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Abstract

The Polarimetric Synthetic Aperture Radar (PolSAR) backscatter from a target is dependent on the incidence angle.
Consequently, the associated roll invariant parameters are affected by changes in incidence angle. In this work, we
identify a few of these parameters that remain robust in identifying sea ice features even under large incidence angle
variations. We conclude that the helicity angle and the degree of purity are preferable over the scattering type angle in
this respect. We utilize two overlapping RADARSAT-2 C-Band full polarimetric images, with a time difference of less
than 2 hours, but with significant incidence angle difference.

1 Introduction

The Arctic ocean ice is undergoing significant changes,
with a reduced sea ice cover and a higher degree of First
Year ice (FYI). Discrimination between different sea ice
types is important both for operational sea ice mapping as
well as to enable estimates of changes in sea ice types. For
operational sea ice mapping dual-polarimetric SAR images
is preferable due to their larger areal coverage, besides the
European Space Agency (ESA) Sentinel-1 satellites offer
near daily coverage over the Arctic Ocean. Fully polari-
metric images enable high resolution parameter retrieval,
and can be used to retrieve information about sea ice scat-
tering mechanisms, e.g, [6, 14, 4], but they typically have
small areal swaths. Within this study, we use fully po-
larimetric RADARSAT-2 images to investigate separability
between different sea-ice types using a recently proposed
novel set of roll-invariant polarimetric parameters derived
using a geodesic distance [11]. We aim to separate three
different sea ice types: young ice, level sea ice and de-
formed sea ice from the C-Band images.
Several previous studies have explored the feasibility of
polarimetric parameters for sea ice classification, some us-
ing the H/A/α decomposition, e.g., [12] and [14]. Using X-
band stripmap images [12] studied the usefulness of 12 dif-
ferent polarimetric parameters for discriminating between
open water, young ice, smooth FYI, rough and deformed
FYI and multi-year ice (MYI) and found the H/A/α to rank
among the top 6 parameters. Moreover, [3] observed lower
scattering entropy values for the young ice and rafted thin
ice compared to the surrounding thicker sea ice. In a re-
cent paper [8], even reducing fully polarimetric images to
include only the two co-polarized bands, the entropy pa-
rameter was still comparably useful for separation of thin
ice from the other thicker sea ice types.

2 Statement of Objectives

In [11], the authors introduced a set of roll invariant Pol-
SAR parameters, which are defined through the geodesic
distances to certain elementary targets and the ideal de-
polarizer. The parameters are denoted as αGD, τGD and
PGD, and defined in the next section. The objectives of
this work are:

1. To investigate if these parameters can separate be-
tween different sea-ice classes.

2. To identify which of the parameters has the best dis-
crimination power.

3. To determine which parameters among these are most
robust under large incidence angle changes.

3 Theory

A PolSAR observation in the linear HV -basis (i.e., hori-
zontal and vertical polarizations) consists of a 2 × 2 com-
plex matrix known as the scattering matrix S. The S cap-
tures the backscatter in the channels characterized by one
transmit and other received polarization.

S =

[
SHH SV H

SHV SV V

]
(1)

Under monostatic conditions, the reciprocity theorem
yields SHV = SV H making S symmetric.
The S can also be encoded as a target vector using the lex-
icographic or Pauli basis. The respective target vectors k⃗L
and k⃗P can be utilized to arrive at second order statistics
of backscatter measurements by computing the covariance
(C) or coherency matrix (T) respectively. The Kennaugh
matrix on the other hand is also a second order representa-
tion of the backscatter information as a 4× 4 real matrix.



It is important to recall here that the 4 × 4 Kennaugh ma-
trix is the power representation of the PolSAR backscat-
ter information under the Stokes formalism [7]. Thus, it
is equivalent to working with 3 × 3 complex (Hermitian)
covariance (C) equivalently coherency (T) matrix. A one-
to-one correspondence exists between the complex and the
real form of PolSAR backscatter information.
The relationship between a coherency matrix T and its K
form is given below [1]:

K =


T11+T22+T33

2 ℜ(T12) ℜ(T13) ℑ(T23)
ℜ(T12)

T11+T22−T33

2 ℜ(T23) ℑ(T13)
ℜ(T13) ℜ(T23)

T11−T22+T33

2 −ℑ(T12)
ℑ(T23) ℑ(T13) −ℑ(T12)

−T11+T22+T33

2


(2)

where ℜ(·) and ℑ(·) denote real and imaginary parts of a
complex number and Tij denotes the (i, j)-th entry of T.
To obtain the Kennaugh matrix K from the coherent
PolSAR scattering matrix S the following expression is
used [1]:

K =
1

2
A∗(S⊗ S∗)A∗T , A =


1 0 0 1
1 0 0 −1
0 1 1 0
0 j −j 0

 ,

(3)
where ⊗ is the Kronecker product, superscripts ·∗ and
·T denote conjugate and transpose, respectively, and j =√
−1. The transpose operator is always used in the super-

script, and not be confused with the coherency matrix.
For any two Kennaugh matrices K1 and K2 the geodesic
distance between them is defined as [10]:

GD(K1,K2) =
2
π cos−1

(
Tr(K1

TK2)√
Tr(K1

TK1)
√

Tr(K2
TK2)

)
(4)

where Tr is the trace operator.
The geodesic distance was first utilized with reference Pol-
SAR scatterers [10] for change detection. In subsequent
works, the approach has been found to be successful in
catering to a number of applications e.g. vegetation mon-
itoring, built-up mapping and land-use/land-cover classifi-
cation. In [11], three new roll invariant parameters were
proposed which utilized the trihedral corner reflector (t),
left (lh) and right helices (rh), and the ideal depolarizer
(dep) as reference scatterers. These parameters correspond
to scattering type (αGD), helicity (τGD), and degree of
purity (PGD) for an observed PolSAR pixel. The αGD

and PGD have counterparts in literature i.e., Cloude-α [2],
and PD [5]. However, in computing these parameters the
eigenvalue decomposition as in case of α was no more nec-
essary. The third parameter τGD which was compared with
helicity parameter τm1

[13], was found to be of different
nature. In the end, the τGD parameter was interpreted as
a measure of asymmetry through its corresponding refer-
ence target helix which is an asymmetric scatterer. Thus,
the above parameters were a means to describe the target
using the geodesic distance (GD) and reference canonical
targets in a much simpler form.
The equations (5)–(8) provide the Kennaugh matrix forms
for trihedral, left and right helices, and the ideal depolar-

izer. These reference scatterers are utilized to define the
three GD-based roll invariant PolSAR parameters.

Kt =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −1

 (5)

Klh =


1 0 0 −1
0 0 0 0
0 0 0 0
−1 0 0 1

 (6)

Krh =


1 0 0 1
0 0 0 0
0 0 0 0
1 0 0 1

 (7)

Kdep =


1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

 (8)

Equations (9)–(11) define the the three roll-invariant pa-
rameters namely αGD, τGD and PGD respectively for an
observed Kennaugh matrix K.

αGD = 90◦ ×GD(K,Kt) (9)

τGD = 45◦×(1−
√
GD(K,Klh)×GD(K,Krh)) (10)

PGD =

(
3

2
×GD(K,Kdep)

)2

(11)

4 Satellite data and study area

The fully polarimetric RADARSAT-2 images used here
were collected to overlap with one of the Nansen Legacy
campaigns (https://arvenetternansen.com) in December
2019 north of Svalbard, for image specifics see Table 1.
The temperature observation at the time of the image ac-
quisitions was -14 ◦C and the wind speeds approximately
7 m/s, for more information see [9]. Within the images
used here level and deformed older sea ice as well as young
ice is observed. Additionally, a multi-looking of 10 × 10

Table 1 Specifics of RADARSAT-2 satellite data used
in this study. The images cover 25x25 km with a range
(rg) and azimuth (az) resolution of 5.2 m (rg) x 7.6 m (az).
Both are ascending passes with large incidence angle (IA)
difference.

Name Date Time (UTC) IA (◦)
R1 02.12.19 12:43 19.7–21.6
R2 02.12.19 14:23 39.3–40.7

has been applied on these data sets before computing the
PolSAR parameters.



5 Preliminary Results and Analysis

Figure 1 and Figure 2 provide the Pauli RGB image and the
parameter maps corresponding to αGD, τGD and PGD for
the two RADARSAT-2 images, respectively. For a direct
comparison between the two images the colour bars are set
to the common minimum and maximum values in case of
the parameter maps.
Within the Pauli RGB images shown in Figure 1 and 2
some leads with young ice is seen extending from the top
left towards the bottom right of the images. They are ob-
served as purple. Deformed sea ice is observable as the
whiter areas in the Pauli RGB images, and are seen, e.g., in
the central parts of the images. At the top and at the lower
left corner of both these images we can observe some the
darker patches, corresponding to areas of level ice.
Comparing the results for the two RADARSAT-2 images
R1 and R2, we observe that the leads with young ice in both
images have lower τGD and higher PGD than the surround-
ing thicker sea ice. The αGD values in R1 are between 10◦

and 15◦, above average, the τGD values are between 0◦

and 2◦, which are below average, and the PGD values are
between 0.9 and 1, which are above the average.
For R2, the PGD values are >0.85, clearly separating the
lead from the surrounding sea ice areas. The τGD values
are between 0◦ and 2◦, which are below the average. The
αGD values of the leads are also in this image, ranging be-
tween 10◦ and 15◦. The separation from the its surround-
ing ice is less distinct.
The deformed sea ice, observable as the whiter areas in
the Pauli RGB images, has similar αGD values as the leads
in R1, whereas both the τGD and PGD values are lower,
typically in the ranges of 4◦ and 0.75, respectively. For R2
the τGD values for the deformed sea ice areas are higher
than for the surrounding less deformed and younger sea
ice, with values between 6◦ and 8◦, The PGD values are
between 0.6 and 0.75. As stated above, the αGD is similar
to the Cloude-α [2] that in [12] was found to be suitable to
separate particularly young ice from surrounding thicker
sea ice. This is also observable in this study.
The level sea ice has low αGD values in R1, ranging be-
tween 0◦ and 5, low τGD values and medium high PGD.
The values for the latter two are located between the de-
formed and the young ice values. In R2, the smooth ice
areas are easier to separate from the surrounding sea ice.
Here the αGD values are lower than for the other sea ice
types, with values between 5◦ and 10◦. The τGD values
are higher than for the young ice and lower than for the
deformed sea ice, with values between 2◦ and 4◦. Finally,
for level ice the PGD values are lower than for the young
ice, but higher than for the deformed sea ice. The values
are here between 0.8 and 0.9.

6 Conclusion

We observe that the helicity angle (τGD), and the degree
of purity (PGD) can be used to separate three different sea
ice types within fully polarimetric RADARSAT-2 images.
These two features seem to have stronger discrimination

Figure 1 Pauli RGB image and roll invariant PolSAR
parameters computed shown for image R1.

power than the scattering type angle (αGD). In fact, this
is encouraging, taking into account the large difference in
incidence angle, i.e. (20◦), of the two satellite images used
within the study.
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Figure 2 Pauli RGB image and roll invariant PolSAR
parameters computed shown for image R2.
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