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Abstract

The global warming has a substantial impact on the local geomorphological system of the arctic environment.
Earth observation data has the capacity to provide accurate high resolution information. Due to the all-weather
and day and night observation capability Synthetic Aperture Radars (SAR) are particularly well suited for the
mapping and monitoring of arctic and isolated environments. This paper presents the idea of a SAR-post pro-
cessing system and the corresponding results that were achieved using a time series of dual-pol TerraSAR-X data
from Mackenzie Delta. It comprises Kennaugh decomposition, ortho-rectification, radiometric enhancement,

normalization and the classification of different ice types.

1 Introduction

During the melt season in 2012 the ice extent in the
Arctic Ocean lost a total of 11.83 million square kil-
ometres. This is the largest seasonal loss of sea ice in
the satellite records [1]. This phenomenon is affected
by the global warming. At Tuktoyaktuk, Beaufort
Sea, Canada, an increase of the mean annual tempera-
ture of approx. 3° C between 1956 and 1993 has been
measured [2]. These changes have a substantial im-
pact on the local geomorphological system: the mean
annual extent and duration of coverage of snow and
sea ice reduces and hence the albedo effect decreases,
the region sea level rises and the rates of erosion and
the effects of storm surges increase. Particular, the
southern Beaufort Sea is susceptible to these effects,
as shorelines are typically ice-bonded and unconsoli-
dated, making them more susceptible to thermal and
mechanical erosion [3] [4].

Remote Sensing has the capacity to provide accurate
high resolution information of the sea and land sur-
face in an automated and standardized way. In partic-
ular satellites equipped with Synthetic Aperture Ra-
dars (SAR) enable regular mapping and monitoring of
temporal variations in land cover and ice types. Their
all-weather and day and night observation capability
is an important advantage in the Arctic due to low il-
lumination during winter period. In 2007 the German
Earth Observation satellite TerraSAR-X was launched
that provides high resolution dual-polarized SAR da-
ta. Since 2010 it is flying together with its twin satel-
lite TanDEM-X in close formation enabling single
pass interferometry. The primary mission goal is the
generation of a global digital elevation model (DEM)
in outstanding quality and resolution that allows clas-
sifying the shoreline and land’s topography at an un-
precedented level of detail.

Objective of this work is to develop higher level
products of Polarimetric SAR (PolSAR) and DEM
data that abet the characterization and accurate classi-
fication of arctic surface features for large areas. The
higher level products are developed and proved in
collaborative application projects. The proposed
presentation shall provide information and ideas about
the intended higher level products, their generation
and provision will be supplemented by exemplary
products.

2 Test Site

The test site is the East Channel of the Mackenzie
Delta. The Mackenzie Delta is situated in the Beaufort
Sea region of the Arctic Ocean at approximately 69°
N and 133° W. For approximately eight months of the
year the mean air temperatures remain below 0° C and
for an average of six months per year the annual sea
ice remains above 90% cover [5].

3 SAR Data

Six dual-pol TerraSAR-X strip-map images are se-
lected between September 26" and November 20"
2012. This time span covers the freezing of the East
Channel. The TerraSAR-X data can be acquired with
a pixel spacing of 2.5 m. For this application a pixel
spacing of 12 m is sufficient and consequently the ra-
diometric stability is increased. All images are ac-
quired co-polarized with the HH and VV channels. In
order to have the same acquisition geometry, the same
orbit with an incidence angle of 34° is used.

In the “DEM Mosaicking and Calibration Processor”
the interferometric DEMs are mosaicked and calibrat-
ed to the TanDEM-X DEM with a pixel spacing of
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12 m [6]. The data are acquired between January 29"
and March 14™ 2011. Usually, water surfaces show
lower coherence in an interferometric data set due to
temporal de-correlation and low backscattering. Con-
sequently, the corresponding elevation values derived
from the interferogram are random and produce a vir-
tual relief. Since the water in the Mackenzie Delta is
frozen during the acquisition time, the water surfaces
are already flat and smooth, which means that an ad-
ditional editing of the DEM is not required [7].
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4 Methodology

The processing of the dual-pol TerraSAR-X data is
divided into five main steps: Kennaugh decomposi-
tion, ortho-rectification, radiometric enhancement,
normalization, the classification of different ice types
and the separability analysis. In the last few years a
lot of Polarimetric decompositions are developed.
Due to the best representation of Polarimetric infor-
mation the Kennaugh decomposition is chosen for this
application. The ortho-rectification projects the Ken-
naugh elements from slant range to the earth’s sur-
face. The radiometric enhancement reduces the noise
with the help of a multi-scale multi-looking process.
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The last steps are the classification of the different ice
types and the separability analysis.
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4.1 Kennaugh Decomposition

The Kennaugh matrix describes the Polarimetric in-
formation comparable to the covariance and the co-
herence matrix. In contrast to other matrix representa-
tions, every Kennaugh element is a real number. Its
elements are all intensity differences, only the first
element represents the total intensity [8]. In the dual-
co-pol case the Kennaugh elements reduces to four
independent elements, whereas only two elements are
meaningful for this purpose. The element K, contains
the total intensity and K; contains the difference be-
tween odd and double bounce.

Ky = Iyy + Iy 1

K3 ~ Ieven - Iodd (2)

where Iy and Iy are the HH and VV intensities and
Ieven and Iogq are the proportions of total observed
backscatter, that can be attributed to even and odd
bounce scattering.



4.2 Ortho-rectification

Due to the side looking geometry of SAR-systems un-
dulated terrain is significantly distorted during the SAR
mapping process. The most important and well-known
local images distortions are foreshortening, layover and
shadow [9]. But also the range displacement effect
needs to be considered that causes elevated features to
be mapped in false range position. These effects as well
as the varying ground resolution caused by varying
slopes can be corrected during the ortho-rectification
using a digital elevation model. In this case the Tan-
DEM-X DEM is used. The technique of the ortho-
rectification is explained in detail in [10] [11].

4.3 Radiometric-Enhancement

SAR images are inherently affected by a multiplicative
deterministic noise called speckle and an additive sto-
chastic noise referred to as thermal noise. All four polar-
izations are influenced by the noise separately [12].
Though the multi-scale multi-looking approach devel-
oped by Schmitt [13] applied individual to each image
product improves the radiometric enhancement.

4.4 Normalization

The next step is the normalization of the output imag-
es. With the help of the hyperbolic tangent function,
the floating point backscattering values, given in dB,
are scaled to a value range from -1 to 1. This method
enables no loss of information. The advantage is the
comparison of images to different times independent
of sensor or polarization.

4.5 Classification of ice types

Based on the intensity in K, and the backscattering val-
ues in K; elements three different ice types are classi-
fied. Therefor the maximum likelihood method is ap-
plied. The three different classes are smooth, consoli-
dated and rough ice. Smooth ice features a low intensity
and a low double bounce scattering, while consolidated
ice features a low to medium intensity and a strong sur-
face scattering. Rough ice shows a strong intensity and a
strong surface scattering.

4.6 Separability Analysis

The separability analysis evaluates the statistical sepa-
rability of the classification results, i.e. the information
content of every class, and assesses the potential of dif-
ferent classification parameters. In this case the features
of Jeffries-Matusita are applied. The values vary non-
linearly between 0 and 2, whereas 1.9 and 2.0 are con-
sidered excellent and values smaller than 1.5 indicate
low accuracy.

5 Results

For all six dual-pol TerraSAR-X images the Ken-
naugh elements are calculated. For the monitoring of
the freezing of the Mackenzie Delta the K, and the K;
element provide important and meaningful infor-
mation. Due to the high resolution of the dual-pol
TerraSAR-X data a lot of details can be identified.
Figures 1 - 3 show the exemplarily three images of the
K, elements of the East Channel between October 7"
and November 9" 2012, Figures 4 - 6 show the corre-
sponding images of the K; elements. The blue color
describes odd bounce; the red color describes double
bounce. The acquisition of the October 7™, the K, im-
ages (Figure 1) show perfect smooth water. The entire
transmitted signal is reflected away from the sensor
and only a low backscatter value is received from the
instrument, which affects in a higher double bounce in
the K; images (Figure 3). During the acquisitions of
October 29" and November 9™ (Figure 2 - 3 and Fig-
ure 5 - 6) the process of the freezing can be monitored
as the backscatter of the water changes from odd
bounce to double bounce. Primarily, the shallow and
offshore water freeze up subsequently the deep water.
Accordingly, the time stamp of the freezing can be
used for the estimation of the water depth and for the
detection of the current. Additionally, in Figure 6 the
forming and the borders of the ice floe are clearly vis-
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Figure 7: Ice Classification of 2012/11/09 (smooth ice

displayed in red, consolidated ice in orange and rough
ice in yellow).
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Figure 7 shows the preliminary classification result
between smooth (displayed in red), consolidated (dis-
played in orange) and rough ice (displayed in yellow)
of the image on November 9™. Along the seashore



and the coast of the shallow lakes only rough and
consolidated ice is detected, whereas inside of the
East Channel and the shallow lakes only new and
smooth ice is detected.

The separability analysis is calculated for every Ter-
raSAR-X image. Table 1 shows representable the results
of the separability analysis of the TSX image acquired
on the 2012/11/09. The values range from 1.8 and 2.0
which means that the three different ice classes can be
separated of each other with a high accuracy.

Ice 1 Ice 2 Ice 3
(smooth) (consolidated)  (rough)
Ice 1 1,999929 2,000000
(smooth)
Ice 2 1,999929 1,836441
(consolidated)
Ice 3 2,000000 1,836441
(rough)

Table 1: Results of the separability analysis of the TSX
data acquired on the 2012/11/09.

6 Conclusion

Our technique containing the Kennaugh decomposi-
tion, ortho-rectification, radiometric enhancement and
normalization is universal applicable for multi-sensor,
multi-polarization and multi-temporal processing pro-
vides important and meaningful information for the
monitoring of arctic environments. The calibrated and
ortho-rectified imagery, i.e. the intensity images and
Kennaugh elements, are delivered. The compatibility
of further decomposition processing like Freeman-
Durden is ensured. The goal is to offer this post pro-
cessor system to the users as add on to the standard
level 1b processing presented.

The classifications of different ice types based on the
Kennaugh elements show an application area for our
technique with the primarily goal to understand better
the freezing process of the East Channel and of the
circumjacent shallow lakes. The object is to classify
more ice types like frazil ice and ice with bubbles and
to compare the freezing process between winter 2012
and winter 2013.
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