fig. 4. Polarimetric descriptors extracted from the C-band SAR data (E-W heading) and corresponding location of the FL2013, the long term EL and the EL2014.

Fig. 5. Polarimetric descriptors extracted from the L-band SAR data (E-W heading) and corresponding location of the FL2013, the long term EL and the EL2014.
.

of 6Ð10 m at both X- and C-band, and of 15Ð20 m at L-band
[37]. A second ARCTIC15 tomographic dataset acquired in the
ablation zone of the K-Transect (at approximately 500 m a.s.l.)
revealed scattering contributions limited to a depth range of 3Ð
5 m at X-band, 10Ð15 m at C-band, and 50Ð60 m at L-band [38].
The results make clear that, in general, one has to account for
surface and subsurface contributions in all zones and frequencies

justifying the use of a 2-layer model for the interpretation of the
data.

To support the analysis, azimuth proÞles of the Þve po-
larimetric descriptors along the whole transect, averaged over
500 range samples at mid-range (associated to an incidence
angle of about 50¡), are plotted in Fig. 6 and discussed in the
following.



PARRELLA et al.: MODEL-BASED INTERPRETATION OF POLSAR DATA FOR THE CHARACTERIZATION OF GLACIER ZONES 11601

Fig. 6. Azimuth proÞles and standard deviations (dashed lines) of the PolSAR signatures extracted at mid-range, with an average incidence angle of 50¡, for the
three available frequencies (Red: X-band, Green: C-band, Blue: L-band). The black dashed lines indicate the location of the FL2013 and the long term EL.

1) Interpretation of the X-Band PolSAR Signatures:The
X-band entropy map in Fig. 3(a) shows overall high values
across the whole K-transect with a gradual increase from 0.80
to almost 1 when moving from lower to higher elevation [see
also Fig. 6(a)]. The very high (almost 1) and stable values over
the percolation zone, between 130 km distance (1800 m a.s.l.)
and the end of the transect, indicate the presence of a dominant
high entropy volume scattering component originating from ice
inclusions in the Þrn layer. At around 130 km distance, entropy
decreases from 0.99 to 0.9, just above the EL2014. Here, at the
transition between Þrn and the superimposed ice zone, thick
ice layers gradually replace Þrn in the glacier subsurface and it
is reasonable to expect the presence of a surface-like scattering
component that reduces the overall entropy. At lower elevations,
in the ablation zone,H has values mostly between 0.85 and
0.9 with local variations associated to the presence of crevasses
and other surface melt-features. Here, the overall values might
appear very high for a scenario where scattering from the ice
surface is expected to be the dominant contribution. However,
given the short wavelength (3 cm), already a moderate roughness

(rms surface height of some cm) causes signiÞcant depolar-
ization, which results, in turn, in high entropy values [46].The
overall high entropy leads to very low anisotropy values (0.1-0.2)
along the whole transect, as shown in Figs. 3(c) and 6(c), limiting
its sensitivity to the different zones. This is reßected by the mean
� angle map in Fig 3(b) as well. The corresponding proÞle in
Fig. 6(b) shows values increasing with elevation from around
30¡ to 50¡ over the lower part of the ablation zone, in the Þrst 45
km of the transect. From here,� remains stable around 50¡ up to
the location of the EL2014, close to the boundary between the SI
and percolation zone, where a small increase to 55¡ is observed.
This supports the interpretation of the entropy concerning the
dominant scattering mechanisms.

The interpretation of the three eigen descriptors is comple-
mented by the co-pol power ratio and phase difference. The
co-pol power ratio map, shown in Fig. 3(d), and the correspond-
ing azimuth proÞle in Fig. 6(d) show values mainly within the
range 0.8-1.1, without any signiÞcant trend with elevation and
no sensitivity to the different zones. In particular, such behavior
might result from the fact that both a rough surface (in the
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ablation zone) and a volume of randomly oriented scatterers (in
the percolation zone) exhibit similarHH andVV backscattered
powers.

Finally, the co-pol phase difference map in Fig. 3(e) indicates
mainly positive values, except for a few conÞned areas in the
ablation zone and the upper part of the percolation zone.� values
are characterized by an overall increase from about 0¡ at the ice
margin up to around 100¡ at 130 km distance [see also Fig. 6(e)],
slightly above the EL2014. Moving to higher altitude,� slowly
decreases reaching negative values (aroundŠ40¡). A smooth
spatial behavior is observed in the percolation zone, similar to the
other parameters, while a more irregular pattern is observed over
the ablation and SI zones, reßecting the spatial distribution of
crevasses and surface roughness. The large positive values, up to
100¡, observed in Fig. 6.3 between 120 km and 150 km distance,
are attributed to propagation through the Þrn present above the
FL2013. The decrease of� observed at higher elevation could be
instead related to a gradual increase of fresh snow with altitude,
as suggested by the accumulation gradient measured along the
transect [47]. In fact, the typical horizontal orientation of ice
grains in fresh snow (contrarily to Þrn) generates a negativeHH-
VV phase difference contribution [35] that can overcompensate
the positive values due to the underlying Þrn layer, if enough
fresh snow is present at the surface.

The analysis of the descending swath leads to very similar
results.

Summarizing, X-band PolSAR measurements are only of
limited use for glacier zones mapping. The main information
is obtained from the spatial behavior of the analyzed descriptors
at different altitudes. It is very homogeneous in the percolation
zone and becomes more heterogeneous at lower elevations due
to the increasing surface roughness and the appearance of local-
ized features in the SI and ablation zones. A unique potential
of X-band, compared to longer wavelengths, is given by the
sensitivity in terms of co-pol phase difference to the shallow
snow-cover, which is more difÞcult to detect using C- and L-band
measurements due to their increased sensitivity to the subsurface
Þrn layers.

2) Interpretation of the C-Band PolSAR Signatures:The
C-band descriptors behave very similar to the ones at X-band.
Slightly lower entropy and mean alpha angle [see Fig. 6(a)
and (b)] values as well as a more pronounced variation of
both parameters with the incidence angle in the ablation zone
[see Fig. 4(a) and (b)] are observed at C-band. This can be
interpreted by the decreasing roughness conditions due to the
longer wavelength. In contrast, the strong volume scattering
contribution in the percolation zone is conÞrmed byH and�
values, similar to the X-band case. Consequently, the anisotropy
remains fairly low throughout the whole transect.

While no signiÞcant difference in the co-pol ratio shown in
Fig. 6(d) is observed when compared to X-band, an overall
decrease of the co-pol phase difference (around 20¡ at mid-range
compared to X-band) can be observed, especially below 1800 m
elevation [130 km distance, see Figs. 4(e) and 6(e)]. In particular,
� decreases signiÞcantly in the elevation range between 1800 m
a.s.l. and the FL2013 location. The reduced impact of surface
roughness allows an interpretation since a smoother surface is

less prone to generate co-pol phase differences. At higher alti-
tudes, a decreasing trend of� similar to X-band is observed. As
in the previous case, the increase of fresh snow in the uppermost
portion of the transect can interpret such behavior. However, it
is interesting to notice that the C-band trend is less pronounced
since the longer wavelength ensures higher sensitivity to the
underlying Þrn layer compared to X-band.

In conclusion, C-band polarimetric measurements show a
slightly higher sensitivity to the glacier zones than X-band
primarily due to the reduced impact of surface roughness. The
co-pol phase difference allows a sensitive detection of the per-
colation zone boundary but is also less sensitive to the presence
of fresh snow at the surface.

3) Interpretation of the L-Band PolSAR Signatures:The po-
larimetric descriptors at L-band shown in Fig. 5 are substantially
different from the corresponding ones at X- and C-band.H and
� [see Fig. 5(a) and (b)] are signiÞcantly lower in the SI and
upper ablation zone, ßuctuating around 0.6 and 20¡-35¡ [see
also Fig. 6(a) and (b)], respectively indicating the occurrence of
a strong surface scattering component (at the ice surface). In the
ablation zone, higherH and� values are observed over the main
crevasse Þelds. In these cases, the L-band behaves similarly to
the higher frequencies as such features are typically large enough
to produce complex interactions with the radar signal even at
longer wavelengths. In the percolation zone, starting at 145 km
distance [see Fig. 6(a) and (b)],H and� have similar values
at all frequencies, constantly above 0.9 and 50¡, respectively.
This indicates that volume scattering from ice inclusions in
the Þrn is the dominant contribution at L-band as well. The
steep decrease observed for both parameters in the area of the
EL2014 and FL2013, between 130 and 115 km distance, Þts
well with the expected decrease of the Þrn layer thickness and
the associated reduction of embedded scatterers, in favor of an
increasing surface-like scattering contribution from subsurface
ice layers.

Interestingly, the pronounced variation of the L-band entropy
across the zones is only partially reßected in the behavior of the
anisotropy [see Fig. 5(c)]. Extremely low values are observed
over the percolation zone, similarly to the X- and C-band case. In
contrast, a slight increase can be noticed in the SI zone [see also
Fig. 6(c)], whit values ßuctuating between 0.1 and 0.3. Finally,
A values increase up to 0.4 in the ablation zone, revealing the
presence of a signiÞcant secondary scattering contribution in ad-
dition to the dominant surface scattering, likely from crevasses.

The co-pol ratio does not show signiÞcant variations across
the glacier zones [Fig. 5(d)], similarly to the C- and X-band case.
However, overall higher values are found at L-band, especially
over the percolation zone [see Fig. 6(d)]. Here, values range
between 1.0 and 1.6, pointing out the presence of horizontally
oriented scatterers, such as ice lenses. Also here, a steep de-
crease, from 1.6 to around 1.2 is observed between the EL2014
and FL2013, Þtting well with the expected decrease of volume
scattering from the oriented inclusions in favor of an increase of
surface scattering from subsurface (superimposed) ice layers.

The co-pol phase difference shows a slight gradual decrease
from the uppermost area of the transect down to 1850 m a.s.l., as
shown in Figs. 5(e) and 6(e). From here to approximately 1700 m
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TABLE I
TWO-COMPONENTMODEL CONFIGURATION FOR THESCATTERING SCENARIO

IN THE ABLATION ZONE

elevation, a remarkable decrease is observed with values as low
as 20¡ at the FL2013 [see also Fig. 6(e)], where the amount of
Þrn decreases continuously until it completely disappears [42].
Below 1700 m,� values gradually approach 0¡, indicating the
complete absence of Þrn. However, co-pol phase differences up
to 20¡ appear often below the FL2013 probably caused by the
presence of some tens of cm of metamorphic snow [26] at the ice
surface. Localized areas with larger (either positive or negative)
deviations are associated to the complex scattering (including
even reßections) from crevasses (e.g., between 40 and 70 km
distance).

When comparing the three frequencies, L-band descriptors
provide a clearer identiÞcation of the different glacier zones due
to the deeper penetration and the lower sensitivity to surface
roughness. In particular, the percolation zone can be identiÞed
in all Þve polarimetric descriptors due to the distinctive change
of the scattering process at the FL location. The co-pol phase
difference allows furthermore an accurate characterization of the
percolation zone boundary, offering also the potential for model-
based inversion of Þrn properties. In contrast, the separation of
the ablation and SI zones and, therefore, the identiÞcation of the
long term EL is more difÞcult.

4) Range ProÞles Modeling:So far, the suitability of the
proposed model to describe the polarimetric data in the different
zones has been discussed only in qualitative terms. For a more
quantitative evaluation, the incidence angle dependency of the
selected polarimetric descriptors predicted by the model is com-
pared to the ones observed in the experimental data. For this,
representative range proÞles of the Þve polarimetric descriptors
in the three different zones, extracted over homogeneous areas
(around 1000 m a.s.l. in the ablation zone, 1650 m a.s.l. in the
SI zone, and 2000 m a.s.l. in the percolation zone) and averaged
over 10000 azimuth lines, corresponding to a spatial extend in
azimuth of about 2 km, are used and shown in Fig. 7. The ability
of the two-component surface and volume scattering model to
interpret the (range dependent) behavior of the polarimetric
descriptors in the three zones is assessed and discussed in the
following while the model conÞgurations employed for the
single glacier zones are summarized in Tables IÐ III.

a) Ablation zone
In the ablation zone (see Fig. 7, left column), a clear increase

of entropy with increasing incidence angle at X- (red line) and
C-band (green line), from 0.6 to 0.9 and from 0.5 to 0.85,
respectively, is observed. The L-band values (blue line) rise more
smoothly, from 0.45 to 0.6. A similar behavior is observed for
the mean alpha angle, increasing from 30¡ to 50¡ at X-band,

TABLE II
TWO-COMPONENTMODEL CONFIGURATION FOR THESCATTERING SCENARIO

IN THE SI ZONE

TABLE III
TWO-COMPONENTVOLUME MODEL CONFIGURATION FOR THESCATTERING

SCENARIO IN THE PERCOLATION ZONE

from 20¡ to 45¡ at C-band, and from 15¡ to 30¡ at L-band. In
general, such values can be explained with the superposition of
a dominant slightly rough surface and a secondary subsurface
volume component. The surface contribution decreases with
increasing incidence angle [27], while the volume component
remains constant. The decrease of the surface-to-volume ratio
makes the entropy and alpha angle values to rise in far range
where the volume component becomes more signiÞcant. Such
behavior can be reproduced by the model conÞguration deÞned
in Table I simulating the superposition of a scattering component
from a slightly rough snow/ice interface and a contribution from
a volume of prolates accounting for the possible presence of air
bubbles in the ice. The dielectric discontinuity at the snow/ice
is deÞned by assuming a snow permittivity� snow = 1 .5, cor-
responding to a typical density of
 = 0 .25 g/cm3 [48], since
no reference data is available. Finally, surface roughness is
selected to be the maximum allowed by the X-Bragg model
w.r.t the L-band wavelength since the ice surface is expected to
be rather rough in the ablation zone. For the volume component,
an arbitrary value ofSp is selected to account for elongated
bubbles [40] or other scattering inclusions, since no reference
information is available. According to the employed model, a
partial horizontal orientation of the prolates represents the only
possible interpretation for the L-band co-pol ratio values larger
than 1, since the X-Bragg surface component predicts values� 1
in any case. Nevertheless, this interpretation seems to disagree
with observations reporting a preferred vertical elongation of air
bubbles in ice layers [40]. One possible reason might lie in the
low sensitivity of the longer L-band wavelength to such small
scatterers. This interpretation is supported by the fact that both C-
and L-band co-pol ratios mostly assume values< 1, suggesting
higher sensitivity to vertically oriented scatterers (see Fig. 7).
The Þtting between data and model is then achieved by using
the surface-to-volume intensity ratio as a free model parameter.
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Fig. 7. From left to right, range proÞles (solid lines) and standard deviations (dashed) of the PolSAR descriptors in the ablation zone (at around 1000m a.s.l.),
superimposed ice zone (� 1650 m a.s.l.), and percolation zone (� 2000 m a.s.l.). Red: X-band, Green: C-band, Blue: L-band. Bottom panels: sketch of the simulated
scattering scenarios for the three different zones.

At L-band, the range proÞles ofH , � , A, and P can be
interpreted satisfactorily by surface-to-volume ratios ßuctuating
between 5.0 and 2.0 along range. The same scenario results
in a general decrease of the surface-to-volume ratio at higher
frequencies, ranging from around 3.0 to 1.0 at C-band, and

from 1.5 to around 0.01 at X-band with increasing incidence
angle. In contrast to the reduced penetration, which leads to an
increase of the surface contribution, the two higher frequencies
are more affected by roughness induced depolarization, which
is misinterpreted as a volume component. Also, the employed
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surface model (X-Bragg) is only valid for slightly rough surfaces
interpreting best the L-band data. As the same surface appears
rougher at higher frequencies, the model cannot describe prop-
erly the C- and X-band data. Finally, the observed� proÞles are
in accordance at all frequencies with the increasing differential
propagation effects with the incidence angle through a shallow
layer of metamorphic snow at the glacier surface.

b) Superimposed-ice zone
In the SI zone (see Fig. 7, mid column), the C- and L-band

proÞles ofH and� show a steeper increase with the incidence
angle (H from 0.55 to 0.9 and� from 25¡ to 50¡ at C-band,H
from 0.3 to 0.8 and� from 12¡ to 43¡ at L-band from near to far
range) than in the ablation zone, while a more stable and overall
higher values are observed at X-band (H from 0.75 to 0.9,�
from 38¡ to 50¡). Interestingly, the two lower frequencies show a
larger variation in the near range, between 30¡ and 45¡ incidence
angle. As already discussed for the ablation zone, this behavior
suggests the presence of a strong surface scattering component
in the near range, and a gradually increasing volume component
in far range. In contrast, the X-band values show a smaller
variation across range which is likely due to the increased effect
of roughness. The model conÞguration for the superimposed
zone is the same as for the ablation zone, with the only exception
represented by a reduced surface roughness [39].

The L-band behavior can be reproduced by the two-
component model in terms of a smooth surface and a volume of
oblate spheroids with a preferred horizontal orientation (see Ta-
ble II) for surface-to-volume ratios ranging from approximately
10 in the near range to around 1.0 in the far range. Compared to
the values obtained for the ablation zone, remarkably stronger
surface scattering component is found, especially at steep inci-
dence angles. This can be attributed to the generally smoother ice
surface in the SI zone [39]. On the other hand, the presence of an
oriented volume component can be interpreted by the presence
of (a few) ice lenses embedded in patches of remaining Þrn or
to bubbly ice layers [40].

Moving to C- and X-band, the same model conÞguration
predicts lower surface-to-volume ratios (from 2.5 to 0.05 at
C-band and from around 1.0 to less than 0.05 at X-band) as a con-
sequence of the increased roughness effect and the insufÞciency
of the X-Bragg model to correctly describe this roughness range.

Finally,� shows positive and gradually increasing values with
the incidence angle at all frequencies. This can be explained
by the anisotropic propagation model in Section III with the
increase of standing metamorphic snow in this elevation range.

c) Percolation zone
In the percolation zone (see Fig. 7, right column), the scat-

tering complexity increases signiÞcantly at L- and C-band,
reaching the same levels ofH and� as at X-band. The volume
scattering contribution becomes dominant in all frequencies.
Accordingly, the proÞles at the three frequencies become very
similar to each other for all descriptors. However, the increasing
range trend observed especially at L-band reveals the presence
of a weak preferred orientation of the scatterers [24]. This is
also supported by the co-pol ratio proÞles which deviate now
from the unit. However, while the X- and C-band co-pol ratio

values are in general smaller than 1, indicating a vertical ori-
entation, the L-band proÞle indicates values slightly larger than
1, pointing out a (weak) horizontal orientation of the scatterers.
This difference can be explained by assuming different sets of
scattering particles at the different wavelengths, depending on
their size. For instance, small ice clusters in shallow subsurface
layers can provide signiÞcant backscattering at X-band while
they remain insigniÞcant at L-band. Also, large ice inclusions
(e.g., lenses), with dimensions on the order of some tens of cm,
can act as volume particles at L-band and appear as surface-like
scatterers at C- and X-band.

The behavior of the data can be reconstructed by a volume
scattering component generated by a mixture of two particles
types: oblates, acting as ice lenses, and prolates representing all
other inclusion types (pipes, clusters, etc.). The conÞguration
used to interpret the data is deÞned by the values in Table III. The
volume model is complemented by the anisotropic propagation
component to account for the presence of Þrn (as well as fresh
snow in the C- and X-band case). Arbitrary values ofSp have
been chosen for oblates and prolates in order to simulate an
exemplary case. The canting angle distributions (� 0 and� � ) de-
scribe oriented clouds of scatterers for both oblates and prolates
since neither lenses nor pipes are expected to have a preferred
orientation in the horizontal plane. The tilt angle distribution
(� 0 and � � ) of the oblates accounts for a cloud of widely
horizontal lenses, in agreement with available literature [22].
Less straightforward is the interpretation of tilt angle distribution
of prolates, which provides the best match between simulated
and real PolSAR signatures when it deÞnes randomly oriented
scatterers. This seems to be in contrast with the expected vertical
orientation of pipes [22]. One possible explanation is that this
scattering component includes a signiÞcant contribution from
scatterers other than pipes, e.g., ice layers and glands having
more complex shapes than prolates [1], and which are not
included in the employed model.

The model matches the observed proÞles at L-band for a
prolates-to-oblates power ratio ranging from 0.2 in near range to
approximately 1.5 in far range. That is, the relative contribution
from ice lenses is expected to decrease signiÞcantly with the
incidence angle, due to their horizontal alignment [24]. Moving
to C- and X-band, the model indicates a signiÞcant increase
of the contribution from random prolates, with values of the
prolates-to-oblates ratio ranging from 1.0 to 5.0 at C-band and
1.5 to 5.0 at X-band. Such result conÞrms the indication of a
change in the scattering scenario across frequency due to the
fact that smaller and randomly oriented particles might become
effective scatterers at shorter wavelengths.

Concerning the observed� proÞle, the small positive values
observed at near range in X-band and C-band conÞrm the limited
penetration and the sensitivity only to a shallow Þrn layer [37].
The decrease observed in far range, from around 20¡ to Ð15¡,
supports the hypothesis of a layer of fresh snow present at the
surface generating a negative contribution to the measured� .
At L-band, the deeper penetration allows to sense a thicker Þrn
layer, that causes the observed positive and gradually increasing
� with range.
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VI. CONCLUSION

The potential of model-based interpretation of polarimetric
SAR data for the characterization of glacier zones in west
Greenland has been investigated at different frequencies. For
this, a generic two-component model that describes surface and
subsurface scattering contributions in the different glacier zones
has been established. The (anisotropic) propagation through
snow, Þrn and ice layers is also accounted as it plays an important
role in the interpretation of the observed polarimetric signatures.

A set of Þve polarimetric descriptors consisting of the scat-
tering entropy, the mean scattering alpha angle, the scattering
anisotropy, the co-pol power ratio and the co-pol phase differ-
ence has been used to describe the projection of the model on the
scattering of each zone. For the analysis, a multifrequency (X-,
C-, and L-band) airborne dataset acquired over the K-transect,
covering a 200 km long swath across the ablation, superimposed
ice and lower percolation zone of the ice sheet has been used.

The potential to differentiate the glacier zones from each
other increases with decreasing frequency due to the decreasing
impact of surface roughness and the increasing penetration into
the ice subsurface. In this sense, it is at L-band where the
transition from the percolation zone to the superimposed ice
zone (e.g., the Þrn line) becomes clearly visible in all PolSAR
descriptors. The transition between the superimposed ice zone
and the ablation is, however, more difÞcult to detect. At C- and X-
band, surface roughness makes the polarimetric signatures more
uniform across the zones. Nevertheless, the higher frequencies
allow to sense (shallow) layers of fresh snow that are almost
transparent at L-band by means of the co-pol phase difference.

A full validation of the proposed approach is, however, ham-
pered by the lack of reference data regarding the shape and ori-
entation of the scattering inclusions as well as of the ice surface
roughness in the different zones. Some limitations arise then
from the assumptions, which the different model components
are built on. First, the employed surface component (X-Bragg)
is insufÞcient to describe polarimetric scattering at (very) rough
surfaces, as it is the case of the ablation zone especially for the
higher frequencies. Second, the dielectric properties of snow, ice,
and Þrn (i.e., permittivity, density, anisotropy, etc.) are assumed
spatially homogeneous and constant with depth. Third, each
class of scattering inclusions (i.e., ice lenses, pipes, and air
bubbles) is assumed to be composed of equally shaped and
distributed objects. A further simpliÞcation is made by ne-
glecting possible scattering contributions originated by multiple
interactions and multiple ice layers in the Þrn of the percolation
zone.

Nevertheless, the use of a generalized scattering model, as the
one proposed here, allows to characterize the main scattering
mechanisms in each glacier zone, providing a clear link to
the respective subsurface structure. In addition, the propagation
component of the model establishes a link between the physical
properties of Þrn, providing a potential tool to access informa-
tion relevant for the estimation of surface mass balance. The
results indicate also the potential of combining multifrequency
polarimetric observations to exploit their complementarity in
terms of sensitivity to different surface and subsurface scattering
structures.

The modeling of additional PolSAR observables, like
backscattering coefÞcients, should be addressed in the future,
which might allow the retrieval of scatterersÕ number and size.
Such information would be useful to quantify the amount of
refrozen meltwater retained in the snow and Þrn layers.

Finally, the proposed model has the advantage of being easily
transferable to the space-borne case to be tested for glacier
zonesÕ mapping on larger scale. Of particular interest will be
its application to the next multifrequency generation of satellite
SAR missions with fully polarimetric capabilities.
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