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Abstract

This PhD dissertation presents the main scientific contributions toward the obser-
vation and analysis of cryospheric and hydrological environments using dual- and
compact-polarimetry (CP) Synthetic Aperture Radar (SAR) data acquired by several
operational satellite missions. The research combines both theoretical and experimental
developments to produce a range of value-added outcomes, including the extraction
of ice and water boundaries, classification of coastal and inland areas, assessment of
glacier and iceberg dynamics, and improved interpretation of polarimetric scattering
mechanisms.

The common rationale underlying all proposed methodologies is the model-based
exploitation of polarimetric features and their physical relationship with surface scat-
tering processes. Both dual- and compact-polarimetric configurations are investigated,
demonstrating that, even when the information content is reduced compared with
full-polarimetric SAR, reliable and robust analyses can still be achieved through ap-
propriate electromagnetic modelling and polarimetric decomposition.

This work represents one of the first efforts to apply compact-polarimetric data from the
RADARSAT Constellation Mission (RCM) to the monitoring of Arctic and sub-Arctic
lakes, and to use multi-polarisation SAR for the observation of Antarctic ice features
such as the Drygalski Ice Tongue (DIT) and C33 iceberg. Furthermore, the study
introduces a systematic evaluation of how imaging geometry, particularly the incidence
angle affects the polarimetric separability and stability of natural surfaces.

Overall, the findings show that integrating geometric and polarimetric parameters pro-
vides a precise, physically grounded approach for large-scale monitoring of cryospheric

and hydrological boundaries.

Keywords: Synthetic Aperture Radar, Compact polarimetry, Cryosphere, Glacier

monitoring
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Chapter 1

Introduction

Antarctica is the fifth-largest continent on Earth, after Asia, Africa, North America,
and South America. Despite its vast size, it has the smallest human population
of all continents. Climatically, it is the coldest, driest, and windiest region on the
planet, with extremely low humidity and temperature, and it is almost entirely covered
by ice and snow [4]. Beyond these extremes, Antarctica plays a critical role in the
global climate system. Nearly ninety percent of the world’s ice and more than three-
quarters of its freshwater resources are stored there [5]. The continent has a strong
influence on ocean circulation, weather patterns, and global temperature regulation [6],
while also providing scientists with unique opportunities to study coastal and marine
environments.

The importance of these ecosystems, however, is not limited to environmental
dimensions. Antarctica also holds economic significance because of its richness in
minerals and valuable metals. Interest in these resources has raised discussion of
potential exploitation in what is now regarded as a strategically important region [7].
At the same time, these fragile ecosystems have long faced a range of natural and
human-induced threats. Over the past few decades, global warming has put growing
pressure on Antarctica’s fragile environment. Many glaciers, ice sheets, and icebergs
have thinned or pulled back, which in turn has caused sea levels to rise and created
new risks for marine life and biodiversity [8]. Climate change is still the main reason
behind these changes, but human actions have also made the situation worse by adding
to the damage in Antarctic regions [9]. Because of all this, careful planning and
regular environmental monitoring are needed more than ever to protect these sensitive
ecosystems.

Antarctica demonstrates the strong link between ice and climate in the Southern

Hemisphere, whereas the Canadian Arctic and sub-Arctic offer a valuable view of how



environmental conditions are changing in the North. Looking at both regions together
helps build a broader and more complete understanding of global climate change, as
well as a clearer sense of the challenges that lie ahead [10]. Large lakes and river
systems there undergo pronounced annual freeze-thaw cycles; as the ice forms and
melts, shorelines shift, revealing wider hydrological and ecological changes [11]. Such
conditions allow scientists to examine how freshwater systems respond to variations in
temperature, ice cover and vegetation within landscapes that are both sensitive and
dynamic.

The Canadian Arctic, which contains many marine-terminating glaciers, demon-
strates substantial environmental transformation [12]. Ongoing glacier retreat and
thinning indicate how Northern Hemisphere ice masses respond to atmospheric and
oceanic warming. Compared with Antarctica, the Canadian Arctic and sub-Arctic
emphasize the shared processes that connect polar and northern regions and shape the
global climate system. To understand these fast-changing cryospheric environments,
researchers need observation methods that can cover wide areas and remain reliable
under harsh and unpredictable conditions.

Traditionally, monitoring of these areas has relied on instruments mounted on
research vessels. Although these instruments provide accurate and valuable data,
their use is limited by safety concerns, logistical constraints and high operating costs
[13-15]. Hence, remote sensing technology offers a practical alternative for observing
these remote environments, providing rapid data acquisition, wide spatial coverage
and regular temporal sampling even under harsh conditions [16, 17].Optical remote
sensing, however, is restricted by cloud cover and the lack of sunlight during polar
winters. Microwave remote sensing overcomes these limitations because it operates
independently of illumination and weather, allowing continuous day- and night-time
observations [18]. Among microwave tools, over the past few decades, SAR, as an
active microwave imaging system, has become a powerful tool for studying glaciers,
icebergs, sea ice and freshwater systems across both Antarctica and the Canadian
Arctic-sub-Arctic regions.

This dissertation examines the monitoring of the challenging environments of
Antarctica and the Canadian Arctic-sub-Arctic using dual-pol SAR measurements
acquired by multiple spaceborne satellite systems.

Polarimetric SAR (PolSAR) techniques enable the extraction of detailed information
about the physical and geometric properties of surface targets through the use of
multiple microwave polarisation channels [19]. This capability is particularly valuable

in polar research because it allows discrimination between different ice types [20],



monitoring of glacier and iceberg evolution [21] and analysis of subsurface structure
[22]. In this study, single- and dual-pol C-band data are used to derive scattering
features from icebergs, glaciers and freshwater lakes. These features provide additional

information that supports the following aims:

1. Detection: apply unsupervised detection approaches to extract surface and
iceberg profiles, and evaluate whether dual-pol SAR data enhance iceberg—clutter
contrast and boundary delineation compared with single-polarisation (single-pol)

imagery.

2. Change monitoring: monitor iceberg drift, glacier flow dynamics, and temporal

variations in surface morphology using multi-temporal SAR observations.

3. Scattering analysis: investigate the scattering behaviour of icebergs, glaciers,
and lake surfaces through polarimetric parameters derived from covariance- and

Stokes-based representations to identify dominant scattering mechanisms.

The remainder of this dissertation is organised as follows. Chapter 2 introduces
the theoretical background of SAR and polarimetric techniques. Chapter 3 presents
Antarctic case studies focused on monitoring glaciers and icebergs. Chapter 4 examines
the Canadian Arctic and sub-Arctic regions, with emphasis on glacier dynamics and the
monitoring of freshwater lakes. Finally, Chapter 5 summarises the principal findings,
discusses their broader implications for climate and environmental monitoring, and

outlines future directions for extending this research.



Chapter 2

Theoretical background

2.1 Introduction

This chapter presents the theoretical background that supports the analyses and
methodologies described in Chapters 3 and 4.

All the experiments and processing strategies developed in this thesis rely on
two fundamental pillars: the exploitation of SAR polarimetry measurements and the
physical interpretation of the scattering mechanisms that govern natural surfaces in
cryospheric and freshwater environments. Accordingly, the key theoretical aspects
of SAR imaging principles and polarimetric representations are introduced here to
support a clear understanding of the results discussed in the following chapters.

PolSAR is an advanced radar imaging technique that records the polarisation state
of the backscattered electromagnetic wave. By analysing how radar signals interact
with different targets, PoISAR provides valuable insight into the scattering mechanisms
that characterise both natural and human-made environments. It is well known that
SAR images are affected by speckle, a granular fluctuation arising from the coherent
nature of radar imaging. Although speckle is often regarded as noise, when properly
modelled it carries statistical information about the structure and roughness of the
observed surface.

In SAR polarimetry, the second-order statistical description of the scene is obtained
through ensemble (or spatial) averaging over locally homogeneous regions. In simpler
terms, the covariance and coherency matrices show how the radar signal’s strength and
phase vary together. By averaging the data over small uniform areas, these matrices
help smooth out random speckle noise while keeping the important physical details,
such as surface roughness, differences in dielectric properties, and internal structure,

that describe how the surface interacts with the radar signal [23, 24].
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In this chapter, the emphasis is placed on the theoretical background of SAR and
its polarimetric configurations, specifically, the dual- and CP architectures that are

central to the analyses of cryospheric and hydrological systems.

2.2 SAR

SAR is an active microwave remote sensing technology used to monitor, analyse, and
study geophysical parameters and Earth’s surface features at any time of day and in
almost all weather conditions. Because the system itself transmits microwave radiation
and measures the reflected signal from the Earth’s surface, its operation is independent
of sunlight and atmospheric cloudiness, providing highly reliable data under a wide
range of conditions.

Swath Width

Platform Height H .,

UGround Range

Figure 2.1 Tlustration of the SAR imaging geometry. oy denotes the shortest approach
distance, ©, the azimuth beamwidth, and v the sensor velocity. Source: [1].

SAR systems operate on the principle of the artificial aperture (or synthetic antenna),
first proposed by Wiley [25]. According to this principle, a long antenna can be simulated
by moving a short physical antenna along the flight path. The backscattered signals
are recorded at successive positions and then coherently processed, using both the
amplitude and phase of each echo, to obtain a reflection equivalent to that from a
much longer antenna. This processing, now performed digitally, is the core of SAR

image formation and greatly improves the azimuth (along-track) resolution. Owing to
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this capability, SAR has become a key tool for monitoring and observing the Earth’s

surface [26] and even other planetary bodies [1].

t=t, t=1t, Fight Path

t=t, FiightPath
e 1 ’A’,M

\ Nadif Track

Figure 2.2 Common SAR imaging modes (Stripmap (a), ScanSAR (b) and, Spotlight (c)).
Source: [1].

SAR systems can be operated in several imaging modes, depending on the balance
between resolution and the area to be observed [1]. In the basic Stripmap mode, the
antenna beam is fixed relative to the flight path, so that a continuous strip of the
surface is imaged as the platform moves forward. In Spotlight mode, the beam is
steered to keep the same ground target in view, improving azimuth resolution but
reducing coverage area. The ScanSAR mode works differently: here, the beam switches
between a number of adjacent swaths, allowing wider coverage but at the expense of
resolution, since each section is observed for a shorter time. A common feature of all
these modes is the side-looking geometry, where the radar antenna is oriented to the
left or right of the flight path, approximately perpendicular to it, to minimise Doppler
distortion and ensure uniform image coverage.

As a coherent imaging system, SAR is affected by the constructive and destructive
interference of backscattered waves from numerous random scatterers within each
resolution cell, producing a granular pattern known as speckle [27]. In SAR images,
speckle shows up as a grainy variation in brightness from pixel to pixel. It is usually
treated as a type of multiplicative noise that lowers the visual quality and radiometric
reliability of the data. Yet, when examined carefully, speckle can also reveal useful
statistical information about how rough or heterogeneous the surface is and how it
scatters the radar signal [23, 24]. When properly modelled, it can be used to extract
subpixel features, describe texture, and enhance classification and change-detection
analyses. In addition, coherence between repeated SAR acquisitions forms the basis
for interferometric and temporal analyses of surface dynamics.

Having reviewed the fundamental principles of SAR imaging, its operation, image
formation, and the role of speckle, it is natural to ask what further insights can
be derived from the coherent radar signal. This leads to the advanced field of SAR

polarimetry. While a conventional SAR system records only one polarisation channel,
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a PolSAR uses several combinations of transmit and receive polarisations. This allows
a fuller description of how the radar signal interacts with the surface and reveals
different scattering behaviours. By analysing how different surfaces interact with radar
polarisation, PolSAR reveals details of the physical structure and dielectric properties
of targets such as glaciers, snow, inland waters, vegetation, and human-made objects.

In the following section, the theoretical foundations of SAR polarimetry are pre-
sented, with emphasis on the dual-pol and CP configurations that form the basis of

the analyses conducted in this thesis.

2.3 SAR Polarimetry

2.3.1 Foundations of Polarimetric SAR

PolSAR extends conventional radar imaging by capturing the polarisation state of the
backscattered radar signal. By transmitting and receiving in different polarisation
combinations, it yields detailed information about the scattering behaviour of both
natural and human-made surfaces.

Under the backscattering alignment (BSA) convention and assuming reciprocity,

the full-polarimetric scattering matrix S is defined as:

g (SHH SHV) ’ (2.1)

Sve Svv

where each complex element Sy, with p,q € {H,V'}, represents the scattering amplitude
corresponding to the transmit—receive polarisation pair. The S matrix therefore contains
the complete polarimetric response of the target.

In most geophysical scenarios involving natural distributed targets, the reciprocity
condition Sy = Svy is a valid approximation, implying symmetry of the backscattering
process with respect to the transmit /receive basis [28]. Accurate physical interpretation
further relies on sound radiometric and polarimetric calibration to preserve amplitude
balance and inter-channel phase integrity, ensuring that S represents the true target
response across different sensors and viewing geometries [23].

From S, second-order statistical descriptors can be derived, which are fundamental
to the physical interpretation of SAR data.

The covariance matrix C and the coherency matrix T are Hermitian positive semi-
definite matrices that describe the intensity and correlation properties of the scattering

process.
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These are related to S by ensemble averaging over homogeneous regions. An
equivalent description in terms of the Stokes vector s and Mueller matrix M is often
used, especially in CP, to represent the polarisation state of the scattered wave and its
transformation through interaction with the target.

Physically, the backscattered radar signal results from the combination of three

main scattering mechanisms:

« Single-bounce (odd-bounce) scattering: typical of smooth surfaces and Bragg-

type reflections.

« Double-bounce (even-bounce) scattering: occurring between orthogonal

surfaces, such as ice—water or building—ground interfaces.

e Volume scattering: produced by randomly oriented particles such as vegetation,

snow, or broken ice.

2.3.2 Dual-pol SAR

In practice, fully polarimetric systems are costly and complex to operate, requiring the
transmission and reception of both H and V' polarisations. For many Earth observation
missions, simplified architectures such as dual-pol SAR offer a good compromise
between information content and resource efficiency [29, 30].

A dual-pol SAR measures coherently, i.e., both amplitude and inter-channel phase,
either the first row of S, Sy = (Suu, Suv), or the second row, Sy = (Syy, Svv). Al-
though these modes provide only a partial characterisation of the scattering process,
they have demonstrated significant value across cryospheric, hydrological, and oceano-
graphic applications [21, 31, 32]. Information extraction from dual-pol data typically
relies on quantities derived from the normalised radar cross-section (NRCS) of the two

available channels, ng and qu, or from their complex correlation coefficient:

r= <Spp Spq*>a (2.2)

where (-) denotes spatial averaging and (-)* the complex conjugate.

Beyond intensity-based metrics, polarimetric target decomposition techniques,
originally developed for full-pol data, have been adapted to dual-pol configurations [28].
These are based on the covariance matrix, which for a horizontally transmitted mode
reads:

Cu = (SuS}),
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where ()Jr denotes the complex-conjugate transpose. This Hermitian matrix captures
the joint statistics of the HH and HV channels and provides the foundation for several

dual-pol descriptors.

Derived Polarimetric Features

From Cy, three principal observables are considered in this thesis to describe the C33

iceberg and its surroundings: O'%H, J%V, and the co—cross-polarised correlation:

rav = (|Suu| - |Sav|)- (2.3)

To infer the scattering characteristics, the covariance matrix is decomposed into its
eigencomponents:

Cg=U-D-U", X\ >)>0, (2.4)

where U contains the eigenvectors and D is diagonal with eigenvalues A1 and As.
The power distribution between these eigenvalues reflects the degree of depolarisation,

which is quantified by the degree of polarisation (DoP) [33]:

T
EPYEDYS

High DoP values are typically associated with deterministic scattering mechanisms

DoP

(2.5)

such as surface or double-bounce reflections. In contrast, low DoP values indicate
increased depolarisation arising from multiple scattering events within heterogeneous
media. It is important to note that volumetric scattering is primarily controlled by
internal structural complexity and layering rather than solely by apparent surface
roughness at optical scales.

233 CP

CP is a dual-pol SAR imaging mode that, while preserving some of the key benefits
typical of conventional dual-pol imaging modes as large swath width and limited
transmitted power, is characterized by polarimetric performance which, for several
applications, tend to the optimal case of a quad-polarimetric SAR imaging mode [34]
and [35]. A CP SAR imaging mode is such that circularly or slant linearly polarized
electromagnetic wave is transmitted while the backscattered wave is coherently received
onto a conventional linearly polarized orthogonal basis, i. e., H-V [36]. Such imaging
system is known as hybrid-polarimetric (HP) mode, while the latter is known as 7/4

[35]. Some first attempts have been developed to implement the HP imaging mode as
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Risat-1, Alos PalSAR-2. The RADARSAT Constellation Mission (RCM) is the most

recent. When considering the HP mode, the backscattered electric field can be written

E, = (?:Z) , (2.6)

where ¢ stands for the transmitted polarization that can be a right-/left-handed

as:

circular. Circularly polarized electromagnetic waves, being rotationally invariant, result
in polarimetric parameters which are invariant with respect to the geometric orientation
of the observed scene and more robust to Faraday rotation effects [37]. From Eq. 2.6,
the intensity associated to the two orthogonal components received at the HP SAR

antenna once the transmitted wave is scattered off the target can be defined:

RH =|Egru|* RV = |Egy|? (2.7)

where R stands for a right-hand circular transmitted polarization. When dealing
with extended random targets, second-order descriptors are needed to fully characterize
the polarization properties of the received electromagnetic wave. To this aim, wave
polarization theory must be adopted that leads to either the 2x2 complex-valued

coherence matrix I' or the 4x 1 real-value Stokes vector:

En E En E r r
= <ETE;[> _ <thEi:q> < hq Zq> _ hh hv . (2.8)
< vq hq> <ququ> Fon Ty

(| Engl® + | Evgl?)
<’th‘2_ ‘qu’2> 2 2

s = . . SH> Y Si (2.9)
2R ((EngEy)) 0 ; i

~23 ({Eng E3p))

Once the scattered electromagnetic wave received under a HP SAR imaging mode
is characterised, useful parameters can be equivalently derived from the coherence
matrix I' (see Eq. 2.8) or from the Stokes vector (see Eq. 2.9).

The wave degree of polarisation, denoted by m, represents the wave-based degree
of polarisation derived from the Stokes formalism [38]. In this thesis, the symbol m is
adopted for CP/HP data to distinguish it from the DoP previously defined for dual-pol

covariance-based descriptors.
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B Adet(T) 1 |&
m= 1_W_5 i;s?. (2.10)

where tr(-) and det((-)) operators stand for trace and determinant of the matrix.

The parameter m is bounded in the range [0, 1], where values close to 0 characterize
completely unpolarised electromagnetic waves, while values close to 1 are associated
with fully polarised waves.

Hence, the received wave backscattered off the water surface is expected to call for
large m values due to the dominant Bragg/tilted-Bragg scattering mechanism, while
this is no longer the case of complex coastal scenarios where a combination of odd- and
even-bounce and volume scattering may be in place resulting in a backscattered wave
whose m value is smaller. The ellipticity parameter (EP) is an angle that lies in the
range [-45°, +45°] and characterizes the polarization state of the backscattered wave
in the polarization plane.

Ep=-"2 (2.11)
msg

The EP values equal to £45° refer to a left-/right-hand circular polarization, while
EP = 0, means linear polarization. Accordingly, the sign of EP is related to the
presence of odd- versus even-bounce backscattering, even when the transmitted field is
not perfectly circularly polarized and, therefore, it can be used as an indicator of the
presence of a dominant Bragg scattering [39]. Hence, the water surface is expected to
call for negative EP values since Bragg scattering is a single-reflection mechanism, while
mostly positive EP values are expected over coastal areas where a more randomness
scattering process may occur due to the mixture of single- and double-bounce scattering
mechanisms and volume scattering.

In this work, a Stokes-based version of the EP, denoted as E Pgr, is also used to
maintain consistency with RCM HP data products. It is mathematically equivalent to

Eq. 2.11, but expressed directly in terms of the normalised Stokes components:
S3
\/ 83+ 53+ 53

This form allows easier implementation in data-processing workflows where the Stokes

EPgp = — (2.12)

parameters are provided in calibrated units.
The parameters m and EPgr will be employed in the subsequent chapters as

diagnostic indicators of dominant scattering regimes. In particular, their joint inter-
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pretation helps discriminate Bragg-dominated open-water returns from more complex
shoreline and mixed media responses, providing continuity between the theoretical

constructs presented here and the practical analyses developed in Chapters 3 and 4.

Summary

This chapter outlined the physical and mathematical foundations of SAR and its
polarimetric extensions with emphasis on dual-pol and CP configurations that balance
information content and acquisition efficiency for wide-area monitoring. These principles
underpin the detection, change-analysis, and scattering characterisation methodologies

applied in the Antarctic and Canadian case studies presented in the following chapters.



Chapter 3

Antarctic Environment

3.1 Introduction

This chapter presents the main experimental results obtained from single and dual-pol
SAR observations, focusing on their application to monitoring Antarctic glaciers and
icebergs. In line with the research objectives introduced in Chapter 1, the study
addresses three primary goals.

The first objective is to evaluate the capability of C-band SAR data to delineate
ice boundaries under the challenging environmental conditions of the Drygalski Ice
Tongue (DIT) region in Antarctica. For this purpose, two case studies were selected:
the continental ice feature of the DIT itself, and the C33 iceberg located in Terra Nova
Bay. Both single- and dual-pol Sentinel-1 C-band SAR datasets were employed, and
several polarimetric features were analysed to enhance discrimination between ice and
the surrounding ocean or sea-ice cover.

The second objective is to investigate the short- and long-term variability of the DIT
and C33 iceberg by analysing their temporal evolution using time series of Sentinel-1 C-
band SAR imagery. This analysis provides a quantitative assessment of spatiotemporal
dynamics, including displacement, drift velocity, and rotational motion.

Finally, the third objective is to explore how the scattering properties of the C33
iceberg evolved as it drifted through Terra Nova Bay. This part of the study concentrates
on polarimetric parameters derived from the covariance matrix, giving special attention
to phase-based quantities such as the DoP. These metrics help interpret the dominant
scattering behaviour and provide insight into the physical evolution of the iceberg over
time.

This chapter includes two separate case studies, each based on previously published
work. The first concerns the DIT, and the second concerns the C33 iceberg. Since the
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two papers followed slightly different structures, they are presented here in their original
form. In particular, the DIT section includes a separate methodology section, whereas
in the C33 study, the methodological details are included within the experimental

results.

3.2 DIT monitoring

3.2.1 Study area

The DIT is one of the largest ice tongues in Antarctica [40], located in East Antarctica
between latitude 75°24’S and longitude 163°30’E of Victoria Land, and it extends
up to the Ross Sea, see the red box in Figure 3.1. The DIT is 140 km long and 20
km wide and consists of a relatively stable ice sheet that terminates in the Ross Sea
with a 90 km floating ice slab fed by the David Glacier, which flows through the
Transantarctic Mountains between Mount Neumayer and Hughes Bluff [41]. From a
historical viewpoint, DIT is at least 4,000 years old and during this time at least three
significant calving events occurred. The first calving took place in the early 1900s [42];
the second one between 1956 and 1957 [41] when about 40 km of ice were lost from the
end of the tongue. Finally, the last calving took place between 2005 and 2006 [43, 44],

when about 300 km? of ice were calved off.

3.2.2 SAR datasets

The satellite data set consists of SAR imagery acquired by the Copernicus Earth
observation Sentinel-1 mission, managed by the European Space Agency (ESA). The
Sentinel-1 constellation initially comprised two polar-orbiting satellites equipped with
identical C-band (5.405 GHz) SAR sensors, namely Sentinel-1A and Sentinel-1B.
Following the loss of Sentinel-1B in 2022, the constellation is currently complemented
by Sentinel-1C, which is in orbit and progressively ensuring mission continuity. The
SAR instrument onboard Sentinel-1 supports single- and dual-polarimetric imaging
capabilities and operates under four acquisition modes: Stripmap (SM), Extra-Wide
Swath (EW), Wave (WV), and Interferometric Wide Swath (IW). The IW mode
implements the Terrain Observation by Progressive Scans (TOPS) technique, producing
three sub-swaths covering approximately 250 km in total width. This configuration
spans an incidence angle range from about 30° to 46°, with a spatial resolution of
approximately 5 m x 20 m. In this study, 18 Sentinel-1 SAR scenes acquired in
IW mode between 2016 and 2021 are used (see Table 3.1). The short-term data set
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Figure 3.1 Moderate Resolution Imaging Spectroradiometer (MODIS) image collected over
the Terra Nova Bay area on 16 October 2007 (adapted from [2]). DIT is enclosed in the red
box.

(STDS) consists of six SAR scenes collected in descending orbit during April 2017.
The long-term data set is constructed using one SAR acquisition per year, collected
in ascending orbit from 2016 to 2021. To assess seasonal variability, the long-term
analysis is further subdivided into March data set (MDS), referring to imagery acquired
in March, and April data set (ADS), referring to imagery acquired in April.

3.2.3 Methodology

This section describes the methodology adopted to extract the DIT profile and to
analyse its time variability. A flowchart of the processing chain is depicted in Figure
3.2, which consists of three key steps based on the methodology proposed in [45] to
extract sandy and rocky coastlines from X-band SAR imagery. This methodology
is here specialised to deal with the peculiarities of the clutter that consists of either
ice-free or ice-infested seawater.

As introduced in Chapter 2, the analysis for the DIT case study was performed

using the co-polarised backscattering channel (O’%H), which provides higher contrast
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Table 3.1 Summary of the Sentinel-1 SAR dataset used for the DIT analysis.

Time scale Dataset label Acquisition date Polarisation
10 Apr 2017 HH+HV
13 Apr 2017 HH+HV
15 Apr 2017 HH+HV

Short-t STDS

ort-term ( ) 92 Apr 2017 HH+HV

25 Apr 2017 HH+HV
27 Apr 2017 HH+HV
21 Mar 2016 HH+-HV
16 Mar 2017 HH
11 Mar 201 HH

Long-term (MDS) ar 2018
18 Mar 2019 HH
12 Mar 2020 HH
19 Mar 2021 HH
14 Apr 2016 HH+HV
09 Apr 2017 HH
16 Apr 201 HH

Long-term (ADS) 6 Apr 2018
11 Apr 2019 HH
17 Apr 2020 HH
12 Apr 2021 HH

Sentinel-1
Pre-processing CFAR Method
. !

DIT profile extraction Image post-processing

Fractures identification Edge detection

Metrics evaluation

Figure 3.2 Flowchart of the proposed methodology.

between the ice surface and the surrounding ocean under C-band illumination. This
choice ensures radiometric stability and enhances the separability between glaciated

and non-glaciated areas.
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The first step consists of pre-processing the SAR scene by applying radiometric
calibration, speckle filtering using a 7x7 boxcar filter, and range-Doppler terrain
correction using the Advanced Spaceborne Thermal Emission and Reflection Radiometer
Digital Elevation Model (ASTER DEM). As a result, a pixel spacing of 14.4 m is
obtained. A sample image belonging to the ADS together with intermediate outputs
stemming from the processing chain are shown in Figure 3.3. The pre-processed
HH-polarised SAR scene collected on 9 April 2017 is depicted (in decibel — dB — scale)
in Figure 3.3(a).

16190
@

0
OHH (dB)

| (b) P —— Emmpisical
] a disteibution

Pixel density

(@)

Figure 3.3 HH-polarised SAR scene collected on 9 April 2017. (a) Excerpt of the
pre-processed SAR scene; (b) empirical PDF of the clutter where the theoretical lognormal
distribution is also annotated in red; (c) binary image obtained using the CFAR method; (d)
extracted coastline superimposed as a red line on the HH-polarised SAR scene. An enlarged
version of the DIT area enclosed in the black rectangle is also annotated where fractures are

visible.

The second step is to extract the DIT profile using a state-of-the-art global thresh-
old constant false alarm rate (CFAR) method [45]. The CFAR approach has been
extensively used to extract the coastline from SAR imagery with an exponentially
distributed sea clutter. In this case, ice-free and ice-infested sea surface clutter dis-
tribution was found to be better approximated by a lognormal model, see Figure
3.3 (b), where the empirical distribution (in blue) is contrasted with the theoretical
lognormal one (in red) to show that a good visual agreement applies. Note that, in
all the experiments, the ability of the lognormal distribution to well approximate the
actual clutter distribution is verified using the Kolmogorov—-Smirnov goodness-of-fit
test. Modeling the clutter distribution using a lognormal probability density function
(PDF) provides a closed-form relationship between the global threshold ¢ and the
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probability of false alarm P, [46]:

oo _ )2 —
P, = /t L exp [_(lnxau)] do = 1erfc <1nt,u> (3.1)

T o\ 2T

where z is the HH-polarised SAR image pixel value, while o, erf(:) and ¢ are the
standard deviation (scale parameter) of the lognormal distribution, the error function
and the threshold to be obtained, respectively. In this study, Py, is empirically set to
1075, The CFAR output consists of a binary image where DIT is clearly distinguished
from the clutter, see Figure 3.3 (c¢). Since this binary image may sometimes present
some isolated false edges at sea, they are sorted out by conventional image processing
tools, i. e.; morphological filters. Nonetheless, it is worth noting that these false edges
do not belong to the area that surrounds the DIT, i. e., they do not affect the extraction
results. Once the refined binary image is available, the actual DIT continuous profile
is extracted using the optimal Canny edge detector that is based on a two-dimensional
Gaussian kernel [47]. The DIT profile extracted from the binary image, superimposed
as a red line on the pre-processed HH-polarised SAR scene, in shown in Figure 3.3 (d).
The third step consists of selecting some Region Of Interests (ROIs) on the extracted
DIT profile to analyse the time variability of some meaningful features along the whole
SAR data set. The following DIT features are considered: the ice front and the four
most prominent fractures, i. e., the most visible ones. It has already been documented
that the occurrence of fractures in DIT is due to its swings horizontally [48]. Also,
storm events and iceberg collisions increase the horizontal motion of the ice tongue
and the number of fractures[41, 44].
Two metrics are selected to quantitatively assess the DIT variability: the displacement
of the reference features and the average surface velocity. The former metric is evaluated
by measuring the distance between peer points identified on the extracted DIT profiles
along the flow line and belonging to two consecutive years. Although it is true that
the measured distance is point-dependent, we expect that the time variability of DIT
inferred by this approach is, anyway, informative. The latter metric is estimated, for

each feature, by averaging over years the total displacement.

3.2.4 Experimental results

In this section, experimental results are presented and discussed. First, the DIT
extraction methodology is presented and the accuracy of the extracted profiles is

discussed. Then, the time variability of the extracted DIT profile is analysed using the
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STDS, MDS and ADS. Finally, the outcomes of this study are discussed with respect
to the pertinent state-of-the-art.

Preliminary assessment

The first experiment is to show the ability of the proposed method to accurately
extract the DIT profile. A thought example is presented that consists of processing
the Sentinel-1 SAR scene collected on 9 April 2017. The output is depicted as a red
line superimposed on the pre-processed HH-polarised SAR image, see Figure 3.3 (d),
where a good visual agreement between the extracted boundary and the DIT profile is
observed. The accuracy of the results can be better appreciated in the enlarged version
of the seaward part of the DIT as highlighted in the inset of Figure 3.3 (d). This
proves the ability of the proposed method to fit well the DIT profile and to identify
its fractures. To qualitatively assess the accuracy of the extracted DIT profile, the
latter is superimposed on the closest almost cloud-free Sentinel-2 optical image that
covers the study area. Hence, the DIT profile extracted from the Sentinel-1 SAR image
collected on 21 March 2016 is superimposed on the Sentinel-2 optical image (band
2, blue) on 19 March 2016, see Figure 3.4 (a); while the profile extracted from the
Sentinel-1 SAR image collected on 19 March 2021 is contrasted with the Sentinel-2
optical image collected on 2 March 2021, see Figure 3.4 (b). In both cases, there is a
remarkable agreement between the extracted DIT profile and the visually inspected
from the optical image. The fractures/rifts well fit the features visually inspected
from the optical imagery showing that the proposed methodology results in a good

extraction accuracy.

Short-term analysis

The second experiment is to analyse the short-term DIT variability. The DIT profiles
extracted using the STDS, see Table 3.1, are depicted in Figure 3.5, where the six profiles
that belong to the six SAR scenes sampled in April 2017 are depicted using different
colors. By visually inspecting the images, the six profiles appear very overlapped. This
is also witnessed by the enlarged version of some ROIs that belong to the extracted
profiles, see insets in Figure 3.5. The latter show that all the profiles are almost
overlapped with an average separation among consecutive profiles being lower than 30
m (i. e., around 2 pixels according to the pixel spacing used in this study). Considering
the ground-range pixel spacing (approximately 14 m) and the intrinsic uncertainty
associated with the boundary extraction procedure, estimated to be within 1-2 pixels,

the observed average separation (30 m) falls within the expected positional accuracy
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Figure 3.4 Preliminary assessment. (a) DIT profile extracted on 21 March 2016 overlaid (in

red) on a reference Sentinel-2 optical image (band 2, blue) collected on 19 March 2016; (b)

DIT profile extracted on 19 March 2021 overlaid (in green) on a reference Sentinel-2 optical
image (band 2, blue) collected on 2 March 2021.

of the method. Therefore, the minor profile fluctuations observed in the STDS are not
interpreted as true morphological changes but rather as extraction uncertainty and
SAR imaging variability.

Table 3.2 Average surface velocity estimated for selected DIT features from the MDS and
ADS datasets.

Feature = MDS velocity (myr—!) ADS velocity (myr—1)

Ice front 675 667
Fracture 2 663 666
Fracture 3 614 619

Long-term analysis

The third experiment is to analyse the long-term variability using the MDS and ADS,
see Table 3.2. An excerpt of the SAR scenes referred to the MDS and ADS is shown
in Figure 3.6 and 3.7. The imagery shows the extracted DIT profiles as a red line
superimposed onto the pre-processed HH-polarised SAR image. In both data sets,
the presence of some fractures along the northern and southern sides of DIT can be

observed, with the former being the biggest. Four fractures are selected along the



3.2 DIT monitoring 21

164°0'0"E 165°0'0"E

N

A

75°10'0"S

75°20'0"'S

75°30'0"'S

—— 27/04/2017
—— 25/04/2017
22/04/2017
— 15/04/2017
— 13/04/2017
10/04/2017

75°40'0"S

75°50'0"'S

0 5 10 km
L

Figure 3.5 Short-term analysis performed on the STDS. The DIT profiles referred to six
sample images collected on April 2017 are depicted using different colors. Selected ROls,
enclosed in the black boxes, are enlarged in the annotated insets.

northern part of the extracted profile to analyse the DIT time variability. They are
labeled from “1” to “4” and highlighted in the extracted profile using yellow, blue,
green and orange colors, respectively. The shape of most of the fractures changes
over time. This is the case, for example, of the fracture labeled as “1” (highlighted in
yellow), that moved southward, and the fracture labeled as “4” (highlighted in orange),
that appeared for the first time in 2019. However, by visually contrasting imagery
belonging to the MDS and ADS, no remarkable difference can be appreciated.

To provide a deeper analysis of the long-term variability of the DIT, its profiles
extracted from the whole SAR data set are shown in Figure 3.8 where (a) and (b)
refer to MDS and ADS, respectively. In Figure 3.8, different colors refer to the DIT
profile extracted in different years, i. e., the profiles extracted in 2016, 2017, 2018,
2019, 2020 and 2021 are marked with red, green, purple, blue, yellow and black. The
selected features, i. e., the ice front and the four fractures identified along the northern
side, are also highlighted in the black insets to show how the displacement analysis

is performed. Figure 3.8 clearly shows that, from 2016 to 2021, both the fractures
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Figure 3.6 Coastlines extracted from the MDS that includes 6 scenes from 2016 to 2021
(panels (a) to (f), respectively). Each panel includes the extracted coastline overlaid, as a red
line, onto the original HH-polarised SAR scene. Four ROIs are also highlighted and marked

as “Fracture 1” to “Fracture 4” using different colors.
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Figure 3.7 Coastlines extracted from the ADS that includes 6 scenes from 2016 to 2021
(panels (a) to (f), respectively). Each panel includes the extracted coastline overlaid, as a red
line, onto the original HH-polarised SAR scene. Four ROIs are also highlighted and marked

as “Fracture 1” to “Fracture 4” using different colors.

and the ice front moved toward the sea. This trend was already observed in the past
[44, 49, 50], where it was pointed out that this atypical growing trend for an ice tongue
finds its origin from the particular morphology of the Drygalski glacier area. In fact,
the snow that fell over time has melted building-up until its weight resulted in snow
compression, therefore turning it into ice. Hence, under the action of the accumulated

ice, the glacier slowly flows down from the top towards the sea.
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Figure 3.8 Extracted DIT profile depicted using different colors for: (a) MDS and (b) ADS.
The features selected to estimate the displacement and the surface velocity are highlighted
using black insets where the flow line used to select peer points is also annotated in black.

By comparing Figure 3.8 (a) and Figure 3.6, the following comments apply. Fracture
“1” becomes larger and larger from 2016 up to 2021. The north-south rift that appears
in the southern part of this fracture is detected by the extraction method starting from
the scene collected in 2019. This implies that in 2019 the rift became large enough to
be detected by the proposed method. Since 2019, the rift becomes larger and larger
reaching the maximum in 2021, i. e., in the last SAR scene available in the data
set. Figure 3.8 also shows that fracture “1” moves seaward for increasing time. This
result agrees with the observations made in [51] using optical imagery. The fracture “2”
appears to move seaward without any remarkable change in its shape up to 2018, while

since 2018 it reduces its depth while still moving towards the sea. Fracture “3” does not
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change its shape while moving seaward, with the only exception of the scene collected
on 2021 that shows a deeper fracture (see the green ROI in Figure 3.6 (f) and the dark
line in Figure 3.8). This elongated shape results from a rift which, although appears
in all the SAR data set, becomes detectable by the proposed extraction method in
2021 only. Fracture “4” becomes visible in the extracted DIT profile from 2019 onward,
moving towards the sea for increasing time. Similar comments apply for the ADS, see
Figure 3.8 (b), that does not show remarkable differences with respect to the MDS.
This further confirms the outcome of the short-term analysis showing that there is
no significant change in the DIT morphology on a monthly basis. The main outcome
stemming from the joint analysis of Figures 3.6 - 3.8 is that all the selected features
move seaward for increasing time and some of them also change their shape.

The fourth experiment quantifies the DIT time variability by estimating the dis-
placement and the average surface velocity of selected features over the entire long-term
SAR data set. For a given feature, the displacement is evaluated by measuring the
distance between a reference point and its corresponding peer identified on the extracted
profile along the flow line after one year. The displacement is estimated considering as
reference features the ice front and fractures “2” and “3”, since their geometry remains
sufficiently stable over time. Unlike fractures “1” and “4”, which undergo significant
morphological evolution (appearance, widening, or branching), fractures “2” and “3”
preserve a consistent spatial configuration throughout the observation period. This
geometric stability enables a reliable and reproducible identification of corresponding
peer points along the flow line for displacement estimation. The displacements esti-
mated from MDS and ADS are depicted in Figure 3.9(a) and (b), respectively, where
red squares, blue asterisks, and green dots refer to the ice front, fracture “2”, and
fracture “3”, respectively. In the MDS, the displacements range between approximately
530 m (fracture “3” in the period 2019-2020) and 720 m (fracture “2” in the period
2017-2018). Most features exhibit a displacement larger than 650 m for most yearly
intervals over the reference period. The only exception is the period 2020-2021, during
which the displacements lie in the range 550-650 m. The displacements estimated from
ADS show a similar behaviour. In this case, the values span approximately from 525 m
(fracture “2” in the period 2020-2021) to 800 m (fracture “2” in the period 2017-2018).
Except for the period 2020-2021 and fracture “3” in the period 20182020, all features
exhibit displacements larger than 650 m. The average surface velocities estimated from
both MDS and ADS for the three selected features are listed in Table 3.3. In the MDS,
the average surface velocity ranges from 614 m/year to 675 m/year, while in the ADS it



3.2 DIT monitoring 25

spans from 619 m/year to 667 m/year. Among the three features, fracture “3” exhibits

the slowest motion, whereas the ice front shows the highest average surface velocity.
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Figure 3.9 Displacement (in m) estimated from: (a) MDS and (b) ADS for the selected
features.

By discussing the outcomes of this study with respect to the literature results listed

in Table 3.3 one can note that:

o The DIT ice front moved with an average surface velocity of about 670 m/year
during the period 2016-2021. This result agrees with the findings of [44, 50],
who, using C-band SAR imagery, estimated average ice-front velocities ranging
between 600 m/year and 733 m/year for the periods 1973-2012 and 19972000,

respectively.

e A joint analysis of the results from this study and those reported in [44, 50]
indicates that the DIT ice front has moved at a nearly constant rate over the

past five decades.



3.2 DIT monitoring 26

Table 3.3 Summary of state-of-the-art satellite remote sensing studies on the DIT.

Author Sensor Time period Feature Average velocity
(m/year)

M. Frezzotti and Optical (Landsat 1 MSS, 4 TM) 1909-1993 Ice front ~ 800 (1960-1993)
M. C. G. Mabin (1994)
J. Wuite, K. C. Jezek et al. SAR (Radarsat-1) 1997-2000 Ice front ~ 733
(2009)
NASA (2012) Optical (Landsat 7) 1988-2002 Ice front ~ 714
C. Zhao, X. Cheng et al. SAR (Envisat ASAR) and Opti- 1973-2012 Ice front velocity ~ 600
(2014) cal (Landsat ETM+)
C. Indrigo (2019) Optical (Landsat 4, 5 TM, 7 1988-2018 Fracture/rift 647-689

ETM+, 8 OLI/TIRS)

(2016-2018) 674-692

C. Indrigo, C.F. Dow et al. Optical (Landsat 4, 5 TM, 7 1988-2020 Fracture/rift ~ —5H50 — +685

(2021) ETM+, 8 OLI/TIRS)

o The SAR-based estimates presented here also agree with optical results derived
from Landsat 7 imagery [49], where the ice front was found to advance seaward

at an average rate of about 714 m/year between 1988 and 2012.

e Other DIT features show a time evolution that depends on the specific fracture
considered. This agrees with the findings of [51]. As a general trend, the fractures
moved seaward with an average velocity of about 640 m/year, which is consistent
with the range of 647-689 m /year reported by [51] using optical data collected
between 1998 and 2018.

o Restricting the analysis to the period 2016-2018 and focusing on fractures 2
and 3 (corresponding to fractures 1 and 2 in [52]), the average velocity obtained
in this study, approximately 683 m/year, shows excellent agreement with the

692m /year and 674 m/year reported for those same features by [52].

3.2.5 Conclusive Remarks

In this study, we analysed the dynamics of the DIT (Antarctica) using Sentinel-1
C-band SAR images acquired from 2016 to 2021.The main findings can be summarised

as follows:

« Profile extraction: The outline of the DIT was derived from Sentinel-1 HH-
polarised C-band SAR data using an unsupervised CFAR approach, adapted to

cope with both ice-free and ice-infested sea clutter.

« Feature tracking: The ice front and four main fractures along the northern
margin were tracked throughout the observation record, enabling both short- and

long-term assessments.
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e Short-term dynamics: Month-to-month variations were minimal, indicating

stable behaviour over short timescales.

« Long-term evolution: Between 2016 and 2021, the ice front advanced seaward
at an average velocity of roughly 670 m/year, consistent with earlier independent

estimates.

o Fracture displacement: The monitored fractures showed velocities between

615 and 680 m/year, confirming a coherent seaward progression.

e Structural changes: Since 2019, new rifts have appeared along the northern

margin, suggesting emerging localised weakening within the ice tongue.

 Link to ocean processes: The dense Sentinel-1 time series provides the
means to relate glacier and iceberg motion to broader ocean circulation, creating

opportunities for integrated glaciological-oceanographic analysis.

Significance and alignment with aims. The findings from this chapter tie directly
to the first two aims of the dissertation. In particular, the ability to extract the DIT
outline under both ice-free and ice-infested conditions shows that C-band SAR can be
used as a reliable tool for boundary delineation in Antarctica’s difficult coastal setting.
This directly addresses the first aim by confirming the ability of SAR features to
distinguish between ice and the surrounding ocean and sea ice. In DIT, the tracking of
the ice front and northern fractures across monthly and multi-year timescales provides
new insights into both short-term stability and long-term dynamics, thereby fulfilling
the second aim. Altogether, these findings demonstrate that Sentinel-1 C-band SAR
is a dependable tool for the continuous monitoring of glacier and iceberg dynamics.
Beyond meeting the objectives of this chapter, the results establish a firm foundation
for the polarimetric analyses that follow. These findings do not mark an endpoint
but rather a step forward in understanding how Sentinel-1 observations can be used
to study Antarctic ice. They open the way for a closer examination of the physical
structure and scattering behaviour of glaciers and icebergs. In this sense, the discussion
naturally leads into the next stage of the dissertation, where the focus moves from
boundary extraction and temporal tracking toward the application of polarimetric

information to interpret scattering processes in greater detail.

Outlook. This section has mainly considered the gradual evolution of the DIT, but

iceberg formation does not always follow such a slow process. In some cases, it can
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occur suddenly as a result of strong geophysical events. The Hunga iceberg, formed
after the volcanic tsunami in January 2022, is one such example that will be examined

in future.

3.3 (33 iceberg monitoring

3.3.1 Study area

The large calving event occurred on 7 April 2016 that led to the formation of two large
icebergs on the Nansen Ice Shelf (163°E, 75°S, Terra Nova Bay, Ross Sea, Antarctica)
is investigated. The Nansen Ice Shelf flows into the Terra Nova Bay from the grounding
line at the flow branch of the Reeves and Priestley glaciers for about 45 km to the
front and is approximately 35 km across between the southern boundary, which is the
northern side of the DIT and Inexpressible Island [53]. The collapse gave rise to two
large icebergs: the largest one, termed as C33 by the National Ice Center, was about
21 km x 8 km, while the smallest one, namely C33b, was approximately 10 km x 5
km, see Figure 3.10. The calving area was estimated to be about 203 km? with an
average thickness of 200 m and a mass loss of approximately 37 Gt (Giga tonne) [54].
After the calving, C33 and C33b icebergs drifted in the Terra Nova Bay with mélange
attached, which once filled the large crevasse, along the Antarctic shoreline driven by

ocean currents and winds.

3.3.2 SAR datasets

The SAR dataset includes four Sentinel-1 SAR imagery acquired from April to May
2016 in the IW dual-pol HH-HV mode. The geocoded SAR scenes that refer to the
HH and HV channels are depicted in greytones using the decibel (dB) units in Figure
3.11 which is arranged into a matrix format. The two columns stand for co- and
cross-polarization imagery. The four rows stand for the acquisition dates: 9 April
2016, 14 April 2016, 21 April 2016 and 3 May 2016, respectively, see Table 3.4. The
area under investigation includes Terra Nova Bay and the C33 iceberg, which can be
well-observed in the whole time series since it calls for a backscatter larger than the
surrounding ice-covered area in both co- and cross-polarised channels. The clutter
appears very inhomogeneous in both the channels with the co-polarised one resulting
in the largest dynamic range. The cross-polarized backscatter resulting from the
ice-covered area is very often below the Sentinel-1 system noise (i. e., about -22 dB).
The imagery of Figure 3.11 show that the C33 iceberg drifted significantly in the
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Figure 3.10 Optical image, partially obscured by clouds, taken on 7 April 2016 over the
bay of Terra Nova by the sensor of the Moderate Resolution Imaging Spectroradiometer
(MODIS) on board the Terra satellite. C33 and C33b icebergs, which have broken off from
the Nansen Ice Shelf, can be recognized [3].

Terra Nova Bay during the observed time period. On 9 April 2016, i. e., two days

after the calving, the iceberg is located just within the polynya which, as witnessed

by the ice streaks aligned with the wind direction, is in its opening phase [20]. The

iceberg then moved in the northern part of the Terra Nova Bay out of the polynya.

By comparing co- (first column) and cross- (second column) polarized NRCS imagery

one can note that the continental ice and the iceberg are very well visible in both the

channels; while the ice-covered sea area calls for a co-polarized backscattering larger

than the cross-polarized one, which is expected to result in the largest iceberg-to-clutter

contrast.

Table 3.4 Summary of the Sentinel-1 SAR dataset used for the C33 iceberg analysis.

Acquisition date Time (UTC)

Polarisation Orbit pass

Incidence angle at C33 (°)

9 Apr 2016 11:02
14 Apr 2016 11:10
21 Apr 2016 11:02
3 May 2016 11:02

HH+HV
HH+HV
HH+HV
HH+HV

Ascending
Ascending
Ascending
Ascending

42
43
42
44
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Figure 3.11 Sentinel-1 SAR dataset. The images are geocoded and shown in graytones
using (dB) units. The image is arranged into a matrix format where rows correspond to the
four acquisition dates—9 April, 14 April, 21 April and 3 May 2016 (top to bottom)—and
columns correspond to the co- and cross-polarized backscattering channels.

3.3.3 Experimental results
Extraction of the C33 iceberg’s profile

The iceberg’s profile is extracted using aIO{H, JIO{V and rgy (2.3). First, the sensitivity

of the metrics with respect to the iceberg is analyzed focusing on the iceberg-to-clutter

separability using, two ROIs excerpted over the iceberg and the surrounding clutter
mi—

and measuring the distance 0 < d,,, = TmC < 1, where m stands for the mean value

of the adopted metric, i. e., U%H, UIO{V and rgy, while the subscripts “i” and “c”
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stand for an almost equal-size ROI excerpted over the iceberg and the surrounding
clutter, respectively. The values of d,, are listed in Table 3.5 for the whole data set,
quantitatively showing that the scattering response of the iceberg is very different
from the clutter for all these metrics. The best performance is provided by the cross-
polarized channel that results in the largest separation in all the imagery. To provide a
deeper discussion of the iceberg-to-clutter separability, the empirical PDF is estimated
within the two ROIs extracted using the SAR scene collected on 9 April 2016, see
Figure 3.12. This SAR scene is the most demanding in terms of iceberg-to-clutter
separability since, at that time, the C33 iceberg lied back in the polynya that calls for a
very inhomogeneous backscattering. Figure 3.12; which shows the iceberg (gray color)
and the clutter (cyan color) PDFs; demonstrates that the largest iceberg-to-clutter
separation is provided by J%V. In addition, all the metrics call for a very spiky behavior
over the clutter which results in a dynamic range significantly narrower than the sea
ice. This witnesses that, although the iceberg appears almost uniformly brighter than
the surrounding ice-covered clutter, its backscatter calls for a broader dynamic range.
It can be also noted that lower backscatter values resulting from the iceberg almost
completely overlap with the clutter’s ones. To further quantitatively analyze the
iceberg/clutter separability, the Wasserstein statistical distance is evaluated [55, 56].
The Wasserstein distance (also known as the Earth Mover’s Distance) quantifies the
minimum cost required to transform one probability distribution into another. In this
context, it provides a physically meaningful measure of separability between the iceberg
and clutter PDFs, with larger values indicating greater statistical distinction. For the
SAR scene acquired on 9 April 2016, the Wasserstein distances between the iceberg and
clutter distributions Figure 3.12 are 0.58, 1.71, and 1.24 for 0¥, U%V and ry (2.3),
respectively. This indicates that the cross-polarized backscattering channel provides
the largest separability between the C33 iceberg and the surrounding clutter. Similar

results are obtained when processing the entire data set (not shown for brevity).

Table 3.5 Iceberg-to-clutter separability based on the d,,, metric, evaluated across the full
dataset using iceberg and clutter ROIs.

SAR feature 9 Apr 2016 14 Apr 2016 21 Apr 2016 3 May 2016

dyy 0.93 0.92 0.91 0.96
dyy 0.97 0.98 0.97 0.99
drypyy 0.95 0.96 0.95 0.98

This quantitative analysis suggests O'%V to extract the C33 iceberg’s profile in an

objective and partially unsupervised way. A CFAR processing scheme is designed to
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Figure 3.12 Empirical PDFs of (a) oy, (b) of}y, and (c) rpv, evaluated within the iceberg
(gray) and clutter (cyan) ROIs. The x-axis represents the values of the corresponding
polarimetric feature ( in dB for HH and HV, and dimensionless values for ryy), while the
y-axis shows the probability density function (PDF).

binarize the Sentinel-1 imagery which is followed by morphological filtering to remove
trivial false alarms resulting from the clutter or unwanted edges [53, 57]. The C33
iceberg is very big; hence, a global threshold CFAR approach is accurate enough
to partition the image, with the global threshold set using a P, equal to 1073 and
modelling the clutter distribution using a Burr PDF. According to [58], the detection
threshold related to the Burr clutter distribution is given by:

==

T = (5 {Pf;i _ 1]) , (3.2)

where P, is the false alarm probability, a and p are the non-negative shape parameters
and [ is the non-negative scale parameter. Once the binary image is obtained, trivial
false alarms related to small clusters of pixels which are clearly not associated to the
large C33 iceberg are removed by filtering out those isolated clusters consisting of less
than N = 1000 pixels.

The binary map obtained processing the cross-polarized backscattering channel
of the SAR scene collected on 9 April 2016 (see Figure 3.11 (b)) is shown in Figure
3.13 (a), where one can note that the continental ice and the iceberg are completely
distinguished from the ice-covered sea area. The enlarged version of the area that
includes the iceberg is depicted in Figure 3.13 (b); while the output of the morphological
filtering is displayed in Figure 3.13 (c), where one can note that the iceberg is completely
identified and the unwanted edges are removed. The C33 iceberg’s boundary extracted
using O'%V related to the SAR scene collected on 9 April 2016, is superimposed as a
red line over an enlarged version of the HH-polarized NRCS in Figure 3.13 (d). For
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reference purposes, the iceberg’s profile extracted using O'%H and rgy is also annotated
using a cyan and yellow line, respectively.

By contrasting the profile extracted using the multi-polarization metrics with the
profile visually inspected from the SAR image one can note that, as expected, UIO{V
performs best since it results in a good trade-off between extraction accuracy and false
alarms. The profile extracted using U%H results in performance similar to the O'%V one,
the main difference relies on the profile of the northern part of the iceberg (see the
green star in panel (d)) that is not correctly extracted by the oy and 1y metrics. It
must be explicitly noted that this part of the iceberg is very different from the rest
of the iceberg in terms of backscatter intensity. This is probably due to the different
geometrical and dielectric characteristics of that area. Similar extraction’s performance
is achieved when processing all the Sentinel-1 SAR scenes. The extracted C33 iceberg’s
profile agrees with the one obtained from the same data set using Markov Random
Fields [59].
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Figure 3.13 Processing of the SAR scene collected on 9 April 2016: (a) binary mask from

oty; (b) zoom on the C33 area; (c) mask refined with image-processing; (d) boundary from

ofy (red), oYy (cyan), and rpy (yellow), over the ol}y; graytones image. In (d), green/red

stars mark the northern/southern parts of C33 on the Nansen Ice Shelf before calving and at
the time of this SAR acquisition.
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Tracking of the C33 iceberg

To track the C33 iceberg, the profile extracted applying the CFAR to the HV-polarized
SAR data set is used. The iceberg positions along the whole time series are shown in a
geocoded format in Figure 3.14 where, for each iceberg position, a reference point is
selected to estimate the average surface velocity and the displacement. The reference
point is automatically determined using the ArcGIS “Feature to Point” tool that allows
creating a point feature representing the centroid of each polygon, i. e., the iceberg’s
center of gravity. In addition, from this point, a dashed yellow line is traced towards
the narrower part of the iceberg to measure the heading of the iceberg with respect to
the North.

Table 3.6 Dynamic parameters of the C33 iceberg estimated from the Sentinel-1 time series.

SAR image pair Displacement (km) Velocity (kmd~!) Heading (°) Area (km?)
9-14 Apr 2016 26.31 5.26 162 142.05
14-21 Apr 2016 25.54 3.64 203 137.78
21 Apr-3 May 2016 15.62 1.20 356 143.82
Whole period (9 Apr-3 May 2016) 67.47 2.81 - 143.75

The images of Figure 3.14 show that the C33 iceberg underwent a north-oriented
trajectory during the observed time period drifting out of the Terra Nova Bay. The
approximate length of the path followed by the iceberg is 67.47 km which was covered
at about 2.81 km/day, see Table 3.6. In addition, the C33 iceberg underwent significant
rotations during the drift in the Terra Nova Bay. The main axis (yellow arrow) is
oriented along the: South-East direction on 9 April; North-East direction on 16 April
and mostly along the South-North/South-West directions on 21 April and 3 May,
respectively. These rotations are likely to affect the total displacement and the drift
velocity. The area of the iceberg did not change significantly during the drift, see Table
3.6, where it can be noted that variations in the range of £4% occurred which are

likely to be within the area estimation error.

Polarimetric analysis of the C33 iceberg’s properties

To provide a deeper understanding of the iceberg’s properties, the DoP metric (2.5) is
evaluated over the C33 iceberg area and depicted in Figure 3.15, which includes the
scenes collected on: (a) April 9, (b) April 14, (¢) April 21, (d) May 3, 2016.

As expected, the iceberg calls for very high depolarized backscatter that results
in low DoP values. This implies that the iceberg calls for a weighted contribution of

surface and volume scattering processes with the latter having a non-negligible weight
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Figure 3.15 DoP within the C33 iceberg region of interest, evaluated using SAR scenes
collected on: (a) 9 April, (b) 14 April, (c) 21 April, and (d) 3 May 2016. The iceberg’s
profile, extracted using UIO{V, is annotated as a black line for reference. In each panel, the
green and red stars indicate the northern and southern parts of the C33 iceberg, respectively,
as described in Figure 3.13(d).

in the total backscattered power. This applies in all the SAR scenes. By inspecting the
whole data set, same peculiar behaviors can be identified. The C33 iceberg appears
very inhomogeneous in terms of polarimetric scattering properties along the whole time
series, showing a non negligible spatial and temporal variability. Hence, a quantitative

analysis is performed locally by evaluating the mean DoP values over two different
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iceberg regions: the northern (wider) and southern (narrower) part at the time of the
first SAR acquisition, just after the calving event, see the green and red stars in Figure
3.13 (d), respectively. For convenience, they are annotated also in Figure 3.15.

The northern part of the C33 iceberg (see the green stars in Figure 3.15) results in a
polarimetric scattering more polarized than the rest of the iceberg. On average, the
DoP values estimated over this region are 0.71, 0.78, 0.65 and 0.61 on 9 April, 14 April,
21 April and 3 May 2016, respectively. Hence, the mean DoP value of that part of
the iceberg is 0.69 during the drift. This means that, in this area, surface scattering
mechanisms dominate the total backscattering which includes a significantly lower
volumetric component. It is also worth noting that this area calls also for a co-polarized
backscatter intensity almost overlapped with the one resulting from the ice-covered sea
area as observed in the PDFs of Figure 3.12 (a) and in the time series of Figure 3.14.
This implies that the iceberg’s scattering properties in that area are very peculiar and
almost indistinguishable, in terms of both intensity and polarimetric backscattering —
from the surrounding ice-covered sea clutter. Note also that a non-negligible variability
of the scattering properties is observed during the drift, since the average DoP values
span from 0.61 to 0.78 over time.

Considering the southern part of the C33 iceberg (see the red stars in Figure 3.15 a
completely different behavior in terms of polarimetric scattering properties is observed.
In fact, the DoP values obtained in that area on 9 April, 14 April, 21 April and 3 May
2016 are, on average, 0.53, 0.48, 0.51 and 0.52, respectively. Hence, during the drift,
the southern part of the iceberg is characterized by a mean DoP value of 0.51. This
implies a more complicated scattering process where, together with a surface scattering
component, a remarkable volumetric scattering mechanism contributes to the total
backscattering. It can be also observed that the polarimetric scattering properties of
that part of the iceberg are relatively stable over time, since the average DoP values
span from 0.48 to 0.53 during the drift.

Actually, this difference between the northern and southern portions of the C33 iceberg
was already visible before its calving from the Nansen Ice Shelf. In-situ photographs
acquired from a helicopter in January 2012 (Figure 3.16) show that the northern
sector was characterised by numerous small crests, channels, and melt ponds (panel b),
whereas the southern sector appeared comparatively smoother at the macroscopic scale.
However, it is important to emphasise that optical smoothness does not necessarily
imply radar surface-dominated scattering. At C-band, the radar signal is sensitive to
centimetre-scale roughness and internal structural heterogeneity, which can enhance

depolarisation and volumetric contributions even when the surface appears visually
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smooth. This explains the observed polarimetric behaviour and highlights the added
value of dual-pol SAR measurements in capturing subsurface and structural variability

beyond optical interpretation.

Figure 3.16 In-situ photographs of the Nansen Ice Shelf acquired from helicopter in
January 2012, i.e., before the calving event. The areas enclosed in the black and red boxes,
highlighted as R1 and R2 in (a), are enlarged in panels (b) and (c) and correspond to the

northern and southern parts of the C33 iceberg, respectively.

3.3.4 Conclusive Remarks

This study focuses on the C33 iceberg originated by the calving event that occurred on

7 April 2016 on the Nansen Ice Shelf. The main findings can be summarised as follows:

e Boundary extraction: The cross-polarised HV channel provided the clear-
est separation between iceberg and surrounding ocean clutter, enabling robust
delineation of the C33 outline.

o Drift tracking: Over the four acquisitions, the iceberg drifted along a 67 km
path within Terra Nova Bay and experienced notable rotational movements,

reflecting the influence of oceanic forcing.
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e Scattering mechanisms: Polarimetric analysis revealed that C33’s backscatter
was best described by a weighted mix of surface (single- and oriented double-

bounce) and volumetric scattering.

« Spatial variability: The scattering properties were not uniform across the
iceberg surface but varied significantly, highlighting differences in structure and

surface conditions.

« Temporal evolution: During the drift period, the scattering mechanisms
changed in a non-uniform manner, indicating evolving interactions between the

iceberg, atmosphere, and ocean environment.

Significance and alignment with aims. The C33 case study directly addresses
both the first and third aims of this thesis. The accurate extraction of the iceberg
boundary using polarimetric channels shows that C-band SAR has a remarkable ability
to separate ice from the ocean, even in the most difficult Antarctic conditions, thus
enabling the realization of the first objective. In parallel, the polarimetric analysis,
particularly through parameters such as the DoP, offers new perspectives on the
internal structure and dielectric heterogeneity of icebergs. Beyond these aims, the
present study makes it clear that multipolarisation SAR data can reveal both the
geometric dimension and the scattering properties of floating icebergs, a capability that
contributes to a deeper understanding of their dynamics and underscores the scientific

value of Sentinel-1 polarimetric observations.

Outlook. In this section, the results show that dual-pol, phase-based parameters
such as the DoP can reveal useful information about how the iceberg scatters radar
signals. However, to understand these patterns in more detail, further analysis is
needed. Using additional polarimetric decompositions, such as the Cloude Pottier
or Freeman Durden methods, would help separate the main scattering types surface,
double-bounce, and volume. This approach would make it easier to see how different
parts of the iceberg change over time and give a clearer sense of its overall structure

and development.



Chapter 4

Canadian Environment

4.1 Introduction

This chapter presents the results of SAR analyses conducted in the Canadian Arctic
and sub-Arctic, focusing on both glacier and inland lake environments. The main
goal is to evaluate how dual-pol and CP SAR techniques perform in northern settings,
where scattering behaviour is often complex and difficult to interpret. Building on the
aims introduced in Chapter 1, three specific objectives are addressed.

First, the study examines the recent evolution of the d’Iberville Glacier on Ellesmere
Island, Nunavut. A time series of Radarsat-2 and Sentinel-1 C-band SAR data is
used to test how effectively multi-polarisation features can delineate the glacier front
under sea-ice—infested conditions, while also quantifying changes in retreat rate, surface
velocity, and overall area.

Second, attention shifts to inland lakes in the Canadian sub-Arctic. Using HP
data from the RCM, the analysis focuses on Lake Athabasca and Bustard Island to
explore how scattering behaviour differs between vegetated and sandy shorelines and
under various imaging geometries. The aim is to assess whether hybrid-polarimetric
features—both amplitude- and phase-based, offer measurable improvements in waterline
detection compared with conventional single-pol data.

Finally, the chapter investigates polarimetric scattering behaviour across lake
environments, focusing on parameters such as the wave degree of polarisation (m) and
ellipticity. Particular attention is given to conditions where distinguishing land—water
boundaries is most challenging, such as vegetated margins and sandy coasts, to evaluate
how robust CP is for monitoring large northern regions.

This chapter includes two complementary case studies. The first, concerning the

d’Iberville Glacier, is based on previously published work, while the second presents new
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and unpublished analyses using RCM HP data. Similar to the Antarctic investigations
in Chapter 3, each case study preserves the organisational structure of its original
research. The glacier analysis features a dedicated methodology section, while the
RCM investigation incorporates methodological details directly within the experimental

discussion.

4.2 D’Iberville Glacier monitoring

4.2.1 Study area

The d’Iberville Glacier, one of the most important marine-terminating Arctic glacier,
the d’Iberville glacier in the Canadian state of Nunavut (80.53 °N; 77.77 °W), see
Figure 4.1(a). This study area represents a challening scenario with respect to the ones
traditionally considered where to apply coastline/shoreline extraction method. The
reason is twofold: from one side, the d’Iberville glacier is a marine-terminated glacier
characterized by a particular coastal morphologyorography, i. e., it significantly differs
from conventional "open area" as coastal harbours, ice tongues, rocky/sandy coasts; on
the other side, the sea surface conditions significantly vary during the Arctic winter
and summer and winter seasons (see the Sentinel-2 true color optical images in Figure
4.1 (b) and (c), respectively), for which the sea surface is completely frozen for most of

the year due to the low temperature [60].

Figure 4.1 Study area. (a) Google Earth image of the study area that include the
Ellesmere Island in the Canadian state of Nunavut. The black box refers to the ice front
area of the d’Iberville glacier, considered for quantitative analysis. Sentinel-2 true color

optical images collected over the ice front of the d'Iberville glacier on: (b) 26 May 2021 and
(c) 26 July 2020.
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4.2.2 Remote sensing dataset

For the purposes of this study, C-band SAR data from two satellite missions, namely
the Canadian Space Agency Radarsat-2 and the European Space Agency Sentinel-1,
are considered. Three Radarsat-2 SAR scenes are collected over the study area in
dual-po fine imaging mode (HH+HYV, i. e., an horizontally-polarised electromagnetic
wave is transmitted while the backscattered wave is measured on an orthogonal
horizontal-vertical polarization linear basis) from 2010 to 2012 (one scene per year).
Seven Sentinel-1 SAR scenes are collected over the study area in dual-pol HH+HV
Interferometric Wide Swath (IW) imaging mode. from 2015 to 2022 (one scene per
year but 2016). The main characteristics of SAR satellite data are listed in Table 4.1.
Independent optical data from the European Space Agency Sentinel-2 mission, whose
satellites are equipped with a Multispectral Imager (MSI), where also collected over the
d’Tberville glacier. When they were sufficiently cloud-free and time collocated (within
+ 3 days) with the SAR scenes, they are used to assess the accuracy performance of

the ice front extraction methodology.

Table 4.1 Overview of the satellite SAR datasets used for monitoring the d’Iberville Glacier.

SAR mission Number of scenes Imaging mode Polarisation Pixel spacing (m) Acquisition period

Radarsat-2 3 Fine HH+HV 6 20102012
Sentinel-1 7 IW HH+HV 13 20152022

4.2.3 Methodology

In this section, the methodology adopted to extract the ice front of the d’Iberville
glacier and to analyse its dynamics is presented. The methodology has a twofold
objective: 1) the extraction of the glacier’s ice front, i. e., the boundary between the
marine-terminated glacier and the frozen/unfrozen sea surface, from a single SAR
image using both single- and dual-pol features; 2) the evaluation of the behavior of the
ice front over time to estimate its advancing/retreating. A flowchart of the processing

chain is shown in Figure 4.2, where three main steps can be identified.

o Pre-processing step. All the SAR scenes from the data set are preprocessed
using the SNAP (Sentinel Application Platform) v 8.0 software: to reduce orbital
errors, speckle noise and geometric distortions. First, radiometric calibration
is performed and, then, a 5 x 5 sliding window si applied to reduce speckle,
which may hamper the identification of the ice front. Finally, range doppler

terrain correction is applied to map the SAR imagery in geographical coordinates,
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Figure 4.2 Flowchart of the proposed methodology.

resulting in a square pixel whose spacing is 6 m and 13 m for Radarsat-2 and

Sentinel-1, respectively.

o Ice front estimation step. A CFAR approach is used to distinguish the
d’Iberville glacier from the surrounding ice-free or ice-infested sea water, i. e.,
to extract the ice front. The CFAR is applied on the HH-polarised NRCS
(Normalised Radar Cross Section), indicated with 0¥, and on a combination
of the HH- and HV-polarised scattering amplitudes, termed as rpy (2.3). As a
result, the CFAR algorithm automatically provides a global threshold for the
0% g and rgy images, thus generating a binary image. The latter is refined by
conventional image processing tools, i. e., morphological filters, to sort out clear
and isolated false edges at sea. Then, the optimal Canny edge detector, which
is based on a two-dimensional Gaussian kernel, is applied on the refined binary
image to obtain the actual ice front of the d’Iberville glacier. A more detailed
description of the processing chain is reported in previous studies [31, 61], where

similar approaches were applied to a variety of coastal and glaciated settings.

+ Retreat estimation step. Once the first two steps were applied on the whole
SAR data set, the ten ice fronts extracted for the d’Iberville glacier are imported

in ArcGIS software to quantitative estimate the retreat.

4.2.4 Experimental results

This section presents the results obtained from three experiments. The first experiment

consisted of analysing the sensitivity of the single- and dual-pol features (2.3) to the
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different scattering scenarios, i.e., frozen and ice-free sea surfaces (see Figure 4.3 (a)(d)
respectively). The second experiment aimed to investigate the accuracy performance of
the ice front extraction of 0% g and rpy under both sea conditions in order to find the
feature that achieved the lowest root mean square error (RMSE) between the extracted
ice front and the reference one manually extracted from the corresponding Sentinel-2
optical images. The third experiment consisted of analysing the temporal behaviour
of the d’Iberville Glacier ice front using quantitative indicators such as the ice front
surface velocity and the amount of ice surface gain/loss.

For the purpose of the first two experiments, two SAR scenes collected under different
sea-surface conditions were selected from the data set according to the shortest time
gap between the SAR and MSI acquisitions (see Figure 4.3). The first one refers to the
observation in May 2021 during the winter season when the sea surface was completely
frozen due to very low temperatures (see the Sentinel-2 true-colour optical image in
Figure 4.3(a)). The corresponding a% g and rpy images are depicted as graytones
and false-colour images at the decibel (dB) scale in Figures 4.3b,c, respectively. The
second scene is relevant to the acquisition in July 2020 during the summer season when
the sea surface was completely ice-free due to relatively higher temperatures (see the
Sentinel-2 true-colour optical image in Figure4.3(d)). The corresponding 0¥, and rgy
images are shown in Figures 4.3(e)(f), respectively.

The first experiment consisted of the analysis of the sensitivity of 6% 5 and gy
to ice-free and ice-infested sea surfaces. By visually inspecting Figure 4.3, it can be
seen that the separability between the marine-terminating d’Iberville Glacier and the
frozen sea surface is challenging, even in the Sentinel-2 optical image, making the
extraction of the ice front not straightforward. When dealing with the HH-polarised
NRCS images, it can be observed that both the frozen and unfrozen sea surfaces appear
as almost homogeneous areas that are darker than the terminus of the glacier, which,
instead, shows some roughness in the surface pattern. In addition, the difference in
backscattering between the sea surface and the glacier appears larger in the unfrozen
case than in the case when the sea surface is ice-infested. In fact, in the latter case, the
two regions look very similar, except for on the ice front, which appears as a brighter
edge. When dealing with the r images, similar comments apply.

To perform a quantitative multi-polarisation backscattering analysis, two equal-
sized ROIs consisting of 100 x 100 pixels were randomly selected from the sea and
glacier areas close to the ice front (see the cyan and white squares, respectively, which
are annotated in Figures 4.3 (a),(d)). The statistical behaviours estimated for o,

and iy for the selected ROIs under both frozen and unfrozen sea conditions are shown
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Figure 4.3 Showcased scenes for frozen (left) and ice-free (right) sea-surface conditions.
Rows from top to bottom: Sentinel-2 true colour optical image; 0¥ in dB scale; rgy in dB
scale. Cyan and white boxes in (a) and (d) indicate the sea and glacier ROIs used for
quantitative analysis.

in Figure 4.4, where experimental histograms are depicted using blue (sea ROI) and
orange (glacier ROI). In Figure 4.4, the rows refer to the unfrozen and frozen cases,
whereas the columns refer to 0'% g and rgy. The corresponding mean and standard
deviation values of 02] g and rpy are listed in Table 4.2. The mean contrast is also
annotated as a rough indicator of the separability between the sea and glacier ROIs in

terms of multi-polarisation backscattering.

Table 4.2 Mean and standard deviation values of 09{ g and ray in frozen and unfrozen
cases, evaluated over the ROIs in Figure 4.3. Contrast refers to the difference between sea
(Area 1) and glacier (Area 2).

SAR feature @ Case  Area 1 (Sea) Area 2 (Glacier) Contrast (dB)

o Unfrozen — —24.1+1.0 —15.4+1.1 8.7
rHV Unfrozen —26.4+0.7 —21.24+0.9 5.2
o Frozen —22.441.0 —18.5+1.3 3.9

THV Frozen —25.1£0.8 —22.0£1.1 3.1
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Figure 4.4 Statistical behaviour of single- and dual-pol features evaluated for the 104
samples belonging to the selected ice-free and ice-infested sea (blue) and glacier (orange)
ROIs. Rows correspond to histograms for the unfrozen (a,b) and frozen (c,d) cases, while

columns refer to 0% (a,c) and rgy (b,d). The corresponding mean and standard deviation
values are reported in Table 4.2.

When dealing with the unfrozen case, for the seawater ROI, a%, g and rgy had
average values of about -24 dB and -26.5 dB, whereas they increased to approximately
-15.5 dB and -22 dB, respectively, for the glacier ROI. This resulted in a mean contrast,
which was no lower than 4.5 dB on average for both features. Nonetheless, it is worth
noting that the mean contrast between the seawater and glacier ROIs provided by a% H
i.e., 8.1 dB, was more than 3.5 dB higher than the one evaluated from ryy (4.5 dB).

When dealing with the frozen case, 0% g and rgy were characterised by average sea
(glacier) ROI values of about -22 dB and -25 dB (-16 dB and -20.5 dB). This resulted in
a mean contrast of 6.1 dB and 4.8 dB for a% g and ryy, respectively, proving that even
in this case, the HH-polarised NRCS provided a higher glacier/ice-infested seawater
separability.

A deeper analysis was undertaken by evaluating the behaviour of 0’9-_[ g and rpy
along four randomly selected transects crossing the sea/glacier boundary. They are
annotated as red dashed lines in Figure 4.3a,d. The transects consisted of 100 pixels
each, where pixels “1” and “100” refer to the transect’s sea and glacier pixels farthest

from the ice front, respectively (see yellow labels in Figure 4.3a,d), whereas the latter
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was at pixel number “50”. The results relevant to the ice-free and ice-covered sea
surfaces are shown in Figure 4.5, Figure4.6, respectively, where black and blue dashed
lines refer to the a% g and rgy values obtained after averaging along the four transects.
In addition, for reference purposes, the mean values evaluated for the sea and glacier
ROIs are shown in Figure 4.3a,d and Table 4.2, and they are annotated using the same
colour coding but with continuous lines.

When dealing with the unfrozen case, it can be observed that the %, values
were in the range of about -25 to -22 dB for the ice-free sea surface, whereas for the
glacier, they increased to approximately -18 to -12 dB (see Figure 4.5). Considering the
dual-pol feature rgy, values from about -27 to -26 dB were observed for the unfrozen
sea, whereas they increased to a range of approximately -23 to -19 dB for the glacier.

Considering the frozen case, different comments apply (see Figure 4.6). In fact,
even though the glacier area was closer to the ice front (pixel number “50”), the o
and rpgy values were almost the same as those observed for the unfrozen case; the
freezing of the sea surface resulted in a different multi-polarisation backscattering that

yielded slightly higher values (about +2 dB) for both the single- and dual-pol features.
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Figure 4.5 Unfrozen case. Dashed lines show 0¥, (black) and riy (blue) values averaged
over the four transects indicated by red dashed lines in Figure 4.3a,d. For reference, the
mean values of 0%, (black) and rpy (blue) estimated for the sea and glacier ROIs (see

Table 4.2 and Figure 4.3a,d) are plotted as continuous lines.

The second experiment consisted of evaluating the accuracy of the methodology

used for extracting the d’Iberville Glacier ice front. The performance of the a%, I
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Figure 4.6 Frozen case. Dashed lines show % (black) and rpy (blue) values averaged

over the four transects indicated by red dashed lines in Figure 4.3a,d. For reference, the

mean values of 0%, (black) and rpy (blue) estimated for the sea and glacier ROIs (see
Table 4.2 and Figure 4.3a,d) are plotted as continuous lines.

and rgy features was analysed under both frozen and unfrozen sea conditions. The
quantitative assessment was based on the root mean square error (RMSE) values
estimated between the ice front extracted from the SAR imagery and the ice front
manually traced from the corresponding reference Sentinel-2 true-colour optical images.

The results relevant to the unfrozen case are shown in Figure 4.7, where the ice
fronts extracted from J%H and rgy (depicted in red and green, respectively) are
overlapped on the reference optical image. An inset is also shown to better highlight
the results (see the yellow box). It can be seen that the ice fronts extracted from both
features resulted in good visual agreement with the actual ice front profile obtained
from the optical image, even though some non-negligible false alarms occurred along
the north-eastern edge of the d’Iberville Glacier ice front. A visual inspection also
suggests that 0'9—_[ g achieved slightly higher accuracy compared to rgy, consistent with
the findings of the first experiment.

To perform a quantitative analysis, 20 points were randomly selected along the
ice fronts, and the RMSE was evaluated between the corresponding points belonging
to the ice fronts extracted from the SAR images (6% and rpy) and those manually
traced from the Sentinel-2 optical reference. The results showed that 0% g achieved an
RMSE of 1.18 pixels, whereas rgy had an RMSE of 2.97 pixels.
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The same analysis was performed for the frozen case (see Figure 4.8). As expected,
due to the more challenging scattering conditions, larger RMSE values were obtained,
namely 3.35 pixels for 02] g and 4.56 pixels for rgy.
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Figure 4.7 Accuracy assessment of the ice front extraction in the unfrozen case. Ice fronts
extracted from 0%, (red) and ryy (green) are overlaid on the reference optical (RGB)
image collected by the Sentinel-2 MSI on 26 July 2020. An enlarged version, highlighted by
the yellow box, is included to better illustrate the results.
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Figure 4.8 Accuracy assessment of the ice front extraction in the frozen case. Ice fronts
extracted from 0% (red) and rpy (green) are overlaid on the reference optical (RGB)
image collected by the Sentinel-2 MSI on 26 May 2021. An enlarged version, highlighted by
the yellow box, is included to better illustrate the results.

The third experiment consisted of investigating the temporal behaviour of the
d’Iberville glacier ice front from 2010 to 2022. On the basis of the results of the
previous experiments, the ice front was extracted from the HH-polarised NRCS images
of the whole SAR data set. The results are shown in Figure 4.9, where the study

area is masked in white, except for the 10 ice fronts extracted from O'% 77, Which are
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depicted using different colours. Figure 4.9 clearly shows that the d’'Iberville glacier
exhibited a net retreat over the last 12 years (see the red and yellow ice fronts that
refer to 2010 and 2022, respectively). To quantitatively analyse the retreating rate of
the d’Iberville glacier, the average surface velocity was estimated by measuring, for
each couple of consecutive years in the SAR data set, the distance between the two
ice fronts computed from the same points randomly selected for the evaluation of the
RMSE divided by the number of years. The average surface velocity estimated in such
a way is listed in Table 4.3. It can be seen that the retreating rate of the d’Iberville
glacier varied significantly over time. In fact, the very fast retreat during 2010-2011,
when the d’Iberville glacier had an average surface velocity of 514 m/year, corresponds
to the almost stable behaviour of the d’Iberville glacier during 2021-2022, when it was
characterised by an average surface velocity of 28 m/year. However, on average, from
2010 to 2022 the d’'Iberville glacier retreated with an average surface velocity of 160
m/year. Together with the average surface velocity, the net ice loss from the glacier’s
surface was estimated by measuring the area between the ice fronts extracted in 2010
and 2022 (see Figure 4.10), where the extent of the retreat is highlighted in cyan. The
latter corresponds to an ice area of about 2.2 km?, meaning that, on average, the
d’Iberville glacier experienced an ice loss of about 0.18 km? per year from 2010 to 2022.
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Figure 4.9 Ice fronts of the d’Iberville glacier extracted from 0¥, from 2010 to 2022

Previous research on the d’Iberville Glacier consistently points to its ongoing retreat,
but the actual rate has changed a lot over the years. For example, [62] used aerial
photos from 1975 to estimate a retreat of about 480 meters per year, a pace much
faster than what we’ve seen in more recent times. C-band SAR measurements from
1991 gave a lower but still substantial value of about 300 m/year [63]. More recent

analyses, conducted between 1999 and 2004, suggested a slowdown, with retreat rates
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Table 4.3 Average retreating surface velocities of the d’Iberville Glacier ice front estimated
from the experimental results shown in Figure 3.9.

Year Surface Velocity (m per year)

20102011 514

20112012 326

2012-2015 81

20152017 90

2017-2018 108

2018-2019 136

2019-2020 196

2020-2021 142

2021-2022 28

: 27 April 2010
18 April 2022
05 0 km
" ?’ Extent of retreat

Figure 4.10 Estimation of the d’Iberville glacier retreat extent obtained from the ice fronts
extracted in 2010 and 2022 from J%H.

ranging from 30 to 105 m/year [64, 65]. These values are much closer to the rates we
derived for the period 2010-2022. A longer study spanning 1999-2015 also confirmed
the glacier’s continuing retreat, although the results were expressed in terms of ice
mass discharge rather than frontal velocity [66].

When compared with neighbouring glaciers, the behaviour of d’Iberville fits within
the regional pattern but stands out in terms of magnitude. On Ellesmere Island, about
three-quarters of the marine-terminating glaciers retreated between 1999 and 2015,
with an average frontal velocity of roughly 150 m/year [66], which is consistent with
the mean of 160 m/year that we report. What really sets d’Iberville apart is how
much ice it’s losing. Our estimate, 0.18 km? per year, is about 50% higher than the
regional average of 0.12 km? per year across 252 glaciers in the North Canadian Arctic



4.2 D’Iberville Glacier monitoring 51

[67]. Even if we just look at the years 2010-2020, d’Iberville’s retreat is still around
54% faster than the regional trend. So, while this glacier is following the same general
pattern as its neighbours, it’s shrinking at a noticeably faster rate, which suggests it’s

especially sensitive to changes in its environment.

4.2.5 Conclusive Remarks

The dynamics of the d’'Iberville Glacier (Ellesmere Island, Nunavut) were investigated
using Radarsat-2 and Sentinel-1 C-band SAR images acquired between 2010 and 2022.

The main findings can be summarised as follows:

« Profile extraction. The proposed method successfully delineated the glacier
front under both frozen and open-water conditions. In practice, the HH-polarised
NRCS (0% ;) provided a clearer distinction between the glacier terminus and
the surrounding sea surface than the dual-pol parameter ryy. Errors were
generally within five pixels of the optical reference, confirming the reliability of
the SAR-based extraction.

e Accuracy performance. Both single- and dual-pol features enabled the glacier
front to be traced, but O’% g consistently achieved higher separability, particularly
in winter when frozen sea surfaces reduced contrast. Although accuracy declined
slightly under these more complex conditions, the position of the ice front could

still be identified with reasonable confidence.

o Temporal variability. Between 2010 and 2022, the glacier retreated at an
average rate of approximately 160 m/year. Retreat was most pronounced in
20102011 (~514 m/year), while the 2021-2022 interval showed near-stability
(=~ 28 m/year). Overall, the glacier lost an estimated 2.2 km? of ice, equivalent

to roughly 0.18 km?, per year.

Significance and alignment with aims. These findings relate directly to the
second aim of this dissertation, showing that dual-pol SAR can be used to monitor
glacier changes under Arctic conditions, where sea ice is often present. Comparing
JJOL[ g With rgv also links to the third aim, since it reveals how polarimetric parameters
respond differently depending on the sea-surface state. Overall, the d’Iberville study
demonstrates a practical way to monitor glacier fronts and sets the groundwork for
applying CP to lake environments and for testing polarimetric features in other northern

monitoring settings.



4.3 Sub-Arctic Lakes monitoring 52

Outlook. The analysis of the d'Iberville glacier confirms the value of SAR for long-
term retreat monitoring, but the next step is to scale up. Applying the same framework
to a wider set of marine-terminating glaciers across the Canadian Arctic would enable
a more systematic view of regional ice loss. In addition, the use of oceanography and
climatology information opens the door to a richer understanding of what drives glacier
retreat. Therefore, we can understand how the story unfolding at d’Iberville fits into

the much bigger picture of Arctic change.

4.3 Sub-Arctic Lakes monitoring

4.3.1 Study areas

In this section, a set of experiments relevant to lakes waterline is described. The lakes
that are examined in this study are environmentally different to best describe the
diversity of such waterlines. In particular, four sub-areas in Alberta, Canada, as shown
in Figure 4.11, are analyzed. Four study areas are considered: two vegetated coastal
sites, one in the southwestern part of Lake Athabasca (Case 1) and another in Lake
Ryan (Case 2); and two sandy coastal sites, one on Bustard Island in Lake Athabasca,
within the Fidler-Greywillow Wildland Provincial Park (Case 3), and the other in the
southeastern region of Lake Athabasca (Case 4). Before proceeding further, we provide

a brief description of Lake Athabasca, Ryan Lake, and Bustard Island.

Lake Athabasca

Lake Athabasca lies on the border between Alberta and Saskatchewan in Canada,
directly south of the Northwest Territories [68]. The lake spans approximately 335 km
in length and 51 km in width, covering an area of about 7,936 km?, with a maximum
depth of 124 metres [68]. It is fed from the southwest by the Peace and Athabasca
Rivers, whose delta separates Lake Athabasca from Lakes Claire and Mamawi. The
lake drains northwest via the Slave River, which flows into the Arctic Ocean through
Great Slave Lake and the Mackenzie River. The southwestern part of Lake Athabasca
is characterized by dense vegetation and sandy beaches, making it an ideal site for

studying waterline dynamics and ecosystem interactions.

Bustard Island

Bustard Island, located within the Fidler-Greywillow Wildland Provincial Park in Lake

Athabasca, serves as a critical habitat for various bird species and features extensive
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Figure 4.11 Geographical location and case study areas around Lake Athabasca, Ryan
Lake, and Bustard Island: vegetation and sandy coasts.

sandy beaches [69]. These beaches, which are prone to seasonal flooding and erosion,

provide an excellent case study for analyzing coastal dynamics.

Ryan Lake

Ryan Lake is situated in the Northern Boreal (Nb4) zone of Alberta, at approximately
59°11’N, 111°5’32"W, covering an area of 603.9 hectares (6 km?). Located near the
southern shore of Lake Athabasca, the lake is characterized by vegetated shores [70].

4.3.2 SAR datasets

The RCM is an advanced Canadian satellite system consisting of three identical C-band

SAR sensors. It is designed for frequent Earth observation with a revisit time of four
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days. The system supports multiple spatial resolutions ranging from highly detailed
1-metre resolution imagery in Spotlight to a lower resolution of 100 m with ScanSAR
mode.

The RCM offers twelve imaging modes, each with distinct characteristics such as
spatial resolution, swath width, and noise floor. All modes support single, dual, and
compact (hybrid) polarisation options. Additionally, RCM includes a dedicated full
polarimetric imaging mode. These different imaging capabilities make RCM extremely
versatile for applications such as marine monitoring, sea ice mapping, disaster response
and land use classification. The HP mode is of special relevance in this study; it
transmits a right-circularly polarized wave, receiving two linear orthogonal ones, i.e.,
H and V.

In this study, we processed a set of eight SLC RCM HP images acquired using the
StripMap beam mode with a nominal spatial resolution of 16 m. These data were
acquired during an ascending orbit pass and using RCH and RCV polarizations in
right-looking mode. For the four case studies, we selected images with Low Angles
of Incidence (Low AOI) and High Angles of Incidence (High AOI), as summarized
in Table 4.4. To further analyze the cases in question, the SAR RCM HP dataset is
enriched by external measurements. Sentinel-2 RGB imagery and NDVI have been
considered. The NDVI maps are used to assess vegetation distribution. The NDVI
results confirmed the presence of dense vegetation in specific areas, where higher NDVI
values distinguished vegetated regions from adjacent land and water surfaces. Similarly,
Sentinel-2 RGB imagery highlighted the sandy beach areas with their distinct bright
signatures, clearly separating them from vegetated and water regions. These combined
validations ensured the reliability of the selected regions for further analysis, accurately
representing both vegetation and sandy beach areas as shown in Figure 4.12. For each
study site, Sentinel-2 datasets were acquired within a temporal window of one week
before or after the corresponding SAR acquisitions.

The nominal noise equivalent sigma zero (NESZ) of the RCM CP StripMap modes
ranges between -17 dB for the very high resolution and -25 dB for the 16m spatial
resolution mode. However, the actual noise was found to be at least 4 dB better than the
nominal. This system noise ensures sufficient sensitivity for detecting targets with low
backscatter, such as water surfaces and smooth terrain, while maintaining robustness
for vegetation and coastal studies. The improved NESZ across all CP modes contributes
to the reliability of RCM data for quantitative remote sensing applications, including

classification and change detection. Several studies have validated the performance of
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Sentinel-2 RGB - NDVI

Athabasca Lake ~ Athabasca Lake

Figure 4.12 Comparative analysis of vegetated and sandy shorelines using Sentinel-2 RGB
and NDVTI data.

Table 4.4 Summary of RCM HP SAR data used for the sub-Arctic lake case studies.

Case study Coast type Satellite Acquisition date Incidence angle (°)
Lake Athabasca (1)  Vegetated RCM 2 13 Jul 2023 38-40 (High AOI)
RCM 3 16 May 2023 20-22 (Low AOI)
Ryan Lake (2) Vegetated RCM 2 1 Jul 2023 38-40 (High AOI)
RCM 3 16 May 2023 20-22 (Low AOI)
Bustard Island (3) Sandy RCM 1 3 Jun 2023 40-42 (High AOI)
RCM 3 9 Jun 2023 20-22 (Low AOI)
Lake Athabasca (4) Sandy RCM 1 3 Jun 2023 40-42 (High AOI)
RCM 3 28 May 2023 22-24 (Low AOI)

the RCM CP modes and confirmed its stability and suitability for Earth observation
applications [71] and [72].



4.3 Sub-Arctic Lakes monitoring 56

4.3.3 Experimental results

This section presents the SAR-based analysis of lake waterlines using HP data acquired
by the RCM. The analysis focuses on seasonal observations across various landscapes,
including sandy coasts and vegetated shorelines, under different angles of incidence.
The following subsections describe the dataset characteristics, preprocessing steps, and

the polarimetric parameters used to assess waterline dynamics.

A.Vegetated Coasts

For each case study, the RH and RV graytones squared modulus, i.e. the Normalized
Radar Cross Section (NRCS), of RCM HP SAR images are shown. A window size of 5
x b pixels was used to estimate both the RH and RV channels in (2.7). The same 5
x 5 averaging window was consistently applied during the computation of the Stokes
parameters, ensuring uniform spatial smoothing across both polarimetric channels.

The format of Fig. 4.13, is consistent across all cases: the left column displays the
high AOI cases, while the right column shows the low AOI cases. Panels (a) and (c)
correspond to the RH images, and panels (b) and (d) correspond to the RV images.

In high AOI observations, as shown in Fig. 4.13 (a) and (b), there is a clear
contrast between land and water. At higher incidence angles, the radar signal interacts
more effectively with the vegetation canopy, penetrating deeper and enhancing volume
scattering within the vegetation. This leads to stronger backscatter from vegetated
areas. At the same time, the electromagnetic’s interaction with water surfaces is
dominated by specular reflection, which significantly suppresses backscatter from
water. This combination of enhanced volume scattering in vegetation and reduced
surface scattering from water creates a strong contrast, making the boundaries between
vegetation and adjacent water bodies distinct and easy to be detected. In contrast, the
low AOI observations shown in Fig. 4.13(c) and (d) exhibit limited contrast between
land and water. At lower incidence angles, the radar signal interacts more with surface
features, making the SAR sensor more sensitive to surface roughness. In vegetated
areas, the surface roughness of vegetation and water surfaces can appear similar in the
radar signal, reducing the difference in backscatter. As a result, boundaries between
vegetation and adjacent water bodies are less pronounced in low AOI imagery, making
land-to-water discrimination more challenging.

To further investigate the scattering behaviour shown in Fig. 4.13, we analyzed
external information about the local wind over the lake. For both SAR images,
acquired on 13 July 2023 at 01:04 (a—b) and on 16 May 2023 at 00:48 UTC time (c—d),
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Figure 4.13 NRCS images for case study 1 at high and low AOI. Panels (a) and (b)
correspond to the high AOI acquisition, while panels (c¢) and (d) correspond to the low AOI
acquisition. The same transect used for profile extraction is overlaid on all images. For visual
clarity, it is displayed as a dashed yellow line in panels (a) and (b) and as a dashed red line

in panels (c¢) and (d). The green and cyan boxes denote the representative ice and water
reference areas, respectively. All images are shown in grayscale using a decibel (dB) scale.

independent wind data were retrieved from the Fort Chipewyan RCS station, located
approximately 10 km from the study area. On 13 July, the wind speed was about
19 km/h at 01:00 UTC time, with only a 4-minute difference from the SAR acquisition
time. On 16 May, wind speeds ranged between 18-20 km /h from 00:00 to 01:00 UTC
time, corresponding to a maximum time difference of 12 minutes. Although spatial and
temporal colocation is not exact, analysis of external data supports the assumption
that wind speeds are relatively low to moderate during both acquisitions and almost
identical, so that the two acquisitions are basically not dependent on wind speed. In
both cases, no rain was present and the wind direction was similar.

Building on the observations in Fig. 4.13, we conducted a more detailed quantitative
analysis. First, a large area of 2,322 pixels encompassing both water and vegetation
regions was quantitatively analyzed in terms of histograms (see Fig. 4.14). The overall
histogram plots for RH and RV polarizations under both high- and low-AOI conditions
are shown in Fig. 4.14. These histograms confirm the increased separability between
water and vegetation at high AOI and the reduced contrast at low AOI, particularly in
the RH polarization. Furthermore, a quantitative transect analysis was conducted using
the same transect shown in Fig. 4.13, to illustrate differences in scattering behavior

between high and low AOI observations. As shown in Fig. 4.15, the profiles agree with
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the expected performance of backscattering under varying AOI conditions. Specifically,
the contrast is more pronounced in high-AOI observations and becomes less distinct at
low AOI. Over water, the backscatter difference between high and low AOIs reaches

up to approximately 15 dB, while over vegetation it remains within 2 dB.
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Figure 4.14 Histograms of vegetation (green) and water (blue) for case study 1,
corresponding to the selected rectangles in Fig. 4.13. Panels (a) and (b) show the RH and
RV RCM channels under high-AOI conditions, respectively, while panels (c¢) and (d)
correspond to the same channels under low-AOI conditions.

Having established the backscattering characteristics through the NRCS analysis,
we next investigate the polarimetric behavior to better exploit the information available
from m (2.10), EP (2.11), EP-STD (2.12).

Building on the observations in Fig. 4.16, we extend the analysis beyond backscatter
intensity to examine the polarimetric indicators derived from RCM HP data. Following
the approach used in the NRCS analysis, a total of 2,322 pixels crossing the waterline,
as shown in Fig. 4.13, were quantitatively evaluated in terms of histograms of the
EP and its (EP_std), as presented in Fig. 4.17. Panels (a) and (b) correspond to
high-AOI conditions, while panels (¢) and (d) correspond to low AOI conditions.
The blue bars represent water pixels, and the green bars represent vegetation pixels.
The histograms confirm that under low AOI conditions, water pixels exhibit very

stable polarimetric behavior, with EP values approaching unity and low variability
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Figure 4.15 Plots of RH and RV NRCS (in dB) along the transect, see selected lines in Fig.
4.13. The green-shaded area indicates the vegetated region, while the blue-shaded area
corresponds to the open water.

(EP_std near zero). Conversely, vegetation pixels show broader distributions and
lower EP values, indicating greater scattering complexity. At high AOI, both EP and
EP_std distributions broaden, reflecting higher polarimetric variability, particularly
over vegetation surfaces. To complement the statistical analysis based on histograms,
a spatial examination was also performed to better capture localized variations in
polarimetric behavior across the waterline. This transition from area-based statistics
to transect-based profiles enables a direct comparison of polarimetric stability and
contrast along the land—water boundary. In this subsequent analysis (see Fig.4.18),
corresponding to the Low AOI condition, features m and the EP are shown along a
representative transect. Although the histograms in Fig.4.17 are based on EP and
EP_ std, the transect plots in Fig.4.18 use EP and m.

To quantify these qualitative observations, the mean EP and EP_ std values were
computed for each case study and surface type under both Low and High AOI condi-
tions. These results, summarized in Table 4.5, provide a statistical evaluation of the
polarimetric stability and enable direct comparison between water and vegetations
surfaces. Each value was computed from the same 2,322-pixel sample used in the
histogram analysis.

A second independent vegetated waterline was also investigated (Fig. 4.19), corre-
sponding to case study 2 (see Table 4.4). The NRCS analysis presented in Fig. 4.19 is
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Figure 4.16 Polarimetric features maps relevant to case 1. On the left (right) column the

High (Low) AOI are considered. In (a) and (c)m is shown, in (b) and (d) the EP.
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Figure 4.17 Histograms of vegetation (green) and water (blue) for case study 1,
corresponding to the selected rectangles in Fig. 4.13. Panels (a) and (b) show the EP and
EP_ std under high-AOI conditions, respectively, while panels (c¢) and (d) correspond to the

same channels under low-AOI conditions.
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Figure 4.18 Plots of m and EP along the transect for case study 1 in Fig. 4.13. The
green-shaded area indicates the vegetated region, while the blue-shaded area corresponds to
the open water.

Table 4.5 EP and its (EP_ std) for water and vegetation under low- and high-AOI
conditions across four case studies. Fach value was computed from 2,322 pixels.

Case | Water — Low AOI | Water — High AOI | Vegetation — Low AOI | Vegetation — High AOI
EP EP_ std EP EP_std EP EP_ std EP EP_ std
1 0.9979 0.0014 0.8429 0.0839 0.6717 0.2456 0.5229 0.3015
2 0.9954 0.0032 0.7829 0.1446 0.7200 0.2078 0.4716 0.3499
3 0.9794 0.0073 0.8960 0.0387 0.7710 0.1926 0.6703 0.2258
4 0.9829 0.0091 0.8966 0.0454 0.6067 0.2665 0.3607 0.3540

consistent with the findings obtained for case study 1, confirming that land—water con-
trast is more pronounced under high angle of incidence (AOI) conditions and decreases
at lower AOI. As in the previous case, ancillary wind data were examined to assess
environmental effects. For the acquisition on 1 July 2023 (panels a—b) at 01:04 UTC,
the recorded wind speed was approximately 10 km/h at 01:00 UTC, corresponding
to a time difference of only 4 minutes. For the 16 May acquisition (panels c—d), wind
speeds ranged between 18 and 20 km/h from 00:00 to 01:00 UTC, with a maximum
temporal offset of 12 minutes from the SAR acquisition time. The nearest meteorologi-
cal station is located approximately 43 km from the study area. The overall analysis
of the available wind records indicates comparable low-to-moderate wind conditions
for both dates, supporting the conclusion that the observed differences in backscatter

are primarily driven by radar geometry rather than atmospheric forcing.
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Figure 4.19 NRCS RCM HP images for case study 2. Panels (a) and (b) show the RH and

RV channels acquired at high AOI, respectively, while panels (c) and (d) present the RH and

RV channels acquired at low AOI. All images are displayed in grayscale using a decibel (dB)
scale.

The polarimetric features demonstrate a clear improvement under low-AOI condi-
tions, which is of both theoretical and practical relevance (see Fig. 4.20). In addition,
basic polarimetric indicators were examined to verify the consistency of Case 2 with
Case 1. EP and its (EP_std), illustrated in Fig.4.20, follow trends consistent with those
reported in Table 4.5. Specifically, higher polarimetric stability is observed over water
and greater variability over vegetation, particularly under low-AOI conditions. These
results further confirm that polarimetric features enhance waterline discrimination,
even in cases where NRCS contrast is limited.

In summary, these experiments suggest that proper polarimetric features can be
particular relevant in the case of low contrast NRCS SAR HP images.

B. Sandy Coasts

The figure format for the NRCS images is identical to that used in the previous figures
(see Fig. 4.21 and Fig. 4.22). The subjective analysis of these images clearly shows
that the high AOI is better than the low AOI but now the contrast is not negligible
even in the low AOI cases.

With respect to case 3, external acquisition refer to 3 june 2023, see Fig. 4.21 (a-b),
at 01:04 UTC time, the wind speed is about 15 km/h, about 4.17 m/s, at 01:00 UTC

time with 4 minutes difference. On 9 june, see Fig. 4.21 (c-d), wind speeds ranged
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Figure 4.20 Polarimetric features maps relevant to case 2. On the left (right) column the
High (Low) AOI are considered. In (a) and (c) m is shown, in (b) and (d) the EP.
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Figure 4.21 NRCS RCM HP images for case study 3. Panels (a) and (b) show the RH and

RV channels acquired at high AOI, respectively, while panels (c¢) and (d) present the RH and

RV channels acquired at low AOI. All images are displayed in grayscale using a decibel (dB)
scale.

between 8-11 km/h from 00:00 to 01:00 UTC time, corresponding to a maximum time
difference of 12 minutes. No rain is present. In this cases the weather station is about
30 km away. Analyzing all independent wind information we can reasonably state that
wind follows low to moderate regimes.
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Figure 4.22 NRCS RCM HP images for case study 4. Panels (a) and (b) show the RH and

RV channels acquired at high AOI, respectively, while panels (c¢) and (d) present the RH and

RV channels acquired at low AOI. All images are displayed in grayscale using a decibel (dB)
scale.

With reference to case 4 acquisitions refer to 3 june 2023, see Fig. 4.22(a-b), at
01:04 UTC time, the wind speed was 15 km/h, at 01:00 UTC time with 4 minutes
difference. On 28 may, see Fig. 4.22 (c-d), wind speeds ranged between 14-18 km/h
from 00:00 to 01:00 UTC time, corresponding to a maximum time difference of 12
minutes. No rain is present. In this case the weather station was about 37 km away.
In this case, low to moderate wind regime is in place.

In addition to the NRCS analysis, the corresponding polarimetric features were
also evaluated (see Fig. 4.23 and Fig. 4.24). Although a detailed polarimetric study
is beyond the scope of this section, the m and EP maps provide valuable qualitative
insights. The waterlines appear more distinct in terms of contrast, particularly under
low-AOI conditions, supporting the general trends observed in the vegetated cases.

Quantitatively, the EP and its (EP_std) for these sandy cases follow the same
pattern as summarized in Table 4.5. Higher EP values and lower EP_std are consistently
observed over water surfaces, while sandy and land areas show greater variability. This
confirms that, even in coastal environments with complex scattering, the polarimetric
indicators maintain their ability to distinguish between surface types.

To provide a quantitative measure of the separability achieved by each polarimetric
parameter, a statistical comparison was conducted using the Bhattacharyya distance.

Table 4.6 summarizes the Bhattacharyya distances values for the four polarimetric
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Figure 4.23 Polarimetric features maps relevant to case 3. On the left (right) column the
High (Low) AOI are considered. In (a) and (c) m is shown, in (b) and (d) the EP.
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Figure 4.24 Polarimetric features maps relevant to case 4. On the left (right) column the
High (Low) AOI are considered. In (a) and (c) m is shown, in (b) and (d) the EP.

metrics (RH, RV, m, and EP) across the four case studies under both low and high
AOI conditions. A larger Bhattacharyya distance indicates stronger class separability
between land and water. Under low AOI, the m parameter consistently shows the
highest separability (Bhattacharyya distances up to 12.35), followed by EP in some
cases, while RH and RV generally yield very low Bhattacharyya distances values,

indicating weak discrimination. In contrast, at high AOI the situation reverses: RH
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and RV exhibit extremely high Bhattacharyya distances values (e.g., RH = 74.01,
RV = 31.23), reflecting strong discrimination, whereas m and EP drop to very low
values, indicating poor separability. These results highlight that the most effective
discriminating metric strongly depends on the AOI, with m performing best under low
AOI and RH/RV dominating under high AOT.

Table 4.6 Bhattacharyya distance (BD) for four polarimetric metrics under low and high
AOI conditions. Larger BD values indicate greater class separability.

Case Low AOI High AOI
RH RV m EP RH RV m  EP

Case 1 0.49 0.81 12.35 224 74.01 23.95 0.60 0.30
Case 2 0.06 0.18 193 1.17 69.82 31.23 0.25 0.14
Case 3 4.26 1.88 1.19 0.19 50.18 11.60 2.11 0.24
Case4 3.25 1.39 11.67 1.14 3491 12.17 241 0.87

4.3.4 Conclusive Remarks

In this part of the study, the changing waterlines of several sub-Arctic lakes in Alberta
were examined using HP SAR data from the RCM in 2023. Four sites were chosen to
capture a range of conditions, including both vegetated and sandy shorelines observed
under different radar viewing angles. To check and refine the results, Sentinel-2 RGB
images and NDVI data were used to confirm the position of lake boundaries. Together,
these datasets provided a detailed picture of how land and water interact across different

surface types and observation geometries. The main findings are summarised below:

« Incidence angle effect: High AOI images provided strong contrast between
water and land, especially along vegetated coasts, due to enhanced volume
scattering in vegetation and reduced backscatter from smooth water. Low AOI

cases were more challenging, with weaker class separations.

» Role of polarimetric features: The parameters m and EP markedly improved
discrimination in low AOI conditions, particularly for vegetated waterlines. Bhat-
tacharyya distance analysis showed that m achieved the highest separability at
low AOI, while RH and RV dominated at high AOI.

« Vegetated vs. sandy coasts: Vegetated shorelines benefited most from

polarimetric features, whereas sandy shorelines showed weaker but still measurable
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improvements. Narrow sandy zones posed challenges due to mixed scattering

within a single SAR resolution cell.

« Quantitative performance: Under high AOI, RH and RV achieved very strong
separability (e.g., RH = 74.01 in Case 1), whereas under low AOI, m reached

values up to 12.35, outperforming amplitude-only metrics.

Significance and alignment with aims. The results presented in this section
address the main goals of this dissertation, particularly the second and third research
aims introduced in Chapter 1. The focus here is on detecting and outlining waterlines,
rather than tracking long-term temporal changes. Even so, the findings contribute to the
broader monitoring objective by showing that CP SAR data can improve the accuracy
and interpretation of boundary detection. In addition, the analysis of the polarimetric
parameters m and EP supports the third aim by providing useful information about
how scattering behaviour varies with surface type and imaging geometry. When viewed
together with the Antarctic and glacier case studies, these results highlight the value

of polarimetric SAR for studying cryospheric and hydrological boundaries in Canada.

Outlook. The results show that CP features can be used effectively to monitor
waterlines in sub-Arctic lakes. More testing with longer data records is needed to assess
how stable these features are during flooding, ice cover, and other strong weather events.
Using the same approach across other northern lakes would help determine whether the
patterns observed here also occur elsewhere and how local shoreline changes connect

to broader hydrological and climatic effects.



Chapter 5

Conclusion and Future Work

5.1 Conclusions

This dissertation examined how polarimetric and multi-polarisation SAR data can be
used to monitor cryospheric and hydrological boundaries. Detecting the edges of ice
fronts, icebergs, and lake shorelines remains a challenging task, especially in polar and
sub-Arctic regions where frozen seas, vegetation, and sandy coasts all influence radar
backscatter. PoISAR however, offers additional information beyond single-pol images,
allowing a more physical interpretation of scattering and boundary behaviour.

The research focused on how polarisation and imaging geometry affect scattering
and the ability of C-band SAR to detect and track boundaries under different conditions.

The analysis was organised around four main case studies:

1. The short- and long-term dynamics of the DIT in East Antarctica using Sentinel-1
data;

2. The drift and scattering behaviour of the C33 iceberg in Terra Nova Bay, using

Sentinel-1 dual-pol observations;

3. The temporal evolution of the d’Iberville Glacier front on Ellesmere Island
(Nunavut) from 2010 to 2022, analysed with Radarsat-2 and Sentinel-1 data; and

4. The detection of shorelines in sub-Arctic lakes in Alberta, based on RCM CP

imagery.

Together, these case studies form a consistent framework for evaluating how polari-
metric SAR performs across very different environments, from Antarctic glaciers and

icebergs to northern Canadian lakes.
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5.1.1 Key Findings

For the DIT, advance rates averaged around 670 m/year (typically 600-800 m/year),
confirming its ongoing instability and matching previous C-band studies. Turning
to the C33 iceberg, the cross-polarised HV channel provided the clearest boundary
contrast, while parameters derived from the covariance matrix, especially the DoP,
helped describe how scattering evolved during its 67 km drift.

For the d’Iberville Glacier the front retreated at an average rate of roughly 160
m/year between 2010 and 2022, though with significant year-to-year variability, from
about 514 m/year in 2010-2011 to near stability in 2021-2022. The total surface loss
was around 2.2 km?.

In the RCM lake analysis, incidence angle emerged as the dominant control. High
AOI (38-42°) improved contrast over vegetated coasts by enhancing volume scattering,
whereas low AOI (20-24°) reduced this contrast. Under such low-angle conditions,
compact polarimetric parameters such as the Degree of Polarisation (m) and EP
became more effective for detecting complex or mixed shorelines.

Across all studies, two factors consistently governed boundary detection: (i) imaging
geometry, particularly the incidence angle, and (ii) the inclusion of polarimetric
information (dual-pol or CP). Together, these determine how clearly and reliably

boundaries can be identified in SAR imagery.

5.1.2 Limitations

The results reflect the specific setup of C-band sensors, viewing geometry, and pro-
cessing parameters used in this research (e.g., multilooking, CFAR thresholds, terrain
correction). Optical reference images were typically acquired within +3 days of the
SAR data, so some differences in shoreline position may result from tidal variation or
short-term changes in water level. The 16 m spatial resolution of RCM also means
that narrow beaches or transition zones may fall within a single pixel, reducing spatial
precision. Nevertheless, the land—water contrasts were generally stable and only weakly

affected by noise or short-term wind effects.

5.1.3 Synthesis and Significance

Overall, this work shows that polarimetric SAR can be applied systematically to
monitor cryospheric and hydrological boundaries. By linking imaging geometry and
polarisation type to detection quality, it provides a basis for developing monitoring

methods that adapt to changing environmental and viewing conditions.
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From an operational perspective, several practical guidelines can be drawn:

High AOI (38-42°): RH and RV (NRCS) channels work best for vegetated

shorelines;

Low AOI (20—24°): compact polarimetric parameters (m, EP) are preferred
when NRCS contrast is limited;

Sea-ice and iceberg zones: HV or DoP-based features enhance edge visibility.

These results highlight how combining geometric configuration with polarimetric

information improves both the scientific understanding and operational monitoring of

rapidly changing northern and polar environments.

5.2

Future Developments

The findings of this dissertation open several directions for further investigation and

refinement of polarimetric SAR applications in cryospheric and hydrological studies:

1.

Higher-resolution RCM analysis: Future work should take advantage of the
newer high-resolution imaging modes of the RCM such as Spotlight and Fine
Quad. These modes, with pixel spacing below 5 m, can resolve narrow beaches,
thin ice margins, and vegetated shorelines that were only partly captured in
the present analysis. Studying how spatial resolution affects the behaviour of
polarimetric parameters such as m and EP would help to improve boundary

delineation in mixed land—water areas.

Thickness estimation using L-band SAR: Extending the study to longer
wavelengths, such as L-band data from the NISAR mission, would provide valuable
information about ice and snow thickness. The increased penetration depth at
L-band enhances sensitivity to subsurface and volume scattering. Combining
L-band polarimetric parameters with coherence or backscatter attenuation could
support the development of empirical approaches for estimating thickness in

glacier and lake environments.

Regional and temporal extension: The methods developed here could be
applied to additional glaciers, icebergs, and lakes across both hemispheres to test
their consistency under different environmental conditions. A longer time series
would also allow assessment of the temporal stability of compact-polarimetric

parameters during seasonal transitions such as freeze, melt, and flood events.
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4. Climatic integration: Relating SAR-derived boundary changes to environ-
mental variables such as air temperature, wind speed, precipitation, and river
discharge would clarify the processes driving the observed surface variability.
Integrating these factors would enhance the physical interpretation of SAR

observations within a broader climatic context.

5. Next-generation sensors: Applying the same analytical framework to upcom-
ing missions—including, NISAR (L-band), and BIOMASS (P-band)—will extend
the available spectral range and enhance the monitoring of regions affected by

volume scattering, surface roughness, and complex terrain geometry.

6. Automated and adaptive processing: Developing algorithms that automati-
cally identify the most suitable polarimetric features for specific incidence angles

and surface types would enable near-real-time monitoring and operational use of
CP SAR data.

7. Uncertainty assessment: Future analyses should include a quantitative evalua-
tion of accuracy using confidence intervals for RMSE, contrast, and Bhattacharyya
distance. Establishing these error estimates will ensure comparability between

different sensors and study regions.

8. Multi-frequency comparison: Finally, examining whether the relationships
between NRCS, DoP, and EP observed at C-band also hold at other frequencies,
including shorter wavelengths such as X-band and longer wavelengths such
as L- or P-band, would help to generalise the findings and provide a more
comprehensive understanding of wavelength-dependent scattering mechanisms

across both surface- and volume-dominated regimes.
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