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Abstract

Radar remote sensing is an essential tool for observing Earth’s cryosphere and has revolu-
tionized our understanding of the state and dynamics of glaciers, ice sheets, and snow cov-
ers in the context of a changing climate. Beyond terrestrial snow and ice, radar imaging is
a crucial technology for future exploration missions to the so-called icy moons of the giant
planets, of which Saturn’s moon Enceladus has recently been identified as the key target for
investigating habitability on other worlds. Especially synthetic aperture radar (SAR) imag-
ing has been extensively used for monitoring snow covers as well as the extent and dynamics
of glaciers and ice sheets. Besides basic SAR imagery, SAR interferometry (InSAR) and to-
mography (TomoSAR) provide unparalleled measurement capabilities for the observation of
Earth’s cryosphere. Although modern radar remote sensing techniques like InSAR and To-
moSAR are considered standard in Earth Observation (EO), they have not yet been adopted
for the exploration of icy moons due to increased system complexity and strong orbit perturba-
tions. However, these techniques have been recently identified as key developments for future
exploration missions to Saturn’s moon Enceladus. Upcoming Earth Observation (EO) SAR
missions will acquire SAR, InSAR and TomoSAR data incorporating advanced capabilities,
by: 1) operating at lower frequencies (e.g., in the P- and L-band), resulting in considerable
signal penetration into snow and ice covers, ii) providing very high spatial resolution, and/or
iii) acquire as a satellite constellation to provide multi-aspect observations. The radar signal
penetration capability at lower frequencies allows to image structures and processes within or
underneath the snow and ice cover. Besides these opportunities, the penetration of the signals
results in position ambiguities of imaged features, as well as biases and distortions in InNSAR
and TomoSAR products. An additional dimension of information in SAR observations of snow
and ice that has not received much attention in the past is the propagation effect on the SAR

signals when penetrating in the snow and ice volumes.

The aim of this thesis is to improve SAR, InSAR and TomoSAR imaging techniques
for snow and ice observation in the frame of future EO and planetary missions by
developing novel approaches for exploiting and compensating SAR signal propagation

effects, as well as enabling InSAR and TomoSAR for the exploration of icy moons.

This thesis presents several novel concepts grouped into four research objectives. First, it
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describes the information content in single SAR images regarding snow and ice volume prop-
erties and introduces new single-image retrieval approaches that can be applied independently
of polarimetric, interferometric, or tomographic information. These single-image approaches
are highly relevant in scenarios where interferometric or tomographic information is unavail-
able (e.g., in planetary exploration missions), as well as for calibrating interferometric and
tomographic products over ice sheets and glaciers.

The remaining research objectives focus on advancing SAR interferometric and tomographic
techniques for snow and ice observation. The second objective assesses the feasibility and po-
tential of using repeat-pass InSAR and TomoSAR for exploring icy moons, particularly within
the context of an Enceladus mission scenario. Despite the strong orbit perturbations around
Enceladus, highly stable repeat-pass orbits are designed to meet the stringent conditions for
InSAR and TomoSAR. This assessment is adopted in a mission proposal currently being de-
veloped at the Jet Propulsion Laboratory (JPL), targeting repeat-pass InSAR observations of
Enceladus for deformation and topography mapping.

The third objective addresses the significance of commonly ignored propagation effects in
elevation measurements of ice sheets and glaciers using InSAR. These propagation effects
result in considerable geolocation errors of meters to tens of meters beyond the well-known
penetration bias. Several adapted processing approaches are developed to accommodate the
propagation effects in terms of range and phase offsets, representing an important step toward
a robust penetration bias calibration in InSAR elevation products.

The final objective tackles the limitations of current differential InNSAR (D-InSAR) tech-
niques for retrieving snow parameters. A novel explanation of temporal decorrelation over
snow-covered areas is provided, linking snow density changes to the decorrelation of SAR
signals caused by changes in the wavenumber within the snow volume. Additionally, methods
to mitigate the 27 phase ambiguity of the interferometric measurement are developed by ex-
ploiting multiple D-InSAR acquisitions with different squint angles, which can also serve as a
direct measurement of snow density. The upcoming Harmony mission by the European Space
Agency (ESA) is a suitable candidate to implement these developed concepts due to its large
squint diversity among the satellite constellation.

This thesis demonstrates the significant potential of synergistically developing terrestrial and
planetary radar remote sensing. It advances the state-of-the-art of SAR imaging techniques for

observing glaciers, ice sheets, and snow covers, as well as for exploring icy moons.
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Kurzzusammenfassung

Die Radarfernerkundung ist ein unverzichtbares Werkzeug zur Beobachtung der Kryosphire
der Erde und hat unser Verstindnis des Zustands und der Dynamik von Gletschern, Eisschil-
den und Schneevorkommen im Kontext des Klimawandels grundlegend verdndert. Neben der
Beobachtung terrestrischer Schnee- und Eisvorkommen ist die Radarbildgebung eine Schliis-
seltechnologie fiir zukiinftige Explorationsmissionen zu den sogenannten Eismonden der Gas-
riesen, wobei der Saturnmond Enceladus kiirzlich als Hauptziel fiir die Erforschung von extra-
terrestrischen Welten identifiziert wurde, die potenziell die notwendigen Bedingungen fiir die
Entwicklung von Leben aufweisen. Besonders die Synthetische Apertur Radar (SAR) Tech-
nik wird intensiv zur Beobachtung von Schneevorkommen sowie der Ausdehnung und Dyna-
mik von Gletschern und Eisschilden genutzt. Neben der klassischen SAR-Bildgebung bieten
SAR-Interferometrie (InSAR) und Tomografie (TomoSAR) einzigartige Messmoglichkeiten
zur Beobachtung der Kryosphire der Erde. Obwohl InSAR und TomoSAR in der Erdbeob-
achtung mittlerweile Standard sind, werden sie aufgrund der erhohten Systemkomplexitidt und
der limitierten Navigationsgenauigkeit bei planetaren Missionen bisher nicht fiir die Erkun-
dung von Eismonden eingesetzt. Allerdings wurden diese Techniken kiirzlich als entscheiden-
de Messmethoden fiir zukiinftige Missionen zum Saturnmond Enceladus identifiziert. Kom-
mende SAR-Missionen zur Erdbeobachtung werden SAR-, InSAR- und TomoSAR-Daten in
neuartigen Konfigurationen erfassen, wobei sie: 1) Signale in niedrigeren Frequenzen (z. B. im
P- und L-Band) nutzen, was eine erhebliche Eindringung in Schnee und Eis ermdglicht, ii)
eine sehr hohe rdumliche Auflosung bieten und/oder iii) als Satellitenkonstellation operieren,
um Mehrfachbeobachtungen aus verschiedenen Blickwinkeln zu ermdglichen. Die Eindring-
fahigkeit bei niedrigeren Frequenzen erlaubt es, Strukturen und Prozesse innerhalb oder unter
der Schnee- und Eisdecke abzubilden, kann jedoch auch zu Positionsungenauigkeiten der ab-
gebildeten Strukturen sowie zu Verzerrungen und Verschiebungen in InSAR- und TomoSAR-
Produkten fiihren. Ein bisher wenig beachteter Aspekt bei der SAR-Bildgebung von Schnee
und Eis ist der Einfluss von Signalausbreitungseffekten, wenn die Radarsignale in die Schnee-

und Eisvolumina eindringen.

Ziel dieser Dissertation ist es, SAR-, InSAR- und TomoSAR-Bildgebungstechniken
zur Beobachtung von Schnee und Eis im Rahmen zukiinftiger Erdbeobachtungs- und



Planetenmissionen zu verbessern. Dies wird durch die Entwicklung neuer Ansdtze zur
Nutzung und Kompensation von SAR-Signalausbreitungseffekten sowie durch die An-

wendung von InSAR und TomoSAR fiir die Erforschung von Eismonden erreicht.

Diese Arbeit stellt mehrere neuartige Konzepte vor, die in vier Forschungsziele unterteilt
sind. Zundchst wird der Informationsgehalt in einzelnen SAR-Bildern in Bezug auf Eis- und
Schneeparameter beschrieben und neue Ansitze zur Informationsgewinnung aus Einzelbildern
entwickelt, die unabhiingig von polarimetrischen, interferometrischen oder tomografischen
Aufnahmen angewendet werden konnen. Diese Einzelbildansitze sind besonders in Szenarien
relevant, in denen interferometrische oder tomografische Daten nicht verfiigbar sind (z. B. bei
Planetenmissionen), sowie zur Kalibrierung interferometrischer und tomografischer Produkte

tiber Eisschilden und Gletschern.

Die weiteren Forschungsziele sind fokussiert auf die Fortentwicklung interferometrischer
und tomografischer SAR-Techniken zur Beobachtung von Schnee und Eis. Das zweite Ziel
untersucht die Realisierbarkeit und das Potenzial von repeat-pass InSAR- und TomoSAR-
Konzepten zur Erforschung von Eismonden, insbesondere im Kontext einer Enceladus Missi-
on. Trotz der starken Bahnstorungen um Enceladus konnen stabile repeat-pass Orbits iden-
tifiziert werden, die die herausfordernden Bedingungen fiir INSAR und TomoSAR erfiillen.
Die entwickelten Orbitkonzepte flieBen in einen Missionsvorschlag ein, der derzeit am Jet
Propulsion Laboratory (JPL) entwickelt wird und auf repeat-pass InSAR-Beobachtungen von

Enceladus zur Deformations- und Topografiekartierung abzielt.

Das dritte Ziel adressiert die Bedeutung von Ausbreitungseffekten bei der Hohenmessung
von Eisschilden und Gletschern mittels InSAR. Diese Effekte konnen zu erheblichen Geolo-
kalisierungsfehlern von einigen Metern fiithren, zusétzlich zu dem allgemein bekannten Bias-
Effekt durch die Eindringung in das Volumen. Es werden mehrere angepasste Verarbeitungs-
ansitze entwickelt, um die Ausbreitungseffekte hinsichtlich Signalverzogerung und Phasen-
versatz zu beriicksichtigen, was einen wichtigen Schritt zur robusten Kalibrierung der Signal-

eindringung in InSAR-Hohenmessungen darstellt.

Das letzte Ziel befasst sich mit den Einschriankungen differenzieller InSAR-Techniken (D-
InSAR) zur Messung von Schneeparametern. Eine neuartige Erkldrung der temporalen De-
korrelation iiber schneebedeckten Gebieten wird vorgestellt, die Verdnderungen der Schnee-
dichte mit der Dekorrelation der SAR-Signale in Verbindung bringt, die durch Anderungen
der Wellenzahl im Schneevolumen verursacht wird. Dariiber hinaus werden Methoden zur
Kompensation der 27-Phasenmehrdeutigkeit bei interferometrischen Messungen entwickelt,
indem mehrere D-InSAR-Aufnahmen mit unterschiedlichen Schielwinkeln genutzt werden.
Diese Methode kann auch als direkte Messung der Schneedichte dienen. Die bevorstehende

Harmony Mission der Europédischen Weltraumorganisation (ESA) ist ein geeigneter Kandidat
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fiir die Implementierung dieser Konzepte, da sie eine groBe Schielwinkeldifferenz innerhalb
der Satellitenkonstellation aufweist.

Diese Dissertation zeigt das erhebliche Potenzial einer gemeinsamen Entwicklung der ter-
restrischen und planetaren Radarfernerkundung und bringt den Stand der Technik in der SAR-
Bildgebung zur Beobachtung von Gletschern, Eisschilden und Schneevorkommen sowie zur

Erforschung von Eismonden entscheidend voran.
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1 Introduction

Radar remote sensing offers unparalleled advantages for the observation and exploration of
Earth’s cryosphere and ice-covered planetary bodies, providing critical data that enhance our
understanding of these environments. The benefits of radar compared to other sensor modal-
ities mainly stem from its capability to: i) sense almost-independent of solar illumination
and atmospheric conditions, ii) provide high spatial resolution and large coverage, iii) image
structures and processes within or underneath the snow and ice cover due to its penetration ca-
pability, and iv) measure deformations, movements, and topography not only at high accuracy,

but also fine resolution and wide coverage.

A major milestone in the development of radar remote sensing was the conception of the syn-
thetic aperture radar (SAR) principle by Carl A. Wiley [1]. SAR provides metric or sub-metric
resolution imaging independent of the range distance and sensing frequency. The launch of the
first civilian SAR satellite, Seasat, in 1978 [2] by the National Aeronautics and Space Admin-
istration (NASA) ushered in an era of success of spaceborne SAR remote sensing. This success
was marked by multiple SAR satellite launches in the 1990s and 2000s, with a rapid increase
in recent years. Currently, more than 50 civilian SAR satellites are operational, deployed
by both space agencies and the commercial sector. The application spectrum of SAR has
been broadened by the development of new techniques that exploit multiple SAR images ac-
quired in different polarizations (SAR polarimetry), at slightly different incident angles (SAR
interferometry and SAR tomography), and/or at different times (differential SAR interferom-
etry) [3—8]. Some prominent examples of currently active SAR sensors for Earth observation
are: TerraSAR-X and TanDEM-X (X band) by the German Aerospace Center (DLR) and Air-
bus [9, 10], Sentinel-1 (C band) by the European Space Agency (ESA) [11], and ALOS-2 (L
band) by the Japan Aerospace Exploration Agency (JAXA) [12]. The application of SAR for
planetary exploration was pioneered by the SAR instruments of the Venera 15 and 16 probes
(Soviet Union) and the Magellan mission (NASA) to image the surface of Venus through its
dense atmosphere [13, 14]. Another notable application of SAR in planetary exploration was
the imaging of Saturn’s moon Titan and other icy moons of Saturn by the RADAR instrument
of the Cassini Mission (NASA) [15].
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1.1 Motivation

The first publications presenting SAR imagery over glaciers were introduced in works such
as [16-18], utilizing data from both airborne systems and Seasat. These early images demon-
strated the potential of SAR for identifying surface and subsurface features, including flow-
lines and crevasses, and for classifying glacier zones or facies characterized by varying radar
backscatter. Since then, spaceborne SAR measurements from nearly all civilian SAR sensors
across different frequency bands have been extensively used for snow cover mapping, clas-
sification, and characterization [19-23]. They have also been instrumental in monitoring the
extent, composition, and dynamics (i.e., temporal change) of glaciers and ice sheets [24-28].
Figure 1.1 shows a SAR image acquired by TerraSAR-X over the Drygalski glacier in Antarc-
tica, highlighting the capability of SAR to reveal high resolution characteristics of glaciers and
ice sheets. The development of SAR interferometry and SAR tomography significantly broad-
ened the application spectrum in the context of snow and ice observation. Classical applica-
tions are: glacier flow measurements using differential SAR interferometry (D-InSAR) and
speckle tracking, snow water equivalent (SWE) retrieval using D-InSAR, glacier mass balance
estimation using InSAR elevation measurements, and 3-D imaging of ice sheets and glaciers
using SAR tomography. Figure 1.2 shows an example of elevation change measurements over
the Northern Patagonian Ice Field using TanDEM-X data.

St .
W Ea e

Figure 1.1: TerraSAR-X image acquired over the Drygalski Glacier on the Antarctic Peninsula [29].

One distinctive characteristic of SAR signals when imaging snow and ice covers is their
ability to penetrate into the volume. Depending on the sensing frequency and the properties
of the snow and ice, the signals can penetrate to depths ranging from centimeters to hun-

dreds of meters. This capability allows for imaging structures and processes within or beneath
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Figure 1.2: Rate of elevation change over the Northern Patagonian Ice Field between 2000 and 2012,
derived from TanDEM-X data [30].

the snow and ice cover, as well as inferring dielectric properties (and related parameters) of
the penetrated volume. However, the penetration also introduces challenges, such as posi-
tion ambiguities of imaged features, and biases and distortions in SAR interferometric and
tomographic products [31-35]. A specific example is the so-called penetration bias in interfer-
ometric surface elevation measurements over ice sheets and glaciers [31,32]. A consequence
of the penetration that has so far only been given attention in few research works is the effect of
the dielectric properties of snow and ice on the SAR signal propagation characteristics, lead-
ing in a first consequence to a signal delay and redirection of the individual radar echoes, and
may result in a second consequence in shifts and defocusing of SAR image features, as well
as additional biases, distortions, and decorrelation in SAR interferometric and tomographic
products.

Beyond terrestrial snow and ice, during the Galileo and Cassini-Huygens missions by NASA
and ESA, the icy moons of Jupiter and Saturn were identified as key targets for future planetary
exploration missions. Especially Saturn’s icy moon Enceladus is in the spotlight of the plan-
etary science community and was recently selected as the prime target for the first large class
mission within ESA’s Voyage 2050 program [36]. Enceladus, with a diameter of just about
500 km, is a geologically active and differentiated body, likely consisting of a porous rocky
core and an ice shell separated by a global subsurface saltwater ocean [37]. The discovery of
plumes ejecting gas and ice particles through cracks in the ice crust of the south polar region,
along with the presence of complex organic molecules within the plume ejecta [38—40], has
brought Enceladus to the forefront for exploratory missions aimed at investigating habitability
on other worlds [41-45]. SAR instruments are expected to be a key enabling technology for the
exploration of icy moons, especially Enceladus [36]. The day-and-night capability of SAR can
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provide high-resolution imagery of the polar regions that experience winter darkness for peri-
ods of up to 15 years along the 30-year revolution period of the Saturn system around the Sun.
Furthermore, as demonstrated over decades for terrestrial ice sheets, SAR can provide unique
information on the structural and compositional properties of the ice crust of Enceladus to in-
fer past and present states of geophysical properties, tectonics, activity, and habitability [36].
Figure 1.3 shows two images acquired by the SAR instrument of the Cassini mission of Titan
[in panel a)] and Enceladus [in panel b)]. The dark features revealed in the SAR imagery of
Titan are expected to be lakes of liquid methane [46] on the icy surface of Titan. The imaged
swath at Enceladus (overlaid on an optical image) covers a region close to the south pole and is
the only SAR acquisition at Enceladus, highlighting the complementary information that SAR
provides with respect to optical imagery. Although SAR interferometry and tomography are
standard technologies for observing terrestrial snow and ice, they have not yet been used for
planetary exploration (apart from a few Earth-based observations), due to the increased system
and navigation complexity compared to Earth observation satellites. Triggered by the strong
interest in Enceladus as a future exploration target, orbital repeat-pass differential InSAR has
been identified as a key enabling technology for constraining the geophysical state and the state
of habitability of Enceladus through accurate deformation and topography measurements [47].
The limited navigation capability for a spacecraft orbiting Enceladus has been identified as the

most critical aspect that may prevent the feasibility of repeat-pass interferometric imaging [47].

5 ‘ £ o 010307 4o : MY
Figure 1.3: SAR imagery acquired during the Cassini mission of Saturn’s icy moons (a) Titan and (b)
Enceladus [48,49].
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1.2 Research Objectives and Scope of the Thesis

This thesis aims to advance SAR imaging techniques for the observation of terrestrial snow
and ice, as well as for the exploration of icy moons, with a specific focus on Enceladus mis-
sion scenarios. The advancements address two primary problem statements. First, the thesis
provides a detailed description of signal propagation effects in snow and ice on SAR measure-
ments and develops methods to compensate for and exploit these effects in applications based
on different SAR techniques, including simple SAR imagery, single-pass and differential SAR
interferometry, as well as SAR tomography. Second, it assesses the feasibility and potential of
modern radar remote sensing techniques, in particular, SAR interferometry and tomography,
for future Enceladus missions. The developments presented in this thesis are motivated by
the stringent boundary conditions of an Enceladus mission scenario, such as low instrument
complexity and limited navigation capability. Additionally, they address the need to improve
state-of-the-art SAR techniques for future terrestrial missions, demonstrating the significant
potential of a synergistic development of terrestrial and planetary radar remote sensing.

This cumulative thesis is based on the publications [Publ1], [Pub2], [Pub3], [Pub4], [Pub5],
[Pub6], and [Pub7] and addresses the following four research objectives, progressing from

simple SAR imaging to advanced interferometric and tomographic techniques:

RO, Modeling and exploiting SAR propagation effects in snow and ice for volumetric infor-

mation retrieval from single SAR acquisitions.

RO, Enabling orbital repeat-pass SAR interferometric and tomographic imaging of Ence-
ladus: feasibility and potential.

RO; Compensating and exploiting propagation effects for accurate single-pass InSAR eleva-

tion measurements of ice sheets and glaciers.

RO, Modeling and exploiting propagation effects in differential InSAR for snow parameter

retrieval.

Figure 1.4 shows the interconnection between the research objectives and the publications of
the thesis.

1.3 Organization of the Thesis

The cumulative thesis is organized as follows. In Chapter 1, the motivation and problem state-
ments, the research objectives, and the author’s contributions to the included publications are

described.
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RO
: || “Autofocus-based estimation of penetration depth and permittivity of
Modeling and exploiting SAR propagation effects || | ice volumes and snow using single SAR images” [Publ]
in snow and ice for volumetric information
retrieval from single SAR acquisitions. || “4volumetric P-band imaging concept for the SAR exploration of
Section 3.1 Saturn’s moon Enceladus” [Pub2]
RO,
“Periodic orbits for interferometric and tomographic radar imaging of
Enabling orbital repeat-pass SAR interferometric | [T RSEr o celnt [Pub3]
and tomographic imaging of Enceladus: feasibility
and potential. L) “Performance analysis of a repeat-pass InSAR mission for deformation
Steefitn i and topography mapping of Saturn’s moon Enceladus” [Pubd]
RO,
Comp ensatmg and exploiting p ropaga}lon effects “On the processing of single-pass InSAR data for accurate elevation
for accurate single-pass InSAR elevation — ) o,
measurements of ice sheets and glaciers. peasietieridfiice et Gnd gloeiets L]

Section 3.3

RO,

“On the decorrelation effect of dry snow in differential SAR
| interferometry” [Pub6]

Modeling and exploiting propagation effects in
differential InNSAR for snow parameter retrieval.

“Towards dry snow parameter estimation by simultaneous multiple
Section 3.4 squint differential InSAR” [Pub7]

Figure 1.4: Flow chart capturing the four research objectives of the thesis and the interconnections to
the publications that form the cumulative thesis.

Chapter 2 provides theoretical background beyond the discussions in the publications, rele-
vant for a better understanding of the findings in this thesis. An overview of relevant principles
of SAR techniques as well as signal propagation effects in snow and ice is given, followed by a
discussion of the state-of-the-art of SAR for terrestrial and planetary snow and ice observation.

Chapter 3 presents the contributions of this thesis to the advancement of SAR for terres-
trial and planetary snow and ice observation, addressing the four research objectives discussed
in Section 1.2 and listed in Figure 1.4. The chapter summarizes the findings of the publica-
tions, provides further information and results, relates them to a broader context, and proposes
prospects for future research. The chapter’s sections are aligned with the four research objec-
tives.

Chapter 4 summarizes the conclusions of this thesis.

1.4 Publications in the Frame of the Cumulative Thesis

The publications [Publ] to [Pub7] form the basis of this cumulative thesis and have been
developed in lead authorship by the author of this thesis. The publications are attached as
Annex at the end of the thesis. In the following, the author’s contribution to each of the
publications is listed, based on the classification of the CRediT-System (Contributor Roles

Taxonomy):
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* The publication [Publ], "Autofocus-based estimation of penetration depth and permit-
tivity of ice volumes and snow using single SAR images", originated in collaboration
with the DLR colleagues listed in the paper, where most parts of the publication’s con-
tent have been developed and composed by the author of this thesis. The following
contributions to [Publ] have been performed by the author of this thesis: conceptual-
ization, methodology, software, validation, formal analysis, investigation, data curation,
visualization, writing — original draft, and writing — review & editing. The subsequent
contributions originated in collaboration with the co-authors: software, writing — review
& editing.

* The publication [Pub2], "A volumetric P-band imaging concept for the SAR exploration
of Saturn’s moon Enceladus", originated in collaboration with the DLR colleague listed
in the paper, where most parts of the publication’s content have been developed and
composed by the author of this thesis. The following contributions to [Pub2] have been
performed by the author of this thesis: conceptualization, methodology, software, vali-
dation, formal analysis, investigation, visualization, writing — original draft, and writing
— review & editing. The subsequent contributions originated in collaboration with the

co-author: writing — review & editing.

* The publication [Pub3], "Periodic orbits for interferometric and tomographic radar
imaging of Saturn’s moon Enceladus", originated in collaboration with the DLR col-
leagues listed in the paper, where most parts of the publication’s content have been de-
veloped and composed by the author of this thesis. The following contributions to [Pub3]
have been performed by the author of this thesis: conceptualization, methodology, soft-
ware, validation, formal analysis, investigation, visualization, writing — original draft,
and writing — review & editing. The subsequent contributions originated in collabora-

tion with the co-authors: conceptualization, software, writing — review & editing.

* The publication [Pub4], "Performance analysis of a repeat-pass InSAR mission for de-
formation and topography mapping of Saturn’s moon Enceladus”, originated in collab-
oration with the colleagues from NASA JPL and DLR, listed in the paper, where large
parts of the publication’s content have been developed and composed by the author of
this thesis. The following contributions to [Pub4] have been performed by the author
of this thesis: conceptualization, methodology, software, validation, formal analysis, in-
vestigation, visualization, writing — original draft, and writing — review & editing. The
subsequent contributions originated in collaboration with the co-authors: conceptualiza-

tion, methodology, software, writing — review & editing.

* The publication [Pub5], "On the processing of single-pass InSAR data for accurate el-
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evation measurements of ice sheets and glaciers", originated in collaboration with the
DLR colleagues listed in the paper, where most parts of the publication’s content have
been developed and composed by the author of this thesis. The following contributions
to [Pub5] have been performed by the author of this thesis: conceptualization, methodol-
ogy, software, validation, formal analysis, investigation, visualization, writing — original
draft, and writing — review & editing. The subsequent contributions originated in collab-

oration with the co-authors: software, writing — review & editing.

The publication [Pub6], "On the decorrelation effect of dry snow in differential SAR
interferometry", originated in collaboration with the DLR colleagues listed in the paper,
where most parts of the publication’s content have been developed and composed by
the author of this thesis. The following contributions to [Pub6] have been performed by
the author of this thesis: conceptualization, methodology, software, validation, formal
analysis, investigation, data curation, visualization, writing — original draft, and writing
—review & editing. The subsequent contributions originated in collaboration with the

co-authors: writing — review & editing.

The publication [Pub7], "Towards dry snow parameter estimation by simultaneous mul-
tiple squint differential InSAR", originated in collaboration with the DLR colleagues
listed in the paper, where most parts of the publication’s content have been developed
and composed by the author of this thesis. The following contributions to [Pub7] have
been performed by the author of this thesis: conceptualization, methodology, software,
validation, formal analysis, investigation, data curation, visualization, writing — origi-
nal draft, and writing — review & editing. The subsequent contributions originated in

collaboration with the co-authors: writing — review & editing.



2 Background

This chapter aims to give an introduction into Synthetic Aperture Radar (SAR) techniques for
the monitoring of snow- and ice-covered regions in Earth Observation and planetary explo-
ration, providing relevant background beyond the discussions in the publications of this cumu-
lative thesis. Section 2.1 gives a brief overview of the technical background of SAR used for
snow and ice monitoring, focused on aspects needed for a better understanding and interpreta-
tion of the results presented in this thesis, namely basic SAR principles, SAR interferometry,
and SAR tomography. Ample references are provided for a more in-depth introduction of each
topic. Section 2.2 explains propagation and scattering effects of radar signals in snow and ice
volumes that are relevant for the techniques developed in the frame of this thesis. Section 2.3
summarizes the state-of-the-art of SAR applications for snow and ice monitoring, individually

for Earth Observation and planetary exploration.

2.1 SAR Techniques for Snow and Ice Observation

SAR is an active microwave imaging system which measures the two-dimensional complex
reflectivity of a scene [50]. Since the SAR principle was first suggested in the 1950s by Carl
Wiley [1], many airborne and spaceborne SAR systems have been used operationally. SAR
data have the advantage of a large coverage, potentially short revisit time, and day and night
imaging capability at almost all weather conditions [3], an important requirement for the mon-
itoring of terrestrial glaciers, ice sheets and snow covers experiencing polar night and cloud
cover for much of the year, as well as the polar regions of icy moons that experience long times
of winter darkness, e.g., roughly 15 years for Saturn’s moon Enceladus. Spatial resolutions on
the order of few meters make SAR imagery suitable not only for the rather homogeneous inte-
rior of ice sheets, but also for outlet and alpine glaciers that are typically characterized by more
complex structural and topographic properties. Radar signals in commonly used frequency
bands (e.g., from P to X band) significantly penetrate into optical non-transparent natural me-
dia such as snow, firn, and ice, providing sensitivity of the SAR acquisition to both, backscatter
from the surface and also scattering structures within the volume. This provides the opportu-
nity for large scale characterization of the subsurface of terrestrial and planetary snow and ice

volumes.
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2.1.1 SAR Principle

The basic principle of SAR is a side-looking radar, most commonly operating on an airborne
or spaceborne platform, that transmits electromagnetic pulses [50]. The transmitted signals
are backscattered at the illuminated area on the ground and received as echoes by the radar
sensor. The backscatter characteristics mainly depend on geometric (i.e., roughness, size,
orientation) and dielectric properties of the scatterers on the surface and subsurface [51]. The
radar samples the returning echoes coherently, i.e., it retains both amplitude and phase, and
stores them for further processing. The 2-D imaging capability is achieved by determining
the across-track (range) position of the received signals from their travel time, and the along-
track (azimuth) position by their Doppler frequency, where the spatial resolution is established
by exploiting the signal bandwidth in the range direction, and the Doppler bandwidth in the

azimuth direction [50].

2.1.1.1 SAR Geometry

Figure 2.1 shows the simplified SAR acquisition geometry for a conventional monostatic sys-
tem. The platform moves with a velocity v at an altitude / and the antenna looks slant-wise
towards the ground, illuminating a swath that is limited by the antenna footprint, generally
defined as the half power antenna beamwidth at the surface. The two coordinates of the SAR
image are the azimuth dimension along the radar track and the slant range dimension along
the line-of-sight. Projecting the slant range dimension onto ground results in the ground range
dimension. The outstanding feature of SAR 1is to obtain a fine azimuth resolution by synthesiz-
ing a long aperture via a coherent integration of many recorded echoes along the radar track.
The synthetic aperture formation process is commonly performed on ground on the recorded
data and is referred to as SAR image formation. The length of the synthetic aperture is limited
by the time in which the antenna footprint illuminates the same point on ground and can be

approximated (assuming the simplified geometry in Figure 2.1) as

)\'7”0

Ly ~ ,
La

2.1)

where \ is the carrier wavelength, r the distance of closest approach to the point on ground,
and L, the length of the radar antenna in azimuth direction.

2.1.1.2 SAR Signal Characteristics

For SAR imaging, commonly, linear frequency-modulated (LFM) waveforms, also known as

chirps, are used. A chirp pulse is characterized by a constant amplitude and a quadratic phase
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Figure 2.1: Simplified SAR acquisition geometry, where r stands for the shortest approach distance
and v for the platform velocity.

variation (i.e., a linear frequency variation) and has the form

s(t) = rect (i) - exp <j e 5 t2> : (2.2)
Tp Tp

where ¢ is the time variable, rect(t) represents the rectangle function and describes the pulse
envelope, 7, is the pulse duration, B describes the chirp bandwidth, and j the imaginary unit.
For transmission, the signal s(¢) is mixed with a carrier of angular frequency w,, resulting in

the transmission signal

t
S (t) = rect (—) - exp (j cwert+jemeky t2) , (2.3)

Tp
where k, = % is the chirp rate. The transmitted pulse travels until it reaches a target at distance
r, where it is scattered and its echo travels back to the radar. After coherent demodulation in

the receiver, the echo signal is a time delayed, phase-shifted, and attenuated version of the
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transmission signal s() with an additive white Gaussian noise (AWGN), n(t):

Six(t) = A-rect( T) - exp [] -ﬂ-kr-(t—7)2] cexp(—j-2-m-f-7)+n(t), 24)

Tp
where 7 is the 2-way travel time to the target, f is the carrier frequency, and A accounts for the
antenna gain as well as for the attenuation that is dominated by the geometrical spread of the
electromagnetic wave, but is also modulated by the properties of the target and by propagation
losses through the atmosphere and through semi-transparent media like snow, firn, or ice. In
order to describe the variation of the received signal from a target while the platform is moving
along the radar track, the travel time 7 is replaced by a varying travel time 7(¢,), where ¢,
represents the azimuth time scale of the moving platform. The two-dimensional receive signal
from a target can be written as

t—71(ta)

Sex(t,ta) = A-w? (t,) - rect {T—pa} cexp [jmke- (t— T(ta))Q}

cexp[—j-2-m- f-T(ta)] +n(t, ta), (2.5)

where w (t,) represents the normalized amplitude antenna pattern on ground. The first expo-
nential in (2.5) describes the range chirp, whereas the second exponential describes the azimuth

phase variation that is exploited to obtain a fine azimuth resolution.

The azimuth phase is characterized by the travel time 7(t,), which is proportional to the
varying range between the radar and the target, commonly referred to as range history. Carl
A. Wiley noticed for the first time that the range variation along azimuth introduces a Doppler
frequency shift which is related to the instantaneous squint angle, v/, with which the target is
illuminated by the radar [1]. In other words, for each platform position of the radar within the
synthetic aperture, a target on ground is observed with a different Doppler frequency that can
be written as

folty) = 2.0 si; [1h(t)] |

(2.6)

with v being the effective velocity between sensor and target. For non-squinted acquisitions
(i.e., the antenna is looking perpendicular to the radar track) of a stationary scene, the azimuth
phase can be approximated by a quadratic function of the form

Ot =T f-2 -7+ fr-7-t2, 2.7

where 7y is the travel time corresponding to the closest approach distance and fy is the Doppler

rate. From a target’s perspective, in analogy to the chirp rate, the Doppler rate describes the
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changing rate of the Doppler frequency under which it is observed and is given by [50]

4 - p?

)\'C'T()’

Jr

(2.8)

where c is the speed of light.

Over the extent of the synthetic aperture, the radar samples a Doppler spectrum, where the
largest and smallest frequencies correspond to the platform positions at the start and end of
the synthetic aperture, respectively. Hence, the SAR signal is a 2-D band-limited signal. In
range direction limited by the chirp bandwidth and in azimuth direction limited by the Doppler
bandwidth.

2.1.1.3 SAR Image Formation

The recorded echos (corresponding to the individual pulse events) are stored side-by-side in a
two-dimensional matrix, called the raw data matrix. The coordinates are the pulse travel time ¢
(corresponding to the slant range position) and the azimuth time ¢,. For each azimuth position,
the received echoes of all targets in the antenna beam add up and give the raw data matrix a
noise-like appearance.

A processing step is needed to obtain a focused SAR image with its distinctive high res-
olution. The so-called SAR image formation consists of a two-dimensional matched filter
operation in range and azimuth direction, which maximizes the signal-to-noise ratio (SNR).
The matched filter corresponds to the complex conjugate of the impulse response function of
the SAR system, which is equivalent to the point target signal model in (2.5). In the context of
an imaging system, the enhancement of SNR can be interpreted as the compression of signal
energy into a smaller spatial extent, i.e., a small resolution cell. For efficiency reasons, the im-
age formation is commonly implemented in the frequency domain. In the frequency domain,
the image formation can be understood as the removal of the systematic phase modulation in
range and azimuth directions.

The data after the range matched filter operation are usually referred to as range-compressed
data. The attainable slant range resolution o7 is proportional to the reciprocal of the chirp
bandwidth:

C
or = —— 2.9
r=ga (2.9)
The ground range resolution results from the ground projection of 47 and is given by
)
Ory = —— (2.10)

sin 91 7
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where 6; is the local incident angle, i.e., the angle between the radar line-of-sight and the
normal vector of the surface. It is important to note that r, varies across the swath and with
the topography.

The azimuth matched filtering (i.e., the azimuth compression) coherently integrates the
echoes received along the synthetic aperture, similar to a phased array. Therefore, by means
of signal processing, a very sharp equivalent azimuth beam is synthesized which leads to the
high azimuth resolution. Since the range to a target on ground is varying along the synthetic
aperture, the range compressed data of the target spread over multiple range bins in the raw
data matrix, a phenomenon known as range cell migration (RCM) [50]. Several algorithms
have been proposed to efficiently accommodate the RCM, among which the most common
ones are based on the range-Doppler, the chirp scaling, or the w-k algorithms [52]. In analogy
to the range resolution, the azimuth resolution is proportional to the reciprocal of the Doppler
bandwidth, Bp, and scales with the effective velocity between the platform and the ground

target:

()

or = —.
x B

(2.11)

Assuming the simplified acquisition geometry shown in Figure 2.1 with a linear horizontal
radar track and assuming that the processed Doppler band is limited by the half-power beam

width of the antenna, Bp can be approximated as

Bp ~ =——. (2.12)

or ~ —. (2.13)

2.1.1.4 SAR Image Properties

SAR images are 2-D complex data with the dimensions azimuth and range. Each image pixel
contains amplitude and phase information, including a deterministic component and a ran-
dom component. The deterministic component of the amplitude is related to the strength of
the radar backscatter in the corresponding scene area and the phase is related to the closest
approach distance between the radar and the corresponding target position on ground. The
random component results from the presence of many scattering elements within the SAR res-
olution cell, contributing with slightly different ranges to the sensor, i.e., different phases. The
formation of a single pixel can be understood as the summation of randomly oriented phasors,

leading to constructive and destructive interferences. The phenomenon is called speckle and
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gives the SAR image a noisy appearance. The intensity of a SAR image over a homogeneous
scene follows an exponential distribution and the amplitude follows a Rayleigh distribution.
Speckle can be reduced by averaging over multiple resolution cells, at the cost of reduced
spatial resolution. Figure 2.2 shows a SAR image example acquired over the K-transect in
Greenland by DLR’s airborne SAR sensor F-SAR in C band, where the characteristic speckle
appearance in SAR images is visible, especially in the homogeneous areas of the scene, as

highlighted in the zoomed-in patch.

Figure 2.2: SAR image example acquired over the K-transect in Greenland by DLR’s airborne SAR
sensor F-SAR in C band, showing the border between the ice sheet and rocky terrain. Speckle is clearly
visible in homogeneous areas of the scene, as highlighted in the zoomed-in patch.

A simple model of the signal in a single image pixel can be written as

l [t, ta] = A-exp [J : ((,07« + (;Dscatter)] =A-exp {J : <4T7T ‘7o + (Pscatter):| ) (2.14)
where t and ¢, indicate the range time and azimuth time coordinates, respectively, A is the
amplitude, ¢, is the deterministic phase component corresponding to the target distance 7,
and Qgcatter 1S the random phase component introduced by the multi-element scattering process.
Because of the random component, the phase of a single SAR image is generally not useful.
SAR interferometry, described in Section 2.1.2, overcomes this difficulty by controlling the
SAR acquisition environment adequately to achieve (and then cancel) the same random phase

components in two images.
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2.1.2 SAR Interferometry

SAR interferometry (InSAR) makes use of the phase information of the SAR images. If two
SAR images are acquired from only slightly mutually displaced radar tracks, the scattering
phase component, Qgcatter, 10 (2.14) of each pixel is similar among the images and can be
canceled by forming the phase difference, leaving an interferometric phase, A, that is pro-

portional to the change of the signal’s propagation path length, Ar:

4.1

A:
LY

- Ar, (2.15)
where Ar can result from a displacement of the imaged scene between the two acquisitions,
different acquisition geometries, and different propagation delays caused by changing dielec-
tric properties (Ar has to be considered as optical length). The general InSAR geometry is
illustrated in Figure 2.3. It is important to note that Ar also introduces a mutual shift between
the images that has to be compensated in a coregistration step before computing the interfer-
ometric phase. The phase sensitivity allows SAR interferometry to perform differential range
measurements with an accuracy of a fraction of the wavelength. However, if the magnitude
of the range change reaches or exceeds the wavelength, the interferometric measurement will
become ambiguous since the phase will periodically revisit the entire (0; 27) phase interval.
This phenomenon is referred to as phase wrapping, and procedures for retrieving the absolute
phase are necessary, known as phase unwrapping techniques. SAR interferometric techniques
that are used for snow and ice observation can be grouped in differential interferometry and

across-track interferometry.

secondary

primary A §

Figure 2.3: Illustration of the SAR interferometry imaging geometry. Adapted from [Pub3].
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2.1.2.1 Differential Interferometry

Differential interferometry entails repeated measurements of the phase of signals scattered
from a scene. Two or more SAR images are acquired at different times and by comparing the
phases of the two SAR images, any displacement of scatterers between them is identified as
a phase change and can be quantified. Assuming that the two SAR images are acquired from
identical radar tracks and no other phenomena significantly affect the phase, Arg;s, can be

computed from the interferometric phase as
A
Ardisp. = E . A(,D (216)

Note that the measurement is only sensitive to the displacement along the radar’s line of sight.
Furthermore, in practice, there are several other factors that affect the interferometric phase.
Usually it is not feasible to exactly repeat the same radar track using airborne and spaceborne
platforms, introducing systematic phase signatures related to the topography of the imaged
scene. The topographic phase signatures can be compensated by using an accurate digital ele-
vation model (DEM). Also, the signals usually do not propagate through a vacuum but through
the atmosphere, which can impose a phase delay due to tropospheric or ionospheric effects.
Additional phase delays may originate from propagation into snow, ice, or soil. In order to suc-
cessfully retrieve the true displacement using differential interferometry, one needs to properly
account for these aspects. While complicating the displacement measurement, the sensitivity
to the topography and the dielectric properties of the propagation medium (atmosphere, snow,

ice, soil, ...) potentially allow for the measurement of those observables.

2.1.2.2 Across-Track Interferometry

Across-track interferometry uses SAR images acquired by spatially separated receive units.
The images can be acquired in a single-pass configuration by two or more spatially separated
receiving antennas on one platform or on multiple platforms flying in a close formation. Other-
wise, a repeat-pass configuration is possible with a single receive unit and temporally separated
tracks. The spatial distance between the sensor positions is called baseline. In a single-pass
configuration, the contributions to the interferometric measurements are mainly the topogra-
phy of the scene and the vertical distribution of the scatterers within one resolution cell. The
phase to height conversion, which depends on the acquisition geometry, is described by the

vertical interferometric wavenumber

4.1 A6, 4.7 B,
Ak, = . = . , 2.17
A sind; A rg-sind; ( )
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where 6; is the incident angle, A#; the incident angle difference between the acquisitions,
ro the target distance, and 5, the perpendicular projection of the baseline between the two
sensors onto the radar line-of-sight. The sensitivity to the topography increases for larger
interferometric baselines. Related to the vertical wavenumber is also the height of ambiguity
(HoA), which describes the height of the 27-interval of the interferometric phase

2.7

HoA — =~
O T AL

(2.18)

State-of-the-art SAR interferometers, like TanDEM-X, provide topography measurements with

metric or even sub-metric accuracy at a spatial resolution of several meters.

2.1.2.3 Interferometric Coherence

InSAR methods rely on measuring the phase difference between two (or more) SAR images.
In order to successfully perform interferometric measurements, the two data sets need to have
a sufficient degree of coherence, i.e., their phase information needs to be correlated to a certain
extent so that the relevant phase term can be identified and extracted. Interferometric coherence
is a measure of the complex correlation of the two signals. The complex coherence can be
estimated by [53]

y= Up ) (2.19)
Vi -i5) - (s 82)

where i, and i, are the SAR images of the primary and secondary acquisitions, respectively, *

indicates complex conjugation, and (-) represents the spatial average, estimated using a moving
window over the images. The coherence estimate is also a 2-D complex image, mapping the

v
between 0 (no coherence) and 1 (full coherence). The phase of the measured coherence is an

local similarity between the two SAR images. Its absolute value, ||, varies for each pixel

intensity-weighted average phase offset between all pixels within the averaging window, and
thus the phase of the interferometric coherence between two images is an estimate of the phase
difference between the two images.

A low value of coherence magnitude indicates a large influence of noise or other decorrela-
tion phenomena. The observed coherence can be described as a product of several decorrela-

tion sources:

Y = 7YSNR * Vtemp * Vgeo * Vvol * Vproc, (220)

where:
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* ygnr describes the decorrelation due to noise and depends on the SAR system sensitivity
as well as on the backscatter of the scene. It typically only leads to low coherence values

for areas with very low backscatter (e.g., water bodies),

* Ytemp 18 the temporal decorrelation caused by changes of the scattering process (i.e., a
change of the elementary scattering center distribution) or propagation delay between
the acquisitions. This can have a significant influence on InSAR products of ice sheets,
glaciers, and snow covers, for instance caused by melting processes, wind transport, and

compaction,

* Ygeo Summarizes the range and azimuth spectral decorrelation, resulting from the base-
line separation between the acquisitions and non-parallel radar tracks, respectively. The
slightly different acquisition geometries introduce differences in the scattering-inherent
phase contribution within a pixel [see equation (2.14)] between the acquisitions, leading
to decorrelation. From a signal processing perspective, the band-limited radar signals
from the two acquisitions map different portions of the observed ground scattering spec-
trum if acquired with different geometries. Only for identical geometries the spectra
overlap completely. e, can be mitigated by filtering the non-overlapping portions of
the spectrum, at the cost of a reduced spatial resolution. The baseline separation result-
ing in complete decorrelation is referred to as critical baseline and is a function of the

signal bandwidth as well as the acquisition geometry,

* Yyol, the volumetric coherence, follows a similar rational as the range spectral decorrela-
tion, but captures the contribution by vertically separated scatterers within a volume. It
depends on the vertical distribution of the scatterers in the volume as well as the baseline
separation. 7, can be used as a measure for the vertical scattering distribution, if all

other decorrelation sources can be calibrated,

* Yproc cOmbines several minor decorrelation sources, e.g., coregistration errors or quan-
tization noise. For state-of-the-art SAR interferometers, these contributions are usually

negligible compared to the ones described above.

The main coherence contributions of interest in this thesis are the temporal, geometric and
volume decorrelation, since they carry relevant information on the characteristics of the imaged
ice and snow volumes as well as their temporal changes and drive the required acquisition

geometries.
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2.1.3 SAR Tomography

Extending the concept of across-track interferometry by multiple passes allows the formation
of a synthetic antenna aperture in the elevation direction, perpendicular to the radar line-of-
sight. Besides the 2-D capability of traditional SAR, the backscatter distribution of the scene
can be resolved in the vertical direction. Combined with the penetration capability of the radar
waves into semi-transparent natural media (e.g., snow, firn, ice, vegetation, sand, soil), this
approach, which is commonly referred to as SAR tomography (TomoSAR), enables direct 3-D
imaging of a volume. TomoSAR has been successfully applied for the imaging and character-

ization of e.g., forests, ice sheets, glaciers, and urban areas.

2.2 Propagation Effects in Snow and Ice

The SAR imaging techniques developed in the frame of this thesis aim on compensating or
exploiting propagation effects particular to radar wave propagation in snow and ice volumes,
and therefore, providing improved or even novel observation capabilities. This section provides
a brief background on basic wave propagation concepts relevant for a better understanding of

the developed techniques.

2.2.1 Basics of Electromagnetic Wave Propagation in Snow and Ice

Only a brief outline of electromagnetic wave propagation, sufficient for the understanding of
the following concepts, is given here. Detailed reviews can be found in, e.g., [54] or [55]. The
fundamental relation describing the shape and propagation of an electromagnetic wave is the
so-called wave equation or Helmholtz equation. It can be written in terms of the electrical field
FE as [55]

V2E =p-e-— 2.21)

where V2 = A denotes the Laplace operator. The permittivity ¢ and permeability j are prop-
erties of the propagation medium. For now, a linear, homogeneous, and isotropic medium is
assumed, such that € and p can be treated as scalars.

One particular solution to the wave equation in (2.21) can be derived in form of a monochro-

matic (i.e. single-frequency), time-harmonic wave [55], which can be written as
E(7,t) = Re {EO - eXp <—jE : F) - exp (jwt)} = Re {E(F) - exp (jwt)} : (2.22)

A detailed derivation is given in [55]. In (2.22), EO is the constant and complex amplitude
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vector of the electrical field, w stands for the angular frequency of the wave, 7 is a position
vector of an observed point in space, and k represents the complex propagation vector. The

wave function in (2.22) is characterized by wave fronts of constant phase,
wt — k7= const., (2.23)

where at any time, the front coincides with a plane orthogonal to k, with k - ¥ = const. Such
waves are called plane waves. Due to the simplicity and as in the far-field of an antenna wave
fronts are approximated adequately by a plane, the plane wave solution is commonly used for
describing propagation phenomena. The propagation vector is defined as k= k.k, where k is
a unit vector describing the direction of propagation. The so called propagation constant k. is
defined as

ke = wy/lée, (2.24)
with e, being the complex permittivity given by
o

ce =€ —j—, (2.25)
w

where o describes the conductivity of the medium. It is insightful to write the real and imagi-

nary part of £, as ¢’ and £”:
g.=¢ —je’. (2.26)

Furthermore, the permittivity and permeability are typically expressed in terms of their values

in vacuum and are then referred to as relative permittivity and relative permeability:

f= =g e, (2.27)
€0

e =2 (2.28)
Ho

where £y and o represent the values in vacuum. For most natural materials in the microwave
region the assumption p, ~ 1 is valid [54]. It is possible to rewrite the complex electrical field

E (7) described in (2.22) in terms of a real and imaginary part of its exponential:
E(7) = Ey-exp [~ (a +i8) k-] (2.29)

where « is the attenuation constant describing the absorption in the medium and [ is the

phase constant describing the change in phase along the travel path. Therefore, [ is related to
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the velocity of the wave. Since the absorption has only a secondary effect on the developed
techniques in this thesis, we focus here on the phase constant (i.e., the propagation constant),
B. Starting from (2.24) and (2.26), /3 is found to be

1
2

e e 2 %
B=kod = |1+ (?) Y (2.30)

where kj is the so-called wavenumber in vacuum and is defined as

2m
k‘[) = W4/ Upo = )\— (231)
0

For a low-loss medium with (66—/,’)2 < 1, which is appropriate for dry snow and ice [54], the

phase constant can be approximated as

B ~ kor/7. (2.32)

c=—, (2.33)
B
which leads to the following expression for a low-loss medium:
1 Co Co
= = = — 2.34
¢ vV oEoED e n’ (2.34)

where ¢y is the speed of light in vacuum and n is the refractive index of the medium.

2.2.2 Propagation Effects at Dielectric Boundaries

A standard approximation made in SAR observations of snow covers, ice sheets, and glaciers is
to treat the propagation volume as a layered dielectric medium, where each layer is character-
ized by its dielectric permittivity (i.e., refractive index). A representative example is illustrated
in Figure 2.4, comprising an air, or vacuum layer with a relative permittivity of €/ ~ 1 and
a snow, or ice layer underneath with €/ > 1. When a plane wave impinges on the glacial
interface, it splits into two waves, a reflected one propagating back in the first medium, and a
refracted one transmitting into the second medium. Thereby, the waves experience a change in
propagation direction, propagation velocity, and intensity. Figure 2.4 shows only the incoming
and refracted wave.

It is insightful to describe the wave propagation in form of the wavenumber vector, k, (i.e.,
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Figure 2.4: Illustration of a plane wave propagating into a snow or ice volume. Adapted from [Pub6].

in the so-called wavenumber domain) in a decomposed form with a horizontal component, &,,
parallel to the interface and a vertical component, k., perpendicular to the interface. Following

(2.31), the wavenumbers in air can be written as

9.
kya = —— sin 6, (2.35)
’ AO
9.
ko= 2 cost, (2.36)
El AO

where 6; is the incident angle. At the interface, the horizontal boundary conditions have to be
satisfied [55], i.e.,

kya = kyg. (2.37)

)

where the indices a and s represent air and the glacial volume, respectively. The vertical wave
number in the volume, £, can be derived via the wave equation in (2.23), which takes the

following form when accounting for the low-loss approximations outlined above:
ks + ko= e €0 o, - (2.38)

From (2.37), (2.38), and (2.35) the vertical wavenumber in the glacial volume can be derived

as:

kz,s = \/(4)2 “Ers €0 Mo — kz,a
5 (2.39)

= )\_0 . Ers — sin2 (01)
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To summarize, the horizontal wavenumber stays constant when propagating into the volume,
whereas the vertical wavenumber is a function of the permittivity.
The stretch of the vertical wavenumber results in a direction change of the wave, i.e., the

refraction effect. The direction change is commonly described by Snell’s law of refraction [55]:

= Vs (2.40)

where 6, is the refraction angle with respect to the oppositely directed surface normal vector.

Snell’s law is a direct consequence of the wavenumber description above.

2.2.3 Propagation in Complex Dielectric Media

A description of the signal propagation in dielectric media with a more complex distribution
(e.g., caused by density variations within the snow or ice volume) can be provided by the

Eikonal equation [55]:

)2 _ TLQ(CB,y, Z)
Co

(VT , (2.41)
where V symbolizes the gradient, T'(x, y, 2) is the travel time of the phase fronts, and n(z, y, 2)
is the refractive index distribution within the propagation medium. The Eikonal equation is a
high-frequency approximation to the wave equation in (2.21), describing the wave as prop-
agating wave fronts of constant runtime. It allows a description of large-scale propagation
effects in a heterogeneous dielectric medium, while not accounting for scattering effects. An
interpretation of the Eikonal equation is given by Fermat’s principle of least time, stating that
an electromagnetic wave follows the travel path for which it takes the least time between two
points in a dielectric medium, i.e., it tends to bend towards low refractive index areas that are
characterized by a faster propagation velocity. Note that Snell’s law is a direct consequence
of Fermat’s principle. Figure 2.5 shows the simulation of a propagating wave front through a
complex refractive index distribution, where the range of refractive index values, n, is repre-
sentative for snow and ice environments. The simulation is performed by a numerical solution
of the Eikonal equation. Note the distinctive bending effect of the refractive index variation
on the wave fronts. The Eikonal equation has been used to model the propagation through

portions of the Enceladus ice crust in [Pub2] and [56].

2.2.4 Permittivity of Dry Snow, Firn and Ice

As discussed above, the real part of the dielectric permittivity of a medium (equivalently de-

scribed by its refractive index) determines the propagation characteristics within the medium.



2.3 State-of-the-Art of SAR for Terrestrial and Planetary Snow and Ice Observation 25

1.8
—5001
=
—2501 1.6 %
=)
2 g
E o 3
= 145
g
250 - 5
F1.2
500 -
1o

—1000 —500 500 1000

y (m)

Figure 2.5: Simulation of the propagating wave fronts from a point source (red star) through a complex
refractive index distribution. The range of refractive index values, n, is representative for snow and ice
environments.

The imaginary part drives the dielectric absorption and plays a secondary role for the developed
techniques and is not further discussed here. For the sake of simplicity, the term permittivity
is from here on used as synonym for the real part of the relative permittivity. Comprehensive
reviews on dielectric properties of snow and ice are provided, e.g., in [57-60].

Dry snow and firn can be described as a mixture of ice and air. The permittivity of both
have a negligible frequency dependence between 10 MHz and 100 GHz. Within this range,
the permittivity can be assumed to be solely dependent on the snow/firn density, p, and can be

approximated as [61]

l+a-p+b-p? p<04gcm™3
&(p) = 1 1 13
[(1— £ ) NN o p>04gem3,

Pice Pice r,ice

(2.42)

where p is assumed to have the unit ¢ cm ™2 and the constants are given by a = 1.5995 cm?3 g~ !,
b = 1.861cm?%™?, pice = 0.917gcm ™, ern = 1.005, and €, icc = 3.179. Figure 2.6 shows
the permittivity over the whole range of possible density values, from fresh snow to solid ice.
Table 2.1 indicates the density value range for typical characteristics of snow, firn and, ice,

ranging from roughly 0.05 g cm ™3 for freshly fallen snow to 0.917 g cm ™2 of solid ice.

2.3 State-of-the-Art of SAR for Terrestrial and Planetary

Snow and Ice Observation

SAR has been used for the exploration and monitoring of the Earth’s and other planetary bod-

ies’ cryosphere for several decades. Radar imaging provides year-round, day-and-night, as
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Density [g cm ™3] ‘ Characteristic

0.05-0.15 new snow (uncom-
pacted)
0.15-0.3 settled snow on ground, 3.01
self-compacted over
several days 2.51
03-0.5 settled snow at the end

of the winter season or
heavily wind-compacted
snow

0.5-0.83 firn, naturally com-
pacted and aged over at
least one year. A form
of ice still containing air

permittivity of dry snow, firn, and ice
[l N
n o

1.04
channels 00 02 04 06 08
0.83-0.917 ice with air bubbles density [g/cm?]
0.917 solid ice Figure 2.6: Permittivity of dry snow, firn, and
Table 2.1: Typical snow, firn, and ice densities. ice for different density values.

well as atmosphere-independent monitoring capabilities. This is especially useful for polar
latitude areas which experience polar night. Particularly in the context of icy moons explo-
ration, the day-and-night capability can provide access to regions of interest that experience
winter darkness over the course of a whole mission life time. Figure 2.7 shows the sunlight-
illuminated latitudes at Enceladus during years 2040 to 2065, a time frame in which a mission
is likely to arrive at Enceladus that is launched in the 2030s or 2040s. Large portions of the
most-interesting polar regions are in winter darkness over the course of almost 15 years (i.e.,
the Saturnian polar winter period). Hence, beyond the scientific applications for icy moon ex-
ploration, SAR can be considered as a mission-enabling imaging technology used for mapping
and reconnaissance, in the context of, e.g., lander missions [36].

The greatest focus of SAR for terrestrial cryospheric applications to date has been on the use
of the measured single-polarization SAR backscatter of glaciers, ice sheets, and snow covers.
As introduced in Section 1.1, spaceborne single-polarization SAR backscatter measurements
from almost all civilian SAR sensors at different frequency bands have been widely used for
snow cover mapping, classification and characterization [19-23] as well as monitoring the

extent, composition, and dynamics (i.e., temporal change) of glaciers and ice sheets [24-28].

2.3.1 Opportunities and Challenges from SAR Signal Penetration

As discussed in Subsection 2.2, when the radar echo impinges on the snow or ice surface, part

of the signal energy is scattered or reflected, whereas the other part penetrates into the volume.
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Figure 2.7: (Left) illuminated latitudes at Enceladus during years 2040 - 2065. The dark line indicates

the sub-solar latitude. (Right) Percentage of daylight time for different latitudes at Enceladus over the
same time period. Illustration adapted from [36].

The amount of signal energy penetrating into the volume depends on the interface roughness,
dielectric properties, and the sensing frequency, where lower frequencies tend to experience
less surface scattering. Within the volume, the echoes experience dielectric absorption and
scattering losses, that are summarized by the so-called power extinction. The penetration ca-
pability is usually described by the two-way penetration length [ that is twice the distance over
which the power decreases by a factor e. The penetration length is commonly translated into a
penetration depth

dpen. = 1 - cos(6y), (2.43)

where 0, is the refraction angle [see Snell’s law in (2.40)]. dpey. 18 an indicator of the maximum
depth within a medium that contributes to the backscatter. The penetration depth in solid
ice increases with decreasing frequency, temperature, and impurity of the ice. Figure 2.8
shows the modeled penetration length in solid ice for different frequencies within the spectrum
commonly used for SAR and for 3 different temperatures. The model is based on the work of
Hufford [62]. Frequencies below 1 GHz allow penetration beyond 100 m, whereas frequencies
beyond 20 GHz penetrate less than 1 m. For snow and firn (i.e., a conglomerate of ice crystals
packed in air), the penetration depth additionally depends on the snow density and the ice
crystal size. For low frequencies, this commonly results in an increased penetration (e.g., down
to several hundreds of meters below 1 GHz). For frequencies beyond 10 GHz, the penetration
decreases significantly compared to the solid ice case, because scattering losses are starting to
dominate the power extinction, resulting in common penetration depth values, e.g., in Ka band

(35 GHz), of only several centimeters.

The different penetration characteristics in different frequency bands allow for specific ap-

plications, since they provide sensitivity to different portions of the ice and snow volumes.
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Figure 2.8: Two-way penetration length in solid ice for different frequencies and temperatures, 7'.

Table 2.2 depicts the two-way penetration depth (solid ice case) for exemplary SAR sensors in
common frequency bands with comments on classical cryospheric applications in the specific
frequency band. An incident angle of 25° and an ice temperature of 263 K are assumed for the
representative penetration depth value.

The intrinsic challenge in SAR imaging of ice sheets and glaciers is the ambiguity in the
position of the scattering structures within the volume. An example of the complex backscat-
ter distribution within an ice sheet is illustrated in Figure 2.9, where different features may
contribute to the return signal in a single resolution cell which, in elevation direction, is only
bounded by the antenna beam width. Those features can reach from the surface to the bedrock
underneath the ice, and their backscatter accumulates into one 2-D SAR resolution cell. The
vertical position ambiguity leads to several challenges (additionally addressed below). In stan-
dard SAR imagery, the ambiguity significantly complicates the geophysical interpretation of
imaged features, since a discrimination between surface and subsurface returns is not directly
possible. The elevation ambiguity may be tackled by applying SAR polarimetric, interfero-
metric, or tomographic techniques, but also there, the penetration into the volume introduces

biases and geolocation errors.

2.3.2 Exploiting SAR Polarimetric Information

A major step beyond single-polarization SAR backscatter measurements was the use of SAR
polarimetry (PolSAR) over glaciers, ice sheets, and snow covers. Polarimetric techniques have
not been the focus of the work conducted within the frame of this thesis and are therefore only
briefly addressed here.

For glaciers and ice sheets, several studies (e.g., [17,63, 64]) revealed particular polarimet-
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Frequency & Penetration Common applications

example sensors depth

P band (435 MHz), 146 m Subsurface imaging and characterization of

Biomass (ESA) ice sheets via SAR interferometry and to-
mography

L band (1.25 GHz), 106 m Same applications as in P band for ice sheets

NISAR (NASA /ISRO) and glaciers; snow parameter estimation via
SAR polarimetry and interferometry

C band (5.405 GHz), 16.1m Glacier velocity measurements via offset

Sentinel-1 and Harmony tracking or differential InSAR; elevation and

(ESA) elevation change measurements of ice sheets

via interferometry; snow cover monitoring
and snow parameter estimation via SAR im-
agery, polarimetry and interferometry

X band (9.65 GHz), 5.4m Same applications as in C band but less pene-
TerraSAR-X / TanDEM-X tration (snow parameter estimation via inter-
(DLR / Airbus) ferometry is significantly limited)

Ka band (35 GHz), 0.4m Elevation and elevation change measure-
UAVSAR-Ka (NASA air- ments of ice sheets, glaciers, and snow covers

borne sensor)
Table 2.2: Common SAR sensor operating frequencies, connected penetration depth in pure ice at
263 K, and classical cryospheric applications.

ric properties of different glacier zones from volume scattering in the subsurface, resulting in
strong cross-polarized backscatter. Based on these studies, the first polarimetric models de-
scribed the main scattering contributions from the scattering structures of the Greenland ice
sheet. Advancements in polarimetric modeling, combining rough surface and volume scat-
tering, as well as the introduction of anisotropy effects, allowed further interpretation of Pol-
SAR measurements of ice sheets, such as glacier zone classification and firn thickness estima-
tion [65,66]. However, PoISAR measurements contain no direct information about the vertical

scatterer distribution in the subsurface of glaciers and ice sheets.

For snow observation, PoOISAR methods provide insights into the snow composition (driv-
ing the scattering mechanisms) and its anisotropy (resulting in a polarization-dependent prop-
agation velocity), potentially allowing estimates of the snow height, density, and snow water
equivalent [67-70], as well as classification into snow types (e.g., wet snow, freshly fallen
snow, and settled snow) [19,71, 72].
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Figure 2.9: Illustration of the potentially complex backscatter scenario of an ice sheet. Scattering
sources from various depths may contribute in the SAR resolution cell, indicated by the range resolution
dr and bounded by the antenna beamwidth in elevation direction, 6.

2.3.3 SAR Interferometry for Snow and Ice Observation
2.3.3.1 Across-Track InSAR for Elevation and Elevation Change Measurements

Across-track InSAR provides a direct measure of the vertical location of the scattering phase
center. Digital elevation models (DEMs) generated with across-track InSAR in a single-pass
configuration are a main source for mapping the surface elevation and topographic changes
over ice sheets and glaciers [73—78]. Another application of across-track InSAR is to study
the subsurface structure and composition of ice sheets by exploiting the dependence of the
interferometric phase and coherence on the vertical backscatter distribution [31-34] which has
been used for the classification and characterization of glacier zones in ice sheets [79] and of
snow [80-82].

The main challenge in InSAR DEM generation over glaciers and ice sheets is the penetration
of radar signals into snow, firn, and ice at commonly used frequency bands, e.g., from P to
X band. This results in an elevation bias of the backscatter phase center compared to the
surface elevation, typically described in the literature as penetration bias [31, 32,73, 79, 83—
87]. Putting it in simple words, the DEM generated from InSAR data does not replicate the
surface, but is biased downward. Extensive work has been invested in developing techniques
for estimating the penetration bias and subsequently calibrating the InSAR DEM for retrieving

the surface elevation. The most common approaches rely on estimating the penetration from
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the InSAR coherence, combined with a modeling of the vertical backscatter distribution within
the glacial volume [31-34,79,87]. Those approaches perform well over homogeneous parts of
ice sheets (e.g., in the central parts of Greenland), but are likely to be significantly biased over
heterogeneous glacial volumes such as glaciers, since commonly no a priori knowledge of the

vertical backscatter distribution is available.

2.3.3.2 Differential InSAR

Differential InNSAR (D-InSAR) allows to measure displacements or signal delays between two
acquisitions with an accuracy of a fraction of the wavelength. A standard application of D-
InSAR is the measurement of ice sheet and glacier deformation and flow [88-94], directly
exploiting the high-accuracy differential range measurements provided by D-InSAR. The D-
InSAR phase measurement is only sensitive to the displacement or flow component in the
direction of the radar line-of-sight (i.e., the range direction). Along-track displacements can
be measured by offset-tracking using small image patches, exploiting the coherent speckle
and image contrast among the D-InSAR pairs [91]. Phase measurements sensitive to along-
track displacements can be obtained by exploiting squinted acquisitions, as planned for ESA’s
upcoming Harmony mission [95].

Over the last years, large research focus has been put on D-InSAR methods aiming on the
retrieval of the snow water equivalent (SWE), i.e., the amount of water stored in the snow
cover. SWE is one of the key observables in Earth Observation. In contrast to operationally
used passive microwave and gamma radiation remote sensing sensors, D-InSAR potentially
allows to measure SWE for dry snow with a large coverage, a spatial resolution in the order of
tens of meters, and a millimeter accuracy [96—101]. The concept relies on the transparency of
dry snow at microwave frequencies and the higher dielectric permittivity of snow, compared
to air, introducing a signal delay that replicates in the D-InSAR phase. The D-InSAR phase is
sensitive to a SWE change, ASWE. D-InSAR SWE retrieval has been demonstrated over 20
years ago by Guneriussen et al. [96], but is so far not applied operationally, mainly because:

* low temporal coherence areas limit the accuracy of the phase measurement and compli-

cate the phase-unwrapping process,

* if the phase delay introduced by the propagation through snow surpasses 2w, the D-

InSAR phase carries an unknown offset, resulting only in a relative ASWE estimate,

* D-InSAR SWE retrieval is only applicable under dry snow conditions, where the signals

can penetrate the snow cover.

Besides, conventional D-InSAR does not provide a direct measurement of the snow permittiv-

ity and density, which are important parameters for the phase-to-SWE inversion as well as for
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snow modeling approaches.

2.3.4 SAR Tomography for 3-D Imaging of Glaciers and Ice Sheets

Multi-baseline coherent data are exploited in SAR tomography for direct 3-D imaging of the
subsurface of ice sheets and glaciers. In recent studies, SAR tomography has been demon-
strated to be capable of imaging subsurface features in snow [102,103], lake and fjord ice [104],
glaciers [35, 105], and ice sheets [33, 106, 107]. The 3-D resolving capability is used to con-
strain the structure and composition of the glacial volumes. SAR tomography of ice sheets and
glaciers has been performed so far only from airborne platforms. With the upcoming ESA mis-
sion Biomass [108], spaceborne SAR tomography of the Earth’s ice masses will be performed
for the first time. Compared to SAR tomographic imaging of forests or urban scenes (other
classical applications of tomography), the permittivity of snow, fir, and ice leads to significant
biases and distortions of the imaged volumes [35, 105]. Corrections are commonly performed
based on external estimates of the permittivity. The development of approaches for data-based
estimation of the permittivity is of high relevance for the calibration and accurate process-
ing of SAR tomograms of glacial volumes, especially when considering future missions like

Biomass.

2.3.5 SAR for the Exploration of Planetary Ice

Beyond Earth-based observations of planetary bodies using radar telescopes, radar exploration
of ice volumes on planetary bodies has been focused on radar sounder instruments (i.e., nadir-
looking sensors, sensitive to specular scattering of interfaces) at relative low frequencies (HF
and VHF bands), pioneered by the observation of the polar ice caps on Mars by the MARSIS
[109] and SHARAD [110] instruments. SAR observations of planetary bodies were pioneered
by the mapping of the surface of Venus through its optical dense atmosphere by the Venera 15,
Venera 16, and Magellan mission that mapped 98 % of the surface [111]. The first and to-date
only SAR observations of icy moons have been conducted by NASA’s Cassini mission, focused
on mapping Saturn’s moon Titan through its dense atmosphere, revealing liquid methane lakes
in the north polar region [46] and a complex and young surface with a variety of geologic
features, suggesting cryo-volcanic constructs, flows and channels [112, 113]. Cassini also
acquired a single SAR swath over the southern hemisphere of Enceladus, showing different
terrain characteristics, from smooth terrain resulting from the resurfacing by the plumes to
strongly tectonically ruptured terrain [114]. One of the major findings (backed by Earth-based
radar observation) was the high backscatter of the Enceladus surface with backscatter values
beyond 0 dB, reaching up to 6 dB, both measured in Ku band by Cassini and in S band by
the Arecibo telescope [114—116]. High backscatter values (i.e., a high radar albedo) are also
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observed at other icy moons, but not reaching the values of Enceladus, making Enceladus the
radar-brightest body in the solar system. Different explanations have been proposed for the
anomalous backscatter. The most prominent one is the coherent backscatter effect, resulting
from efficient multiple scattering within the ice volume [117], also observable in dry firn areas
on Earth [118]. Future high-resolution radar observations of Enceladus are expected to play a
major role for understanding the backscatter enhancing effect and constrain the anomalous ice
composition of Enceladus, leading to the extreme backscatter.

SAR interferometric and tomographic spaceborne radar exploration have not been used
for planetary exploration yet, due to the increased system complexity. The VERITAS mis-
sion [119] to Venus will conduct for the first time (beyond Earth-based observations) SAR in-
terferometric measurements of a planetary body, performing topography measurements using
a single-pass SAR interferometer (VISAR) mounted on the VERITAS spacecraft. Triggered
by the strong interest in Enceladus as a future exploration target (see Section 1.1), orbital
repeat-pass differential InNSAR has been identified as a key enabling technology for constrain-
ing the geological state and the state of habitability of Enceladus by accurate deformation and

topography measurements [47].
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3 Advancement of SAR Techniques for
Terrestrial and Planetary Snow and Ice

Observation

This chapter outlines the contributions of this cumulative thesis to the advancement of SAR
techniques for terrestrial and planetary snow and ice observation. The key contributions and
findings of the publications [Publ] to [Pub7] are summarized and contextualized within a
broader scope of application scenarios and future research. The sections are aligned with
the four research objectives that are introduced in Section 1.2 and shown in Figure 1.4. The

interrelation of the research objectives is highlighted within each section.

In Section 3.1 (research objective RO;), the information content in single SAR images on
snow and ice volume properties is described and novel retrieval approaches are presented that
are of high relevance in scenarios in which no interferometric or tomographic information is
available (e.g., relevant in the frame of planetary exploration missions), as well as for the cal-
ibration of interferometric and tomographic products over ice sheets and glaciers. The other
sections and the corresponding research objectives are targeted towards the advancement of
SAR interferometric and tomographic techniques for snow and ice observation. Section 3.2
(research objective RO,) assesses the feasibility and potential of using modern radar remote
sensing in the form of repeat-pass SAR interferometry and tomography, beyond Earth Obser-
vation, for the exploration of icy moons, in particular, in the context of an Enceladus mission
scenario. Section 3.3 (research objective RO3) describes the relevance of commonly ignored
propagation effects in elevation measurements of ice sheets and glaciers using SAR interferom-
etry and outlines adapted processing approaches to accurately accommodate the SAR signal
penetration. Section 3.4 (research objective RO,) describes the effect of propagation phe-
nomena on snow parameter retrieval using differential SAR interferometry and presents novel
retrieval approaches that can be applied in future missions like ESA’s Harmony mission [95]

that acquire with multiple squint angles.
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3.1 Exploiting Propagation Effects for Volumetric

Information Retrieval from Single SAR Acquisitions

When radar signals penetrate into snow and ice, they experience an additional delay due to the
higher permittivity of the glacial volume. The delay is a function of the penetration depth (more
precisely, the vertical position of the backscatter phase center), the permittivity of the volume,
and the acquisition geometry. Additionally, the delay of the radar echoes varies systemati-
cally along the synthetic aperture. In other words, it is a function of the Doppler frequency
(i.e., the instantaneous squint angle), introducing a residual azimuth phase signature on the
SAR signals. The functional dependence to the Doppler frequency provides an additional di-
mension of information contained within the SAR signals that can be exploited to retrieve the
glacial volume properties (vertical position and permittivity). This provides access to the vol-
ume properties from single SAR images, without exploiting polarimetric, interferometric, or
tomographic information.

This source of information has been for the first time described and exploited in [Publ]
and [Pub2]. This section provides a broader context to [Pub1] and [Pub2]. After outlining the
general problem statement and relevance of single SAR image approaches for volume param-
eter retrieval, the key contributions of [Publ, Pub2] are presented. Additionally, an overview
and discussion on potential extensions of the developed concepts and application scenarios in

the frame of current and future SAR missions is provided.

3.1.1 Problem Statement and Relevance

The capability of extracting volumetric information of snow and ice covers from single SAR
images is of high relevance for both missions relying on simple SAR imagery as well as SAR

interferometric or even tomographic missions.

3.1.1.1 Relevance for Simple SAR Imagery

An important geophysical distinction of SAR image features in the assessment of ice sheets
and glaciers is their characterization as surface or volume structures and furthermore, their ex-
act position within the ice. As already outlined in Section 2.3.1, SAR imagery does not provide
information on the vertical position of the imaged features within the volume, even if the sur-
face topography is known, because the SAR acquisition can be understood as a projection of
the 3-D backscatter distribution into a 2-D image (see also Figure 2.9). As introduced above,
the elevation ambiguity may be resolved by applying SAR interferometric or tomographic
techniques. However, their spaceborne implementation exhibits a significantly higher com-

plexity than missions relying on simple SAR imagery, since multiple satellites in a single-pass
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interferometry configuration, or precise repeat-passes are required. Especially when consider-
ing planetary missions, in particular to icy moons in the outer solar system (e.g., Enceladus),
the implementation of interferometric techniques may fail due to exceeding cost, complexity,
data volume, and accommodation of multiple sensors in terms of resources and operation re-
quirements, as well as the limited accuracy in navigation and orbit determination. Also, the
development trend in Earth Observation towards constellations of simple SAR satellites can

profit from applications based on single SAR acquisitions.

3.1.1.2 Relevance for Interferometry and Tomography

SAR interferometry (InSAR) and tomography (TomoSAR) provide direct access to the vertical
position of the scattering features within the glacial volume, or can even resolve them. How-
ever, even those sophisticated techniques are biased due to an unknown surface topography

and/or inaccurate estimates of the permittivity.

In a scenario where no accurate information on the surface topography is available (likely a
probable scenario over glaciers and ice sheets that experience elevation changes), InSAR in an
across-track constellation only provides the elevation position of the backscatter phase center,
but it does not give direct access to the depth of the phase center. This leads to the so-called
penetration bias in InSAR surface elevation measurements of ice sheets and glaciers (see also
Section 2.3.3.1). Common approaches for estimating the penetration bias, e.g., based on the
InSAR coherence, are likely to fail over heterogeneous parts of ice sheets and over glaciers
(see also the description in Section 2.3.3.1). The approaches developed in [Pub1, Pub2], based
on single SAR images, can be used as complementary estimates, especially in heterogeneous

parts of ice sheets and on glaciers.

Even in a scenario where the surface topography is known, or when considering TomoSAR
that allows a direct imaging of the vertical position of the scattering features, the lack of ac-
curate knowledge on the permittivity of the volume introduces significant biases in the InSAR
height estimates and biases and distortions in the tomographic products. Figure 3.1 shows the
height errors in InSAR and TomoSAR products, if not accounting for the permittivity in the
processing. Two cases are shown: 1) a snow and firn volume with a mean permittivity of 1.8,
and ii) solid ice with a permittivity of 3.15. Significant errors are to be expected for representa-
tive depths of the backscatter phase center (or imaged features within the TomoSAR products).
The single image approaches in [Publ, Pub2] can be used to calibrate the estimate of the per-
mittivity of the penetrated volume. Besides the relevance for providing calibrated InSAR and
TomoSAR products, the permittivity is a direct measure of the density of the volume, which is

an import glaciological parameter.
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Figure 3.1: Interferometric or tomographic height estimation error, if not accounting for the permit-
tivity of the glacial volume in the processing. Values for different backscatter phase center depths and
incidence angles are shown for (left) a mean permittivity of 1.8 (corresponding to a snow and firn vol-
ume) and (right) a mean permittivity of 3.15 (corresponding to solid ice).

3.1.2 Key Contributions

The publications [Pub1] and [Pub2] describe for the first time the information contained in the

SAR azimuth signals on the depth of the scattering structures within the snow, firn, and ice and

on the permittivity of the penetrated volume. Furthermore, dedicated retrieval approaches are

presented. In the following, the key contributions of [Publ, Pub2] to the advancement of SAR

techniques for snow and ice observation are listed:

» The effect of the radar signal penetration into snow, firn, and ice on the SAR azimuth

signal and the SAR impulse response has been assessed and described for the first time.

* A phase error model has been developed that allows an inversion of the penetration

depth into the volume (i.e., the depth of the dominantly scattering structures) and the

permittivity of the penetrated volume.

* A SAR autofocus-based retrieval algorithm has been developed that allows the estima-

tion of the penetration and permittivity on single SAR images over snow covers, glaciers,

and ice sheets without the need of prominent scatterers within the scene. The autofocus

is based on the shift measurement between two images generated from two disjoint por-

tions of the sampled Doppler spectrum.

* The retrieval approach has been successfully tested on P-band airborne SAR images

collected over the K-transect of the Greenland ice sheet and validated using SAR tomo-

graphic products of the same scene.

* It has been shown for the first time that the sensitivity of the SAR acquisition to the

permittivity of the snow/ice volume can be exploited to obtain a vertical resolution effect
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of targets and structures within ice sheets and glaciers, when using very-high resolution

systems. This can be considered as a single-image tomography.

* The single-image tomography has been shown to be suitable as a volumetric imaging
approach for an Enceladus mission scenario, because the special orbit geometries poten-
tially allow for very-high-resolution acquisitions, allowing 3-D imaging of subsurface
structures without the need for forming SAR tomographic acquisitions (requiring multi-

ple satellites or precise repeat orbits).

3.1.3 Application Scenarios

The proposed approaches are expected to provide valuable information in current and future
SAR missions. In [Publ, Pub2], the assessments are limited to SAR systems with a high
azimuth resolution that sample a broad angular range (in azimuth), providing sensitivity to
the penetration into the glacial volume. Giving a clear statement on the required sensitivity
(i.e., achievable accuracy) is complicated by the fact that the autofocus approach in [Publ] is
largely dependent on the contrast in the imaged scenes, a quantity that is difficult to model.
Tests and simulations indicated that angular extents of the SAR surveys (in azimuth) of at least
few degrees are necessary. Beyond high-resolution airborne sensors, a few spaceborne SAR
systems implement spotlight modes, capable of scanning a wide angular extent. For example,
Terra-SAR-X and TanDEM-X in staring spotlight mode can acquire with an azimuth resolution
of 20 cm by electronically steering the antenna beam to acquire over 4.4° azimuth angle [120].
Especially in the New Space sector, a trend for very-high-resolution SAR systems has started,
e.g., ICEYE offers so-called dwell modes capable of producing an azimuth resolution < 10 cm
by mechanically rolling the spacecraft to illuminate a target over up to 90° azimuth angle [121].
Such systems would be well suited for applying the proposed single-image approaches.

The intrinsic drawback of very-high-resolution systems is the limited swath width of only
several kilometers at sub-metric azimuth resolution. The single-image approach in [Publ] can
be adapted to a system acquiring simultaneously two images with different squint angles and
thereby sampling two disjoint portions of the Doppler band. Such scenario may be realized
in two manners, i) by a single platform generating two antenna beams pointing with different
squints, similar to the experimental bidirectional (BiDi) SAR imaging mode of TerraSAR-
X [123], or ii) by two or more satellites flying in a constellation and acquiring simultaneously
over the same scene with different squint angles. The two scenarios are illustrated in Figure
3.2. The latter case corresponds to the operational concept of ESA’s 10th Earth Explorer Har-
mony [95], consisting of two receive-only companions to Sentinel-1, acquiring with ~ +25°
squint, depending on the range distance. Such systems can cover wide swaths since they only

sample portions of the Doppler spectrum and would be well suited for applying the single-
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Figure 3.2: Concepts for implementing multiple simultaneous acquisitions with different squint angles,
(left) using a single platform capable of generating two antenna beams looking forward and backward
and (right), the case of the Harmony mission, implementing two receive-only companion satellites to
Sentinel-1 acquiring the same scene with squint angles of roughly 25°, 0°, and —25° (adapted from
[122]).

image approaches by performing the measurement as in [Pub1] between the images acquired

with different squints.

For the Harmony mission that is partly focused on performing single-pass InSAR eleva-
tion and elevation change measurements of land ice for mass balance estimates, the proposed
approaches may provide information on the penetration into the snow, firn, and ice. This in-
formation can be used complementary to standard approaches based on the InSAR coherence
to calibrate the penetration bias in the elevation measurement. An initial assessment for the

Harmony case is provided in [124].

The applications described in Section 3.1.1 and in [Publ, Pub2] are focused on estimating
the penetration into ice sheets and glaciers (or estimating the depth of imaged features) and
the permittivity of the penetrated volume. When considering dry snow covers, where radar
signals in the P, L, or C bands are expected to penetrate the whole vertical extent of the snow
cover, the single-image approach may be used to estimate the snow depth and, related to it, the
snow water equivalent (SWE). The SWE is one of the key observables in Earth Observation.
In contrast to differential InSAR approaches for SWE retrieval, the single-image approach is
sensitive to the total SWE of the snow cover and not the SWE change. Figure 3.3 shows the
simulation of a target located below a 2m snow cover with a density of 0.2gcm™® that is
imaged simultaneously with a squint of 20° (red) and —20° (green), an acquisition scenario as
illustrated in Figure 3.2 (left). Note the clear shift between the point target responses. The shift
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can be measured and directly linked to the snow depth and the SWE. In a realistic scenario,
the shift between image features has to be measured (based on the image contrast) with similar
approaches as described in [Publ]. The concept has been awarded a patent [125].

range [m]
range [m]

azimuth [m] azimuth [m]

Figure 3.3: Simulation of a target located below a 2m snow cover with a density of 0.2 g cm™ that is
imaged simultaneously with a squint of 20° (red) and —20° (green), showing (left) a larger scene extent
and (right) a small section around the target position. The solid contours indicate the —3 dB power
level.

3.2 Enabling Orbital Repeat-Pass InNSAR and TomoSAR for

Saturn’s Moon Enceladus

Over the last decades, InSAR for deformation measurement and topographic mapping has rev-
olutionized our understanding of many geophysical processes on Earth. For planetary bodies
such as Enceladus, opportunities to measure geodetic state and change have been few. Geodesy
at Enceladus has been limited to low-order shape parameters (e.g. spherical harmonics) based
on Voyager and Cassini fly-by gravity measurements, or static topography and libration esti-
mates from optical imagery [126]. In recent years, the relevance for measuring high-resolution
surface deformation and topography at Enceladus using InSAR has been stated [47, 127] and
concepts are beginning to be formulated, e.g., in [45, 128] and in [Pub3, Pub4]. Beyond In-
SAR, TomoSAR has been proven capable in many airborne experiments to provide valuable
information on the subsurface structure and composition of glaciers and ice sheets and may be
of high relevance for directly imaging the poorly understood subsurface characteristics of the
Enceladus ice crust.

In [Pub3], it has been demonstrated for the first time that modern geodesy in form of repeat-
pass SAR interferometry and tomography at Enceladus is expected to be feasible, despite the
strongly perturbed orbit dynamic. Based on the findings in [Pub3], among other studies, a new

mission concept is currently being developed at the Jet Propulsion Laboratory (JPL) of NASA.
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The concept aims at using (besides other modalities) repeat-pass InSAR for deformation and
topography mapping to understand Enceladus’ past and present structural, dynamical, and
kinematical properties and constrain its state of habitability. In [Pub4], an initial assessment on
performance and processing approaches for the proposed mission concept has been conducted.

This section provides a broader context to [Pub3] and [Pub4]. First, the general problem
statement for INSAR and TomoSAR at Enceladus is discussed. After outlining the key contri-
butions of [Pub3] and [Pub4], an outlook is presented.

3.2.1 Problem Statement

Implementing InSAR and TomoSAR 1in a repeat-pass manner at Enceladus is favorable com-
pared to a single-pass approach because of the tight restrictions in terms of mass and allo-
cated space, intrinsic to planetary missions. Compared to Earth, Enceladus has several dis-
tinctive characteristics that favor the use of repeat-pass InNSAR and TomoSAR. These include
an almost-absent atmosphere, negligible temporal decorrelation effects in most areas, high
backscatter (above 0 dB were measured in Ku- and S-band), and short orbital repeat cycles of
approximately 30 hours.

The strongly perturbed orbit dynamic at Enceladus has been identified as the main limiting
factor for repeat-pass InSAR at Enceladus [47]. The key orbit requirements can be summarized

as:

* Baseline Requirement: The reference and repeat orbit trajectory, viewed in an Ence-
ladus co-rotating coordinate system (i.e., body-fixed frame), must be almost parallel and
the baseline between the orbital tracks, projected on a line perpendicular to the radar
line-of-sight, must be significantly less than the critical baseline to avoid a complete
decorrelation of the acquisitions (see Section 2.1.2.3). The critical baseline is a function
of the wavelength, signal bandwidth, distance to the scene and incidence angle on the
scene, with higher values of these quantities resulting in longer critical baselines. For
typical Enceladus orbit heights of 100 km to 300 km, the critical baseline takes values

between tens of meters (Ka-band frequencies) and few kilometers (P-band frequencies).

* Inclination Requirement: To provide coverage of the prominent south polar region
at Enceladus (see Section 1.1) with incidence angles suitable for InNSAR and TomoSAR
(i.e., 25° to 60°), the orbit is required to have sufficient inclination. For typical Enceladus

orbit heights, inclinations toward 60° are required.

 Stability Requirement: The orbit is required to exhibit a natural stability to minimize
the necessary propellant and complexity for orbit maintenance. The stability requirement

for InNSAR and TomoSAR is much more stringent than commonly adapted in orbit design
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around small bodies. The orbit needs to be stable within an imaginary tube around a

reference trajectory, where the size of the tube is related to the critical baseline.

For the TomoSAR case, the baseline requirement translates into a sampling requirement, where
the maximum baseline is constrained by the necessity of a sufficiently dense sampling of the

synthetic antenna aperture in elevation to avoid ambiguities.
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Figure 3.4: Example of an Enceladus orbit propagated from initial conditions corresponding to a
200 km altitude circular Kepler orbit with an inclination of 90°. The orbiter impacts the Enceladus
surface after approximately 1.5 days.

Even if considered standard in Earth Observation, harmonizing these requirements for an
Enceladus orbiter is challenging, due to the strong third-body perturbation of Saturn, resulting
from the small mass of Enceladus and its proximity to Saturn. The third-body perturbation
leads to extreme instabilities for high-inclined orbits, with life times (the orbiter impacts into
Enceladus) of polar orbits of few days. Figure 3.4 shows an example of an Enceladus orbit
propagated from initial conditions corresponding to a 200 km altitude circular Kepler orbit
with an inclination of 90°. The propagation is performed including perturbations by Saturn, the
5 closest Saturnian moons, Jupiter, and the non-spherical gravity contribution from Enceladus
and Saturn. The orbit gets continuously more eccentric, until it impacts the Enceladus surface
after 1.5 days. The orbit design goal for an InSAR or TomoSAR application at Enceladus is
to find orbits with maximized inclination that provide the desired repeat-pass stability. Orbit
solutions with maximized inclination (up to 60°) that have been proposed in the literature have
been found to not provide the desired repeat-pass characteristic and stability when analyzing

them in a realistic n-body ephemeris propagation.

3.2.2 Key Contributions

The publication [Pub3] shows for the first time that suitable orbits for repeat-pass InSAR and

TomoSAR at Enceladus can be found, contradicting the general assumption of previous years.
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Feasibility assessments are provided in [Pub3] and an analysis for a mission concept in devel-
opment at JPL is shown in [Pub4]. In the following, the key contributions of [Pub3, Pub4] to

the advancement of SAR techniques for the exploration of icy moons are summarized:
* The orbital requirements for INSAR and TomoSAR at Enceladus have been derived.

* A search approach for periodic orbits (i.e., repeat-pass orbits) in a high fidelity ephemeris

model has been developed and successfully applied to the Enceladus case.

* A family of high-inclined (up to 61°) orbits with a natural stability of years has been iden-
tified. These orbits fulfill the above-mentioned requirements for InSAR and TomoSAR

in terms of small baselines, maximized inclination, and long-term stability.

* The robustness of the designed orbits against various perturbations and uncertainties (in

terms of gravity field knowledge and navigation) has been shown.

* The suitability of the designed orbits for repeat-pass InNSAR and TomoSAR in terms
of repeat periods and baseline availability has been demonstrated. In addition to SAR
applications, the long-term stability and high inclination of the orbits promotes them as

general science orbits and as a communication relay for a potential lander mission.

* In [Pub4], the performance of a dedicated InSAR mission scenario (in development at
JPL) that is based on the designed orbits has been assessed and processing approaches

have been validated, indicating the general feasibility of the mission concept.

3.2.3 Outlook

The assessments in [Pub3,Pub4] provide the first step toward enabling modern remote sensing
in form of repeat-pass InSAR and TomoSAR for the exploration of Enceladus. Among the
icy moons of Saturn and Jupiter, Enceladus is expected to exert the most challenging orbit
dynamic, due to the small ratio of the gravitational force by the moon and by the central planet.
Hence, it is to be expected that repeat-pass concepts are realizable also at other icy moons, or
in general at natural satellites of planets with a comparable gravity ratio.

Beyond the challenges imposed by the orbit dynamic and navigation accuracy, also the sheer
distance to Earth leads to a significantly increased system an mission complexity for realizing
an InSAR mission. The distance (between 9 and 11 astronomical units) drastically reduces
the down-link capacity. This requires to perform the SAR and InSAR processing on board
the spacecraft down to a multi-looked interferogram level to reduce the data volume. The
large distance to the Sun significantly complicates the power generation, with 1 % of the solar

flux arriving at Enceladus compared to Earth. This either requires large solar arrays (toward
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100m?), or the use of radioisotope thermoelectric generators (RTG), as used, e.g., for the
Cassini mission.

One particular aspect that has to be studied in detail in the future is the very particular
backscatter characteristic of Enceladus (see Section 2.3.5). The high backscatter values beyond
0 dB, reported based on measurements by Cassini (in the Ku band) [114,115] and Earth-based
measurements with the Arecibo radar telescope (in the S band) [129], suggest a highly effi-
cient multiple scattering from the subsurface volume across large portions of the microwave
spectrum. The high backscatter is helpful for reducing the required power-aperture product
of the radar to achieve a particular SNR and to allow large incidence angles. However, the
hint toward efficient volume scattering may imply a significant InSAR performance impact by
volume decorrelation (see Section 2.1.2). Volume decorrelation increases with an increasing
depth of the volume that contributes to the backscatter. The degree to which the backscatter
at Enceladus is concentrated near the surface or spread deeply through the depths of the ice
crust is not known. Models suggest that it could be either [117]. The Cassini SAR images of
Enceladus (see right panel of Figure 1.3) show clear layover and shadow features typical of
scattering from sloped surfaces due to the side-looking geometry of a SAR. Based on this, one
may argue that the dominant scattering cannot be too defuse within the volume. SAR imagery
from Earth of ice sheets that allow deep radar penetration (e.g., the dry snow zone in Green-
land) exhibit a diffuse, unfocused appearance. Further modeling efforts and experiments for
constraining the structural properties of the Enceladus ice crust and its effect on the backscatter
and volume decorrelation are fundamental for converging toward a specific InNSAR system and
operational concept.

Beyond InSAR and TomoSAR, the single-image approaches proposed in [Publ, Pub2] (see
Section 3.1) are expected to provide valuable information for a SAR mission at Enceladus. Es-
pecially in cases where the baselines are too large for performing robust InSAR or TomoSAR,
the single-image approaches are still capable of providing information on the depth of the im-
aged features, or even a vertical resolving capability. Additionally, the potential for calibrating
the penetration and permittivity for INSAR and TomoSAR products is of high relevance for pro-
viding reliable tomographic imagery as well as unbiased estimates of deformation processes

and topography.

3.3 Compensation of Propagation Effects for InSAR

Elevation Measurements of Ice Sheets and Glaciers

Digital elevation models (DEMs) produced using single-pass InSAR in an across-track con-

figuration are essential for mapping surface elevation and monitoring topographic changes of
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ice sheets and glaciers. The considerable penetration of radar signals into snow, firn, and ice at
commonly used frequency bands (e.g., P to X band) leads to an elevation bias of the backscatter
phase center relative to the actual surface. This phenomenon, often referred to as penetration
bias in the literature, means that the DEM generated from InSAR data does not accurately
represent the surface but is instead biased downward. Several model-based inversion strategies
have been developed to estimate the penetration bias from the interferometric coherence, the
backscatter, or both. Additionally, the single-image approach in [Pub1] can potentially be used
for estimating the penetration when using high-resolution systems or systems acquiring with

multiple squints.

In [Pub5], it is shown that beyond the above-mentioned penetration bias, significant addi-
tional vertical and horizontal offsets occur in conventionally processed InSAR DEMs over ice
and snow due to uncompensated propagation effects within the volume that are commonly not
considered. Adapted processing approaches, capable of correctly accommodating the pene-
tration bias are proposed in [Pub5]. This section summarizes the problem statement and key
findings of [Pub5] and gives an outlook toward a robust correction of the penetration bias in

InSAR elevation products.

3.3.1 Problem Statement

Across-track InSAR is sensitive to the elevation position of the backscatter phase center within
the glacial volume. However, there is a systematic bias between the physical phase center
position and the position retrieved with conventionally processed InSAR data that has so far
been neglected in InSAR-based elevation measurements over ice sheets and glaciers. Figure
3.5 illustrates the scenario. The systematic bias stems from the higher permittivity of the
glacial volume compared to the one of air, resulting in first consequence in a reduced signal
propagation velocity and refraction at the surface interface and in second consequence in range
delays and a stretch of the interferometric vertical wave number. This leads to vertical and
horizontal geolocation errors, beyond the well-known penetration bias, in the INSAR DEM
generation. In Figure 3.5, the penetration bias is symbolized by Al and the bias from the

uncompensated propagation effects by Ahs.

If solely correcting the penetration bias, Ah, (e.g., estimated via coherence-based approaches
[31,32], or the single-image approach [Publ]) for retrieving the surface elevation, residual ge-
olocation errors from the propagation effects are to be expected. For accurate elevation mea-
surements, the penetration bias has to be accounted for in the InSAR processing to calibrate

the interferometric phase and the range distance.
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Figure 3.5: Schematic of the InSAR elevation retrieval problem statement, illustrating the systematic
difference between the physical phase center height (connected to the well-known penetration bias, Ah)
and the elevation of the DEM retrieved with conventionally processed InSAR. The nomenclature, Ah
and Ahso, corresponds to the one in [Pub5].

3.3.2 Key Contributions

The publication [Pub5] provides adapted InSAR processing approaches to accommodate the
propagation into the glacial volume to correctly retrieve the surface elevation or phase center

elevation. The key contributions are listed below:

* The impact of propagation effects on InSAR DEMs over ice sheets and glaciers has been
assessed and quantified, showing considerable geolocation errors of meters to few tens

of meters beyond the well-known penetration bias.

* Multiple adapted processing approaches have been proposed, capable of accommodating
the propagation effects in terms of range and phase offsets with sufficient accuracy. The

developed approaches are simple to integrate in existing InSAR processors.

* The developed approaches have been validated on simulated InSAR acquisitions of the
upcoming Harmony mission by ESA using the Harmony End-To-End Performance Sim-
ulator (HEEPS), showing good performance compared to the state-of-the-art penetration

bias correction.
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3.3.3 Outlook

The publication [Pub5] describes how to accurately accommodate the signal penetration in the
InSAR processing, providing an important step toward a robust penetration bias calibration
in InSAR elevation products. Still, the accurate estimation of the penetration bias (i.e., the
depth of the backscatter phase center) based on the InSAR data faces limitations. Especially
in heterogeneous parts of glaciers and ice sheets, where coherence-based approaches [31, 32]
tend to be systematically biased because the backscatter distribution model assumptions do not
replicate the reality.

In such cases, the single-image approaches in [Publ] are expected to perform rather well,
since they rely on the contrast of the imaged scenery. For ESA’s Harmony mission, that is partly
focused on providing InSAR elevation products over land ice, the single-image approaches can
potentially exploit the large squint diversity (beyond 20°) between the Harmony satellites and
Sentinel-1. The Harmony satellites are flying in an across-track formation 350 km behind

Sentinel-1. A first assessment for the Harmony case is provided in [124].

84°N

max. incident angle difference [deg]

A TS A A AT TE 14

58°N
74°W 58°W 42°W 26°W 10°w 74°W 58°W 42°W 26°W 10°wW

58°N 0

Figure 3.6: Coverage opportunity of Sentinel-1 (corresponds to the Harmony mission) over Greenland,
showing (left) the number of coverage opportunities from different orbit passes within the 12-day repeat
cycle and (right) the maximum incident angle difference. Only descending passes are shown.

Beyond, the assessments in [Pub5] indicate that there is a significant incident angle de-
pendence of the geolocation error (see the Figures 4 and 5 in [Pub5]) that can be exploited
for estimating the penetration bias. This would require two InSAR acquisitions of the same
scene with different incident angles that are closely spaced in time to assure that no relevant
changes of the ice sheet or glacier occurred. Especially at higher latitudes, such acquisitions
could be generated from different orbit passes. As an example, Figure 3.6 (left panel) shows
the Sentinel-1 coverage opportunity over Greenland within the 12-day repeat period (the Har-
mony satellites acquire the same swath as Sentinel-1), where values greater than 1 indicate
the access from different orbits, i.e., with different incident angles. The nominal swath of

Sentinel-1 in interferometric wide-swath (IW) mode and descending orbits are assumed. The
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maximum incident angle difference for the specific points on ground is illustrated in the right
panel, showing the potential of acquiring the same scene with significantly different viewing

geometries. A dedicated assessment of such concept is suggest for future research.

3.4 Exploitation of Propagation Effects for Differential
InSAR Observations of Snow

The potential of differential InNSAR (D-InSAR) for dry snow parameter retrieval, especially the
snow water equivalent (SWE), has been first identified by Guneriussen et al. [96]. D-InSAR
potentially provides SWE change measurements at millimeter accuracy, high spatial resolution,
and wide coverage. The concept directly exploits the signal delay caused by the snow cover and
relies on the transparency of dry snow at microwave frequencies and a strong sensitivity of the
D-InSAR phase to a change in snow height or snow density between the repeat acquisitions of a
D-InSAR pair. The D-InSAR snow parameter retrieval is usually complicated or even hindered
by low temporal coherence and ambiguous measurements caused by the 27 ambiguity of the
interferometric phase. Several explanations for the decorrelation effect over snow covered
scenes have been already proposed as well as approaches for recovering the absolute SWE
change in scenarios where the snow accumulation results in a 27 phase ambiguity.

The publications [Pub6] and [Pub7] provide further steps toward a robust D-InSAR-based
snow parameter estimation. In [Pub6], an explanation for the temporal decorrelation effect of
dry snow covers is presented, relating slight changes of the snow density to the decorrelation of
the SAR signals. [Pub7] proposes novel D-InSAR techniques for unambiguous SWE change
measurements and a direct estimation of the snow density by exploiting simultaneous D-InSAR

acquisitions with different squint angles.

3.4.1 Problem Statement

D-InSAR SWE monitoring is so far not used operationally due to several limiting factors, the

two main ones being:

* Low temporal coherence areas: Snow covered areas show strong temporal decorrela-
tion effects. The low coherence reduces the accuracy of the phase measurement and can
significantly complicate the phase-unwrapping process, which is essential for assessing
spatial snow height dynamics in typical snow packs. The decorrelation can reach a point

where no robust SWE retrieval is possible.

* 27 phase ambiguity: To estimate the absolute phase, a reference point with known
SWE change is required within the scene. This is because the D-InSAR phase may have
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an unknown offset if the phase delay caused by the propagation through snow exceeds
2.

3.4.1.1 Dry Snow Decorrelation Effect

Temporal decorrelation is the main limiting factor in D-InSAR SWE retrieval. The common
explanation of the decorrelation effect is a change in the underlying scattering center distribu-
tion due to melting/refreezing, snow accumulation, or redistribution of underlying vegetation.
In scenarios with wet snow or snow that has undergone melt and refreeze cycles, a change
in scatterer distribution is likely to be the dominant decorrelation source. In dry snow condi-
tions and at sufficiently low frequencies (e.g., in the C or L band), the backscatter contribution
from the snow volume can be expected to be much less than the backscatter from the under-
lying ground (e.g., rock, soil, ice, vegetation). Hence, the explanation of decorrelation due to
changes in scatterer distribution seems counter-intuitive, because: i) no melting and refreezing
is to be expected, ii) dry snow accumulation should not significantly affect the backscatter, and
iii) the ground scatterer distribution (e.g., vegetation) should remain relatively stable compared
to the snow-free case. Still, strong decorrelation is commonly observed in snow-covered areas
at low temperatures. An interpretation of the decorrelation effect of a dry snow cover is given
in [97], describing that the decorrelation may result from a change in the sub-pixel scale snow
height distribution. Significant sub-pixel snow height changes are, however, only expected
from strong wind-induced snow drifts.

A novel explanation of the dry snow decorrelation effect is provided in [Pub6], relating
decorrelation to a slight change of the bulk snow density (i.e., the permittivity), caused by a
change of the wavenumber in the snow volume (see Section 2.2.2). The density change may
result from a settling of the snow, metamorphism, and wind effects. The publication [Pub6]
has been awarded the first prize of the Student Paper Competition of the IEEE International

Geoscience and Remote Sensing Symposium 2023 Conference held in Pasadena, CA, USA.

3.4.1.2 Phase Ambiguity

An unknown bulk offset in the D-InNSAR SWE change measurement occurs, if the snow height
change leads to a D-InSAR phase beyond 27. This is especially critical at C band or higher
frequencies, where already snow height changes of several centimeters result in phase shifts
beyond 27. At lower frequencies this effect is less critical, but still problematic for moderate to
high snow accumulation scenarios, e.g., in mountainous areas. The bulk offset does not allow
an unambiguous SWE change measurement. Several approaches for recovering the phase
ambiguity have been suggested, exploiting the sensitivity of the D-InSAR snow measurement

to the frequency (delta-k approaches) [98], the topography [130], or the polarization [131].
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Novel approaches for the unambiguous and robust D-InNSAR SWE change measurement are
presented in [Pub7]. The approaches are based on the differential sensitivity of simultaneous
D-InSAR acquisitions with different squint angles. The line-of-sight diversity between two
or more interferograms acquired using different squint angles creates a systematic phase dif-
ference caused by the propagation through snow. This phase difference can be exploited to
directly achieve an unbiased SWE change estimate, bypass