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The pattern in the ice wall danced in the room,
the light shone more strongly.

Everything that should have been upright was
upside-down—everything was piercingly bright.

Not once did she think this was strange;
it was just as it should be.

— Tarjei Vesaas





A B ST R AC T

Mountain glaciers and polar ice sheets are losing mass at accelerating rates
in response to global warming. The rates of mass gain by snow accumulation
and mass loss by calving and melting processes are primarily controlled
by climatic factors. However, the flow dynamics of ice determine how fast
mass is transported from accumulation to ablation zones. For this reason, ice
dynamics are an important control on the stability and evolution of ice sheets
and glaciers. Therefore, accurate parametrizations of ice-dynamical processes
are essential for reliable projections of future mass loss and sea level rise. Ice
dynamics imprint on ice fabric, which describes the orientation distribution of
ice crystals, and on englacial structures, such as the stratigraphic layering of ice.
These englacial features can be detected by radar as ice is highly transparent
to radio waves. Consequently, past ice deformation can be inferred from radar
data to study ice dynamical processes. This thesis presents two studies in
which new acquisition methods for the phase-sensitive Radio Echo Sounder
(pRES) are developed to detect the deep englacial stratigraphy of mountain
glaciers and vertical ice fabric anisotropy.

In the first study, the pRES is mobilized to establish a phase-sensitive radar
system suitable for deployment on mountain glaciers. A proof-of-concept
survey conducted at Colle Gnifetti, Switzerland and Italy, demonstrates that the
system can resolve the deep englacial stratigraphy, which could not be detected
by previously deployed impulse radars. A layer-optimized synthetic aperture
radar processing scheme is adapted to the mobile pRES data to suppress
clutter and enhance the clarity of specular reflection horizons. In combination,
these techniques enable the detection of englacial stratigraphy throughout
essentially the entire ice thickness. This improvement is exemplified by the
oldest reflection horizon that is continuously traceable in the acquired data,
which has an age of 288± 35 a, compared to 78± 12 a, achieved in previous
surveys. However, previously suggested ice-dynamically induced complex
englacial structures, such as layer disturbances and englacial folds, could not
be detected. Instead, the change in reflectivity is attributed to an increased
deposition rate of acidic impurity layers in the upper ice, correlating with the
onset of industrialization.

The second study focuses on detecting vertical ice fabric anisotropy through
phase-based polarimetric wide-angle radar observations. Previous polarimetry
studies typically employed nadir-looking antenna configurations, which are
primarily sensitive to horizontal ice fabric anisotropy. These studies rely on
the assumption that ice fabric is vertically aligned, a presumption that may
not hold in complex flow regimes. Previous theoretical studies suggest that
vertical ice fabric anisotropy and tilted ice fabric patterns can be inferred
from polarimetric wide-angle radar surveys that feature oblique radio wave
propagation. To test this approach, a polarimetric common midpoint radar
survey was conducted on Ekström Ice Shelf, East Antarctica. The presented
survey is sensitive to both vertical and horizontal ice fabric anisotropy, utilizing
phase shifts between differently polarized radar waves caused by the anisotropy
of the dielectric permittivity. An inversion framework is implemented to infer
all relevant ice fabric components, indicating that ice fabric alone cannot
explain the observed phase differences. Structural firn anisotropy is identified
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as an additional source of dielectric anisotropy that superimposes the ice
fabric signatures. As the firn structure primarily impacts the vertical dielectric
anisotropy, it has been neglected in previous nadir-looking polarimetry studies.
By demonstrating that radar can measure firn anisotropy, this study suggests
that targeted radar polarimetry can contribute to an improved understanding
of structural firn anisotropy and provide ground-truth data for satellite remote
sensing of firn.

In synthesis, the presented studies expand the application range of phase-
sensitive and polarimetric radar and provide new perspectives for interpreting
phase-sensitive radar data. However, both studies only represent first proof-of-
concepts for these new acquisition techniques, paving the way for their broader
application in future research to investigate complex ice dynamical processes.
To foster these efforts, this thesis encourages the development of new radar
systems that are specifically designed for detecting the newly identified radar
targets.
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Z U SA M M E N FA S S U NG

Gebirgsgletscher und polare Eisschilde verlieren als Reaktion auf die glo-
bale Erwärmung in zunehmender Geschwindigkeit an Masse. Der Massen-
zuwachs durch Schneeakkumulation und der Masseverlust durch Kalbung
und Schmelzen werden in erster Linie durch klimatische Faktoren gesteuert.
Die Fließdynamik des Eises bestimmt jedoch, wie schnell die Masse von
den Akkumulations- zu den Ablationszonen transportiert wird. Aus diesem
Grund ist die Eisdynamik ein wichtiger Einflussfaktor für die Stabilität und
Entwicklung von Eisschilden und Gletschern. Daher sind genaue Parametri-
sierungen der eisdynamischen Prozesse für zuverlässige Vorhersagen über
den künftigen Massenverlust und den Anstieg des Meeresspiegels unerläss-
lich. Die Eisdynamik prägt darüber hinaus die Eiskristallstruktur, welche die
Orientierungsverteilung der Eiskristalle beschreibt, und englazialen Struktu-
ren, wie die stratigraphische Schichtung des Eises. Diese Strukturen können
durch Radare erfasst werden, da Eis eine hohe Transparenz für Radiowellen
aufweist. Folglich kann aus Radardaten auf vergangene Eisverformungen ge-
schlossen werden, um dynamische Prozesse im Eis zu untersuchen. Diese
Arbeit präsentiert zwei Studien, in denen neue Erfassungsmethoden für ein
phasensensitives Radar (pRES) entwickelt werden, um die tiefe englaziale
Stratigraphie von Gebirgsgletschern und die vertikale Anisotropie der Eiskris-
tallstruktur zu bestimmen.

In der ersten Studie wird das pRES mobilisiert, um ein phasensensitives
Radarsystem zu erhalten, das für den Einsatz auf Gebirgsgletschern geeignet
ist. Eine Proof-of-Concept-Studie, die am Colle Gnifetti, Schweiz und Italien,
durchgeführt wurde, zeigt, dass das System die tiefe englaziale Stratigraphie
abbilden kann, die von zuvor eingesetzten Impulsradaren nicht erfasst wer-
den konnte. Ein schichtoptimiertes Verarbeitungsschema für das Radar mit
synthetischer Apertur wird an die mobilen pRES-Daten angepasst, um Störsi-
gnale zu unterdrücken und die Klarheit der Reflexionshorizonte zu erhöhen.
In Kombination ermöglichen diese Techniken die Erkennung der englazialen
Stratigraphie über nahezu die gesamte Eisdicke. Diese Verbesserung wird
durch den ältesten Reflexionshorizont veranschaulicht, der in den gewonne-
nen Daten durchgängig nachweisbar ist und ein Alter von 288±35 a aufweist,
verglichen mit 78± 12 a, das in früheren Untersuchungen erreicht wurde. Al-
lerdings konnten die zuvor vorgeschlagenen eisdynamisch geformten komple-
xen englazialen Strukturen, wie Schichtstörungen und englaziale Falten, nicht
nachgewiesen werden. Stattdessen wird die Veränderung der Reflektivität auf
eine erhöhte Ablagerungsrate säurehaltiger Verunreinigungen im oberen Eis
zurückgeführt, die mit dem Beginn der Industrialisierung korreliert.

Die zweite Studie behandelt die Erkennung vertikaler Kristallanisotropie
durch phasenbasierte polarimetrische Weitwinkelradarmessungen. Bisherige
Polarimetriestudien verwendeten typischerweise Nadir-ausgerichtete Anten-
nenkonfigurationen, die in erster Linie für horizontale Kristallanisotropie
sensitiv sind. Diese Studien setzen die Annahme voraus, dass die Eiskris-
tallstruktur vertikal ausgerichtet ist, eine Annahme, die in komplexen Eis-
flussregimen möglicherweise nicht gilt. Frühere theoretische Studien haben
vorgeschlagen, dass die vertikale Anisotropie der Eiskristallstruktur und de-
ren Neigung mittels polarimetrischer Weitwinkelmessungen mit schrägen
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Einfallswinkeln der Radarwellen bestimmt werden können. Um diesen An-
satz zu testen, wurde auf dem Ekström-Schelfeis, Ostantarktis, eine polari-
metrische Common-Midpoint-Radarmessung durchgeführt. Die vorgestellte
Untersuchungsmethode ist sowohl für die vertikale als auch die horizontale
Kristallanisotropie sensitiv. Diese wird über Phasenverschiebungen zwischen
unterschiedlich polarisierten Radarwellen erreicht, die durch die Anisotropie
der dielektrischen Permittivität verursacht werden. Es wird ein Inversions-
verfahren eingesetzt, um alle relevanten Komponenten der Eiskristallstruktur
abzuleiten. Dabei zeigt sich, dass die Kristallanisotropie die beobachteten
Phasenunterschiede nicht alleine erklären kann. Die strukturelle Firnanisotro-
pie wird als zusätzliche Quelle dielektrischer Anisotropie identifiziert, welche
die Signaturen der Eiskristallstruktur überlagert. Da die Firnstruktur in erster
Linie die vertikale dielektrische Anisotropie beeinflusst, wurde sie in früheren
Polarimetriestudien mit Nadir-ausgerichteten Antennen vernachlässigt. Durch
den Nachweis, dass Radar die Firnanisotropie detektieren kann, legt diese Stu-
die nahe, dass gezielte Radarpolarimetriemessungen zu einem besseren Ver-
ständnis der strukturellen Firnanisotropie beitragen und Kalibrierungsdaten
für die Satellitenfernerkundung von Firn liefern können.

Zusammenfassend lässt sich sagen, dass die vorgestellten Studien den An-
wendungsbereich von phasensensitiven und polarimetrischen Radaren erwei-
tern und neue Perspektiven für die Interpretation phasensensitiver Radardaten
bieten. Beide Studien stellen jedoch nur erste Proof-of-Concepts für diese neu-
en Erfassungstechniken dar und ebnen den Weg für ihre Anwendung bei der
Untersuchung komplexer dynamischer Prozesse im Eis in der zukünftigen For-
schung. Um diese Bemühungen zu fördern, regt diese Arbeit die Entwicklung
neuer Radarsysteme an, die speziell für die Erkennung der neu identifizierten
Radarziele ausgelegt sind.
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The stability and evolution of ice sheets, ice shelves and glaciers are de-
termined by their mass balance and flow dynamics. The Antarctic ice sheet
is surrounded by ice shelves, where mass is lost through iceberg calving at
the ice shelf fronts and ocean-induced basal melting. The transport of mass
by ice flow from the interior to the ice shelves is influenced by the ice fab-
ric, which describes the distribution of the orientation of ice crystals. In situ
data of basal melting and ice fabric are therefore needed to accurately pre-
dict ice sheet evolution. However, such data are scarce because conventional
observation methods, such as ice coring, are time-intensive and expensive.

The Autonomous phase-sensitive Radio Echo Sounder (ApRES) overcomes
these limitations. Like other ground-penetrating radars, it measures the two-
way travel time of a radio wave to englacial reflection horizons or the ice–ocean
interface. However, by transmitting frequency-modulated continuous radio
waves that are mixed with the received signals, the ApRES achieves phase-
sensitivity. Therefore, ApRES measurements are sensitive to travel time
changes within a fraction of a wave period, which correspond to millimetre-
scale changes in the reflector depth, enabling accurate measurements of
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englacial deformation and basal melt rates. Moreover, ice fabric can be in-
ferred by rotating the polarized radar antennas to measure the polarization
dependence of the radio wave propagation velocity.

ApRES measurements can be performed efficiently at multiple locations
across large areas. For example, ApRES devices have been used to measure
the basal melt rate and ice fabric across 120 km of the central flowline of
the Ekström ice shelf. Additionally, stationary deployments provide high tem-
poral resolution and coverage (hourly over the course of a year), facilitating
the observation of dynamic processes such as tidal effects on basal melting
or seasonally varying englacial deformation. ApRES devices are low cost
and processing codes are open source. Therefore, similar surveys have been
conducted by multiple research groups at many sites. The magnitude of avail-
able ApRES data has improved understanding of many glacial processes and
facilitates their incorporation into ice flow models.
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1
I N T RO D U C T I O N

1.1 motivation

Global ice masses are retreating and are dominant contributors to the projected
global mean sea level rise of 0.43–0.84m by 2100, relative to the period from
1986–2005 (IPCC, 2022). Mass loss of the global glaciers (Hugonnet et al.,
2021; Rounce et al., 2023) affects the food and water security of up to 1.9
billion people (Immerzeel et al., 2020), endangers specialized species adapted
to glacial conditions (Cauvy-Fraunié & Dangles, 2019), and increases the risk
of natural hazards such as glacial lake outburst floods (Taylor et al., 2023).
Although glaciers were the main contributor to sea level rise over the last
century, 99% of the global ice is stored in the polar ice sheets (IPCC, 2022).
Both the Antarctic ice sheet (AIS) (The IMBIE team, 2018; Rignot et al., 2019)
and the Greenland ice sheet (GrIS) (Bamber et al., 2018; The IMBIE Team,
2020) have been losing mass at accelerating rates in the past two decades,
increasing their contribution to future sea level rise projections. The enhanced
freshwater discharge from the polar ice sheets impacts marine ecosystems, for
example, by altering biological productivity (Hopwood et al., 2020; Oksman
et al., 2022). Moreover, it can substantially weaken global ocean circulation
(He & Clark, 2022; An et al., 2024; van Westen et al., 2024).

1.1.1 mass balance of glaciers and ice sheets

Figure 1.1: Mass balance configurations and dominant mass gain and mass loss
processes of (a) mountain glaciers and (b) the Antarctic ice sheet.

The accelerating mass loss is set by fundamental glacial processes. A glacier is
a large aggregation of snow that compacts into ice and deforms under its own
weight, thereby transporting ice into a zone of ablation. For mountain glaciers
in a stable climate, this results in an equilibrium configuration between mass
gain in the accumulation zone and mass loss in the ablation zone, mostly by
surface melting (Figure 1.1a). The two zones are separated by the equilibrium
line, represented by the extent of the snow cover at the end of the ablation
season. The equilibrium line altitude is primarily determined by climatic
factors, including the snow accumulation rate and temperature (Huss & Hock,
2015).
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The AIS exhibits a similar balance between predominant snow accumula-
tion in the interior and mass loss at the floating ice shelves that surround it
and buttress the grounded ice (Fürst et al., 2016; Reese et al., 2018). The mass
loss occurs through basal melting (Wåhlin et al., 2024) and iceberg calving
at the ice shelf edges (Figure 1.1b, Alley et al., 2023). The boundary between
grounded and floating ice defines the grounding line. Ice flow across it is
termed ice discharge, because once the ice becomes buoyant it contributes to
sea level rise. Although grounding lines do not directly correspond to equi-
librium lines, the lateral grounding line position is indicative of the ice sheet
stability (Reese et al., 2023). Grounding line retreat is primarily attributed to
oceanic forcing (Alley et al., 2015), which also correlates with increasing ice
discharge (Davison et al., 2023). In contrast, the GrIS is drained by both land-
and marine-terminating glaciers and has only a few remaining ice shelves (Mil-
lan et al., 2023). Accordingly, it represents an intermediate scenario between
the mountain glacier and the AIS configuration.

1.1.2 importance of ice dynamics

In all configurations, ice flow determines the rate of mass transport between the
zones of predominant mass gain and mass loss. Therefore, the dynamics of ice
flow are an important control on the stability of glaciers and ice sheets. The ice
dynamics are defined by the rheology of the ice, which relates applied stress to
induced strain. For ice, it is temperature-dependent, non-linear, and anisotropic
(Glen, 1955; Azuma, 1994). Both the degree of non-linearity (Bons et al., 2018;
Ranganathan et al., 2021; Millstein et al., 2022) and the evolution and impact
of ice anisotropy (Richards et al., 2021; Llorens et al., 2022; Gerber et al.,
2023; Kufner et al., 2023) are topics of ongoing glaciological research. Ice
deformation imprints on englacial structures, such as the folding of englacial
stratigraphy and the distribution of ice crystal orientations, also referred to as
ice fabric (Hudleston, 2015; Jennings & Hambrey, 2021). Therefore, past ice
flow can be inferred from observations of these structural features (Brisbourne
et al., 2019; Koch et al., 2023).

However, ice fabric and the englacial structure also directly influence future
ice deformation and cause internal dynamic feedback processes (Minchew
et al., 2018; Jordan et al., 2022). In particular, mechanical ice anisotropy
is induced by ice fabric in the first place. This means that the ice crystal
orientations not only align according to flow (Llorens et al., 2022), but in turn
cause direction-dependent softening of the ice (Duval et al., 1983; Gerber
et al., 2023). The anisotropic rheology can promote further complex flow
processes, such as large-scale englacial folding (Bons et al., 2016; Ross et
al., 2020) and the localization of ice stream shear margins (Gerber et al.,
2023; Jansen et al., 2024), where, in combination with shear heating, it can
trigger further softening (Minchew et al., 2018). Consequently, ice anisotropy
strongly influences ice flow in regions of fast-flowing ice that account for large
portions of the AIS (Bamber et al., 2000) and GrIS (van den Broeke et al.,
2009) mass loss.

Despite this importance, large-scale ice sheet models used for projecting
the evolution of the polar ice sheets and their contribution to sea level rise do
not routinely consider ice fabric anisotropy (e.g., Larour et al., 2012). They
mostly define constant flow enhancement factors for different flow regimes to
account for first-order variations in the viscosity (Winkelmann et al., 2011;
Pollard & DeConto, 2012; Berends et al., 2022). However, ice flow is strongly
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sensitive to the enhancement factor (Humbert et al., 2005), and a constant
factor does not capture its full spatial variability. This can be improved by the
implementation of stress-adaptive enhancement factors (Ma et al., 2010; W.
Wang et al., 2012; McCormack et al., 2022). Nevertheless, representing the
aforementioned complex dynamical processes induced by ice fabric requires
ice flow models that include a complex description of ice fabric anisotropy,
such as a tensorial description (Gillet-Chaulet et al., 2006; Gagliardini et
al., 2013; Lilien et al., 2021a; Henry, 2024). However, the applicability of
these approaches is not only limited by their computational requirements
and numerical instabilities, but also by a lack of ice fabric observations for
constraining the models, particularly in fast-flowing ice.

1.1.3 geophysical observations of ice fabric

The orientations of individual ice crystals, and therefore ice fabric, are directly
observable in ice cores (Faria et al., 2014; Weikusat et al., 2017). However, they
provide only limited spatial information. The azimuthal ice core orientation is
usually not preserved for deep ice and can only be reconstructed under certain
conditions (Westhoff et al., 2021). Moreover, with few exceptions (Stoll et
al., 2021), ice cores are typically drilled at weakly dynamic ice domes and
divides. At these ice core sites, deformation is primarily confined to vertical
compression, and the ice fabric is not representative of flow regimes and
evolution processes that occur in highly dynamic regions (Lilien et al., 2021a;
Richards et al., 2023).

For these reasons, geophysical observations of ice fabric beyond ice core
sites are needed. Ice fabric can be inferred by radar and seismics, which both
complement each other (Brisbourne et al., 2019). Single active (Diez et al.,
2014; Brisbourne et al., 2019) and passive (Smith et al., 2017; Kufner et al.,
2023) seismic measurements can primarily infer the depth-averaged ice fab-
ric anisotropy. Although this can be improved by long-time deployments of
large passive seismic arrays or active-source borehole seismics (Lutz et al.,
2020), the depth resolution remains limited. Yet, seismic methods are sensi-
tive to both vertical and horizontal anisotropy via longitudinal compressional
(P) and transversal shear (S) waves (Wittlinger & Farra, 2015). In contrast,
radar-based ice fabric observations achieve a better depth resolution by de-
tecting polarization-dependent traveltime delays and anisotropic scattering
signatures from multiple englacial reflections (Dall, 2010; Jordan et al., 2019;
Young et al., 2021a; Ershadi et al., 2022; Zeising et al., 2023). But as radio
waves are transverse and radar is typically operated with quasi-monostatic
antenna configurations in which transmitter and receiver are closely spaced,
the sensitivity of radar to vertical anisotropy is limited.

In this thesis, I aim to develop and advance observational techniques for
detecting ice fabric and englacial structures with phase-sensitive radio echo
sounding. The following sections describe the dielectric properties of ice and
the dielectric signatures of the main radar targets considered in this thesis:
englacial stratigraphy, ice fabric, and structural firn anisotropy. Finally, the
advancements by phase-sensitive radio echo sounding are described, providing
improved detection capabilities for the considered radar targets.
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1.2 dielectric properties and radar signatures of ice and
firn

1.2.1 wave propagation in isotropic ice and firn

The suitability of radar for observing the interior of ice is set by the dielectric
properties of ice, which make it highly transparent to radio waves. Radio
waves in ice propagate according to the electromagnetic wave equation(

∇2 − 1

cice

∂2

∂t2

)
E = 0, (1.1)

with the electric field E and time t. The radio wave velocity in ice

cice =
1

√
µ0ε0εr

, (1.2)

is determined by the relative permittivity εr, with µ0≈ 4π×10−7Hm−1 and
ε0 ≈ 8.854×10−12 Fm−1 being the constant magnetic permeability and per-
mittivity of free space, respectively. As ice is non-magnetic, its relative per-
meability is µr = 1 and does not affect the radio wave velocity. The relative
permittivity is complex-valued

εr = ε′ − iε′′, (1.3)

where both the real part, ε′, and the imaginary part, ε′′, depend on frequency,
temperature, density, acidity, and ice fabric anisotropy (T. Matsuoka et al.,
1997; Fujita et al., 2000).

Essentially, it is the real part that determines the radio wave velocity:

cice =
c√
ε′
, (1.4)

where c = 1/
√
µ0ε0 is the speed of light in vacuum. At high frequencies

(HFs) and above, i.e., above 3MHz, variations of the real-valued permittivity
in ice are low and ε′ attains a value of approximately 3.17 for pure isotropic
ice at temperatures of around −20◦C. This value increases up to 3.19 for
temperatures near the melting point (Fujita et al., 2000), corresponding to a
reduction of the radio wave velocity.

In porous firn, consisting of an ice-matrix with air inclusions, the density is
reduced and the real relative permittivity can be described by a mixture model
for heterogeneous media (Looyenga, 1965):

ε′firn =
(
νε′

1/3
+ (1− ν)

)3
, (1.5)

where ν = ρ/ρice is the ice–air volume fraction and ρ and ρice are the densities
of firn and glacial ice, respectively. This mixture model is in good agreement
with the empirical relation determined by Kovacs et al. (1995):

ε′ = (1 + 0.845ρ)2. (1.6)

The effects of dielectric anisotropy are described in Section 1.2.3.
The imaginary part of the relative permittivity is related to the electrical

conductivity by

σ = ωε0ε
′′, (1.7)
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where ω = 2πf is the angular radio wave frequency and f is the frequency
in Hz. The conductivity of ice at radio frequencies is generally low, with
typical values on the order of 10−5 Sm−1 (Fujita et al., 2000). However,
strong conductivity contrasts can occur at ice layers with high concentrations
of acidic impurities, which is discussed in Section 1.2.2. Because of its low
electrical conductivity, signal attenuation in ice is generally weak, particularly
at low temperatures.

Similarly, scattering in ice is low because of the typically minor inhomo-
geneities. Exceptions include ice with entrained sediments (K. Winter et al.,
2019; Franke et al., 2024) and temperate ice that has a temperature of 0◦C
and contains liquid water inclusions (Eisen et al., 2009; Delcourt et al., 2013;
Schannwell et al., 2014). The degree of scattering depends on the radio wave
length. For this reason, radio waves with lower frequencies and longer wave-
lengths can penetrate deeper into the ice. In combination, the low scattering
and low electrical conductivity of ice favor its high transparency to radio
waves, making radar a powerful tool for studying the interior of glaciers and
ice sheets.

1.2.2 englacial radiostratigraphy

Figure 1.2: Englacial stratigraphy at the front of Ekström ice shelf.

Glacial ice is stratified when it originates from surface accumulation and
has not undergone intensive deformation. The stratification evolves as new
layers gradually build up during successive accumulation events. Individual
ice layers are therefore isochronous and have differing properties, such as
density, microstructure, and enclosed gas and impurity concentrations. Many
of these properties are determined by the climatic conditions at the time when
the snow accumulates at the surface or when the gases get enclosed in the ice.
The climatic forcing varies on seasonal to orbital scales (Gow, 1965; Bender,
2002), which is archived in the ice. Ice coring can extract these climatic
records and provide a dating of the ice (Rasmussen et al., 2013; Buizert et al.,
2015; Mojtabavi et al., 2020).

Radar detects stratigraphic layers that alter the dielectric properties (Gud-
mandsen, 1975). The reflection amplitude of a specular horizon between two
layers n− 1 and n depends on the strength of the dielectric contrasts and can
be computed by

rn ≈
Zn−1 − Zn

Zn−1 + Zn
, (1.8)
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when changes in the impedanceZn are small (Ackley & Keliher, 1979; Moore,
1988; Fujita et al., 2000). The impedance of the nth layer is given by

Zn =
iµ0ω

γn
, (1.9)

where γn is the propagation constant:

γn =
√
ε0µ0εr,nω2 + iµ0σnω. (1.10)

Here, εr,n and σn are the relative permittivity and conductivity of the nth layer,
respectively. Variations in both quantities are potential reflection sources.

In the firn, reflections primarily occur through permittivity variations in-
duced by seasonal fluctuations in the layer density. In compacted glacial ice,
reflection horizons are caused by conductivity contrasts due to acidic impu-
rity layers. These layers can, for example, originate from volcanic deposits,
providing distinct time markers and strong reflection horizons in the ice (Jaco-
bel & Welch, 2005), which enable linking the radiostratigraphy with the ice
core chronology (Eisen et al., 2004; Konrad et al., 2013; Bodart et al., 2021).
Although the assumption that internal reflection horizons are isochronous is
generally justified, ice slabs (Rutishauser et al., 2024) or abrupt changes in
ice fabric anisotropy can also produce potentially non-isochronous reflection
horizons (Fujita et al., 1999; Eisen et al., 2007).

Internal reflection horizons from strong volcanic events are detectable over
hundreds of kilometers. Radar profiling can therefore provide spatial accu-
mulation patterns (Cavitte et al., 2018; Karlsson et al., 2020), the depth of
the glacial–interglacial transition (Karlsson et al., 2013), and the age-depth
structure over large portions of the AIS (Cavitte et al., 2016; A. Winter et al.,
2019; Z. Wang et al., 2023) and the entire GrIS (MacGregor et al., 2015).
The spatially extended radiostratigraphy products are moreover a valuable re-
source for calibrating ice-sheet flow models (Born & Robinson, 2021; Sutter
et al., 2021).

In addition to these spatial surveys, the englacial radiostratigraphy can be
used to infer the ice-dynamic history (Elsworth et al., 2020; Koch et al., 2023)
and to investigate complex ice-dynamic effects. For example, the structure of
Raymond arches below ice domes and divides, caused by hardening of the ice
due to its non-linear and anisotropic rheology, is an indicator for the stability of
ice rises (Martín et al., 2009; Martín & Gudmundsson, 2012; Kingslake et al.,
2014; Henry, 2024; Ershadi et al., 2025). Englacial folding of the stratigraphy
can aid in inferring the age of ice streams (Jansen et al., 2024) or indicate
ice stream shutdown (Holschuh et al., 2018; Franke et al., 2022). Moreover,
large-scale folding induced by a variable ice rheology (Bons et al., 2016; Ross
et al., 2020), sticky spots (Wolovick & Creyts, 2016), and basal freeze-on (Bell
et al., 2011, 2014; Leysinger Vieli et al., 2018) are recorded in the englacial
stratigraphy.

The latter features are observed in the deep glacial ice, in a zone that
was considered radio echo-free in the past (Drews et al., 2009), before these
structures could be revealed by advanced radar techniques (Section 1.3.2).
Mountain glaciers exhibit a similar decrease in reflectivity in the deeper ice
(Eisen et al., 2003; Bohleber, 2011; Konrad et al., 2013). Chapter 2 addresses
how to improve the detection of the englacial stratigraphy of mountain glaciers.
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1.2.3 dielectric anisotropy due to ice fabric

Figure 1.3: (a) Photo of hexagonal ice crystals. (b) Hexagonal ice crystal structure
for ice Ih with white dots indicating oxygen atoms (adapted from Cuffey & Paterson,
2010). (c) Simplified illustration of an ice crystal with multiple basal planes.

Under the temperature and pressure conditions on Earth, natural ice occurs
in the form of hexagonal ice Ih (Hansen, 2021), which is imprinted in the
hexagonal shapes of snowflakes and ice crystals (Figure 1.3a). In this phase,
individual ice crystals have a hexagonal lattice structure (Figure 1.3b), mean-
ing that oxygen atoms in the basal plane of an ice crystal form hexagonal
rings. The crystal c-axis points perpendicular to the basal plane. Single ice
crystals have a strong mechanical anisotropy, because slip along basal planes
is facilitated by a factor of at least 60 compared to c-axis-parallel defor-
mation (Figure 1.4a–b, Duval et al., 1983). For this reason, the basal planes
of ice crystals that are subjected to compressive strain rotate toward a stress-
perpendicular orientation, and the c-axes align with the direction of maximum
stress (Figure 1.4a–b).

Figure 1.4: Deformation of ice crystals under compressive stress. (a) Compression
along the c-axis. (b) Shear along basal planes. (c) Lattice rotation with c-axes align-
ment toward the direction of maximum compressive stress.

Glacial ice is polycrystalline, meaning that it consists of multiple ice crys-
tals, in this context also termed ice grains. The bulk ice inherits the mechanical
anisotropy of the individual ice crystals when they are preferentially oriented,
resulting in direction-dependent softening or hardening of the ice. The pref-
erential orientation patterns are termed ice fabric and evolve according to
the experienced stress (Llorens et al., 2022). Crystal alignment occurs pre-
dominantly through lattice rotation, but additional recrystallization processes
become significant under higher temperature and stress conditions (Montagnat
et al., 2015; Fan et al., 2020).

The distribution of c-axes is described by the ice fabric tensor:

λ =

λ1 0 0

0 λ2 0

0 0 λ3

, (1.11)

where λ1 < λ2 < λ3 are the eigenvalues (following the ordering convention
typically used in radioglaciology) which are normalized (λ1 + λ2 + λ3 = 1).
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A higher eigenvalue indicates that on average more c-axes are oriented toward
the associated eigenvector directions v1, v2 and v3. Ice is isotropic when the
c-axes are equally distributed (λ1 ≈ λ2 ≈ λ3 ≈ 1/3). This is often assumed
for the near-surface, as snow precipitates with random orientation. Ice that
has undergone deformation is generally anisotropic. Single-maximum fabrics
(λ1 ≈ λ2 ≪ λ3) are typically caused by vertical compression and present
at the base of ice sheets. Vertical-girdle fabrics (λ1 ≪ λ2 ≈ λ3) evolve by
horizontal extension and occur for example in ice streams and ice shelves
with flow acceleration along the flow path. As the ice fabric adapts to the
flow regime that forms it, further deformation under the same flow regime
is facilitated. However, the ice can be more resistant to deformation under a
different flow regime, which can slow down its adaptation to changing flow
conditions (Llorens et al., 2022).

Ice fabric anisotropy induces dielectric anisotropy, because electrons can
be displaced more easily along the basal plane of an ice crystal than per-
pendicular to it, making its dielectric permittivity direction-dependent. For
typical radar sounding frequencies and temperatures of around −20◦C, the
dielectric permittivities of a single ice crystal parallel and perpendicular to the
c-axis are ε′∥ = 3.17 and ε′⊥ = 3.14, respectively (Fujita et al., 2000; Bohle-
ber et al., 2012). As electromagnetic waves are transversely polarized, a wave
that propagates along the c-axis always experiences a dielectric permittivity
of ε′⊥. It will therefore propagate faster than a wave that propagates along
the basal plane of the ice crystal with a polarization parallel to the c-axis.
The corresponding dielectric anisotropy of a single ice crystal at −20◦C is
∆ε′ = (ε′∥ − ε

′
⊥) = 0.034, independent of the radio wave frequency (T. Mat-

suoka et al., 1997).
Polycrystalline ice inherits the dielectric anisotropy of the individual ice

crystals. Its bulk dielectric permittivity is given by the second-order dielectric
permittivity tensor and is linearly dependent on the ice fabric (Hargreaves,
1978):

ε′ =

ε′1 0 0

0 ε′2 0

0 0 ε′3



=

ε′⊥ + λ1∆ε
′ 0 0

0 ε′⊥ + λ2∆ε
′ 0

0 0 ε′⊥ + λ3∆ε
′

. (1.12)

In the general case of λ1 ̸= λ2 ̸= λ3, ice is a dielectrically biaxial medium
and the permittivity tensor describes an ellipsoid (K. Matsuoka et al., 2009;
Jordan et al., 2020a). The propagation velocity of a radio wave that travels
through the ice along an arbitrary ray path is given by the plane perpendicular
to the ray path that cuts the ellipsoid through its center. This plane describes
an ellipse with the two principal axes and their radii defining the two possible
polarizations and their associated permittivities, respectively. A radio wave
maintains its polarization when it is polarized parallel to one of the principal
axes. When the polarization does not align, the wave is depolarized and split
into two principal components (analogous to the ordinary and extraordinary
waves in uniaxial crystals). The two wave components propagate indepen-
dently and can be depolarized again when the ice fabric orientation changes
along the ray path, resulting in different birefringence phenomena.
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Radar is sensitive to the bulk dielectric properties of ice, because typically
used radar wavelengths (decimeters to meters) are significantly larger than
individual ice crystals (millimeters). Therefore, radar can infer the dielectric
anisotropy of ice and, hence, the ice fabric. This is typically done by analyzing
polarimetric birefringence patterns that can be observed using differently
cross- and co-polarized radar antennas. Radar signatures originating from
ice fabric are relative traveltime or phase-shifts between differently polarized
radar waves (Dall, 2010; Jordan et al., 2019; Young et al., 2021a; Ershadi et al.,
2022; Zeising et al., 2023) and extinction nodes and beat signatures that occur
in the reflection power due to interference phenomena that are associated with
these phase shifts (Fujita et al., 2006; K. Matsuoka et al., 2009, 2012; Li et al.,
2018; Young et al., 2021b).

Previous polarimetry studies of ice fabric typically used quasi-monostatic
radar configurations. Although the ice fabric can theoretically be arbitrarily
oriented, these studies relied on the assumption that one ice fabric eigenvector
(typically v3 associated with the highest eigenvalue) is vertical. This assump-
tion holds particularly in the interior of the ice sheets, where single-maximum
fabrics due to vertical compression occur (e.g., Jordan et al., 2019; Ershadi
et al., 2022), but it may not be valid in complex flow deformation regimes.

1.2.4 dielectric anisotropy due to structural firn anisotropy

Firn in the near-surface has an anisotropic structure, characterized by vertically
elongated ice grains and pore spaces (Figure 1.5, Alley, 1987b; Pfeffer &
Mrugala, 2002; Fujita et al., 2009). This structure forms in the uppermost
3m (Hörhold et al., 2009; Lomonaco et al., 2011; Inoue et al., 2024) by
insolation-driven temperature gradient metamorphism (Hutterli et al., 2009;
Fujita et al., 2009). In addition to insolation, the degree of anisotropy depends
on the accumulation rate and the local wind conditions. The accumulation
rate determines the residence time of the firn in the near-surface (Hörhold
et al., 2009), promoting stronger firn anisotropy at low-accumulation sites
or during time periods of low accumulation. Wind-driven snow-compaction
determines the initial snow properties, particularly the surface density, with
more pronounced firn anisotropy developing in firn layers with initially higher
density (Inoue et al., 2024). In combination, these factors cause a high spatial
and temporal variability of firn anisotropy (Fujita et al., 2016; Inoue et al.,
2024).

Firn densifies through multiple processes that are dominant at different firn
densification stages. In stage I, densification occurs through rearrangement of
ice grains by grain boundary sliding (Alley, 1987a; Schultz et al., 2022) until
closest packing of grains is reached at the critical density of about 550 to
600 kgm−3. From there on, dislocation creep becomes the dominant densifi-
cation process in stage II (Maeno & Ebinuma, 1983). Firn layers that originate
from summer accumulation typically exhibit an initially higher density and
finer grain sizes than winter layers and, therefore, develop a stronger structural
anisotropy. As a result, grain rearrangement in the summer layers is slowed,
while the initially low-density winter layers densify more quickly. This effect
acts in conjunction with higher impurity concentrations that also enhance
densification (Hörhold et al., 2012; Freitag et al., 2013; Fujita et al., 2014),
resulting in a density crossing of both layer types around the critical density,
where minimal density variability occurs (Freitag et al., 2004). In parallel, firn
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Figure 1.5: Vertical and horizontal X-ray absorption microtomography images of firn.
Structural firn anisotropy due to elongated ice grains (white areas) and pore spaces
(black areas) occurs in upper vertical sections (a–c). Lower (d–e) and horizontal
sections show no structural anisotropy (Figure from Fujita et al., 2009).

anisotropy diminishes rapidly in stage I and more slowly in stage II (Fujita
et al., 2014).

Although firn anisotropy decreases with depth, its imprint on the microstruc-
ture is preserved until pore close-off and affects the firn permeability (Fujita
et al., 2009, 2014). In this way, firn anisotropy can influence the duration of
the firn-to-ice transition and consequently the age difference ∆age between
ice and enclosed air bubbles (Keegan et al., 2019), the total air content and
gas fractionations (Fujita et al., 2014). This facilitates inferring the past firn
porosity at the firn–ice transition from the shape, size, and distribution of air
bubbles in ice cores (Ueltzhöffer et al., 2010). In particular, firn anisotropy can
explain the correlation between orbital tuning parameters, i.e., insolation, and
total air content and the gas fractionation of oxygen and nitrogen (O2/N2 ra-
tio), observed by Bender (2002). Consequently, firn anisotropy is an important
property for the analysis of ice core climate records.

Because ellipsoidal air bubbles affect radio wave propagation in firn and
ice (Drews et al., 2012), firn structure is a source of dielectric anisotropy
(Sihvola & Kong, 1988) and detectable by radar. Vertical firn anisotropy can
be parametrized by the axial ratioRa = lv/lh between the correlation lengths
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Figure 1.6: Relation between structural firn anisotropy described by the axial ratio
Ra and the dielectric anisotropy ∆εfirn. The residual ∆εfirn = 0.1 at Ra = 1 is
suggested to be caused by ice fabric anisotropy (Figure from Fujita et al., 2009)

of vertical and horizontal structures, which is proportional to the induced
dielectric anisotropy of firn ∆εfirn (Figure 1.6). Dielectric firn anisotropy can
reach a value of 0.08 (Lytle & Jezek, 1994; Fujita et al., 2009), which is more
than twice as big as the maximally possible dielectric ice fabric anisotropy of
single-maximum fabrics (∆ε′ = 0.034).

1.3 radio echo sounding techniques

Radioglaciology takes advantage of the radio-wave transparency of ice to
investigate englacial and subglacial structures and properties of glaciers and
ice sheets using ground-based or airborne radio detection and ranging (radar),
also referred to as radio echo sounding (RES) (Robin, 1975; Schroeder et al.,
2020). First experiments for determining the thickness of a glacier with elec-
trodynamic methods were performed by Stern (1929). The broad application
of RES in glaciology initiated in the 1960s after Waite and Schmidt (1962)
demonstrated that pulsed radar altimeters used in aircraft can detect the ice
base of a glacier. The main principle of RES is that a transmitter (Tx) emits
a radio wave that propagates into the ice, where it gets reflected at subsur-
face targets, so that the multiple reflected signals arriving at the receiver (Rx)
are recorded. Thereby, the range of a target is determined by the two-way
traveltime τ of the reflected signal

R =
cice
2τ

. (1.13)

In addition, the reflection amplitude comprises information about the target’s
reflectivity and geometry, as well as radio wave attenuation along the ray path.

Radar systems used in glaciology typically operate in the high frequency
(HF) to lower ultra high frequency (UHF) range, i.e., at frequencies of about
3MHz to 1GHz. As penetration depth decreases at higher frequencies, HF
and very high frequency (VHF) systems are typically used for imaging the
entire ice column and the ice base, whereas UHF systems offer finer range
resolution and are utilized for surveying the snow and firn.
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This section describes the principles of different radio echo sounding tech-
niques, starting with conventional pulsed or impulse systems, before highlight-
ing the technical advancements provided by phase-sensitive RES.

1.3.1 pulsed and impulse radar

Pulsed radars transmit narrow-bandwidth pulse signals with pulse duration
Tpulse, typically in the range of 10 ns to 1 µs (Schlegel et al., 2022). Their
range resolution depends on the pulse duration:

δRpulsed =
cice Tpulse

2
. (1.14)

Very short pulses can only be achieved at UHF frequencies, which have a
limited penetration depth, restricting the achievable range resolution of pulsed
radars (Zirizzotti et al., 2010).

In contrast to pulsed radars, impulse radars transmit individual pulse signals,
e.g., a single sine wave cycle or a Ricker wavelet, and have a wide bandwidth
B as their short pulses contain energy over a wider frequency range (Navarro
& Eisen, 2009). This is the technique used by commercial ground-penetrating
radars (GPRs). Their range resolution is given by

δRimpulse =
cice
2B

. (1.15)

For both the pulsed and impulse systems, the operating frequency is chosen as a
compromise between penetration depth and range resolution. To probe several
hundreds of meters deep into the ice, radars operating in the HF to VHF range
are required, achieving resolutions on the decimeter- to meter-scale (Evans &
Smith, 1969; Gudmandsen, 1969). This is not sufficient to measure relative
reflection range changes between two spatially or temporally separated radar
acquisitions, for example, to infer thickness changes of a glacier. These changes
are often on the order of centimeters and require taking phase information into
account. Phase-based radar systems can be phase-coherent or phase-sensitive.
The two concepts are closely related and not always clearly distinguished in
the literature. In the following, an overview of phase-based radar processing
is given.

1.3.2 phase-coherent radar and synthetic aperture radar
processing

Phase-coherent radars transmit radio waves with a stable phase relationship
and record the in-phase (I) and quadrature (Q) components of the received sig-
nal, preserving information about the amplitude and phase. The use of coherent
radar systems in glaciology evolved in the 1990s (Raju et al., 1990; Gogineni
et al., 1998; Rodriguez-Morales et al., 2014). Coherent radar data processing
typically includes pulse compression and coherent integration (Navarro &
Eisen, 2009).

In pulse compression, the received signal is correlated with a reference
pulse for the transmitted signal. This improves the range resolution and signal-
to-noise ratio (SNR), and effectively reduces the power requirements of the
instrument (Navarro & Eisen, 2009; Zirizzotti et al., 2010).

Coherent integration of the received power improves horizontal resolution,
particularly for point reflectors that appear as reflection hyperbolas in radar
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images. This method is also referred to as synthetic aperture radar (SAR)
processing (Hamran & Aarholt, 1993; Leuschen et al., 2000; Legarsky et al.,
2001; Paden, 2006; Peters et al., 2007; Hélière et al., 2007) and is closely
related to migration techniques in seismics. The simplest form of coherent in-
tegration is unfocused SAR, describing the coherent summation of the power
of subsequent radar traces. In focused SAR, the signal is corrected for the
expected phase variation, and in migrated focused SAR the coherent integra-
tion of power is in addition performed across multiple range bins (Schroeder
et al., 2019). Typically employed SAR processing techniques are matched fil-
tering (Leuschen & Plumb, 2000; Hélière et al., 2007), back projection (Kusk
& Dall, 2010; Xu et al., 2022), and frequency-wavenumber (f-k) migration
(Stolt, 1978; Gogineni et al., 2001). Lastly, coherent along-feature SAR pro-
cessing was introduced by Castelletti et al. (2017) specifically for detecting
specular reflections, i.e., the englacial stratigraphy.

Phase-coherent radars in combination with SAR processing facilitate the
imaging of deep structures in ice sheets in a zone that was previously consid-
ered radio-echo free (Drews et al., 2009), revealing signatures of complex flow,
such as large-scale englacial folding (Bell et al., 2011, 2014; Bons et al., 2016;
Leysinger Vieli et al., 2018). The phase-coherent radar systems deployed on
polar ice sheets are typically heavy and are operated using tracked vehicles or
aircraft, limiting their applicability in mountainous terrain. This is addressed
in Chapter 2 by mobilizing a lightweight phase-sensitive radar, suitable for
SAR processing.

1.3.3 phase-sensitive radio echo sounding

In phase-sensitive radars, the signal of the received wave is mixed with the
transmitted signal. Thereby, the relative phase relationship between the two sig-
nals is obtained. Because of this, phase-sensitive radars do not strictly rely on
transmitting radio waves with a stable phase relationship, which distinguishes
phase-sensitive from phase-coherent radars. Nonetheless, when the two-way
traveltime of the received radio wave to a reflector changes, the relative phase
difference is equally modulated, and analogous processing methods can be
applied. This approach was proposed by Nye et al. (1972) for measuring rela-
tive thickness changes of the AIS. A first phase-sensitive radar instrument was
successfully deployed in the 1970s on ice caps in Arctic Canada to investigate
the glacier bed using SAR techniques (Walford et al., 1977; Walford & Harper,
1981). Widespread use of phase-sensitive RES in glaciology was promoted
by the development of the phase-sensitive Radio Echo Sounder (pRES, Corr
et al., 2002) and the further developed Autonomous phase-sensitive Radio
Echo Sounder (ApRES, Brennan et al., 2014), designed for measuring melt
rates at the base of ice shelves (Jenkins et al., 2006; Nicholls et al., 2015).
The ApRES is more robust and power-efficient than its precursor. It can be
deployed autonomously to measure the temporal variability of basal melt in
long-term deployments (Brennan et al., 2014). All experiments in this the-
sis are conducted with the ApRES. However, because the introduced survey
methods are not autonomous, the instrument is hereafter referred to as pRES.

Most literature discusses the improvements of phase-sensitive radar pro-
cessing in terms of the range resolution. However, the essential advantage
of the pRES is that it can measure relative traveltime changes between two
measurements with high precision. Therefore, the pRES is not only sensitive
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to the range, but also to the dielectric permittivity of the ice. This facilitates a
multitude of acquisition techniques to infer different properties:

1. Spatial reflector range changes in combination with SAR processing
can inform about the englacial and basal geometry (Young et al., 2018).

2. Temporal range changes provide basal melt rates (Marsh et al., 2016;
Lindbäck et al., 2019; Vaňková et al., 2021; Zeising et al., 2022, 2024),
englacial deformation rates (Kingslake et al., 2014, 2016; Vaňková et
al., 2020a) and firn compaction rates (Case & Kingslake, 2022).

3. Incidence angle-dependent permittivity measurements provide the firn
density (Arthern et al., 2013)

4. Temporal permittivity changes can inform about englacial hydrological
processes (Vaňková et al., 2018).

5. Polarization-dependent permittivity measurements can infer the ice fab-
ric anisotropy (Doake et al., 2002; Jordan et al., 2020a; Young et al.,
2021b; Ershadi et al., 2022; Zeising et al., 2023).

This thesis expands this list by coherent radar profiling of englacial stratigraphy
(Chapter 2) and wide-angle polarimetry (Chapter 3) to detect vertical ice fabric
anisotropy and structural firn anisotropy.

1.3.4 phase-sensitive radio echo sounding with frequency-
modulated continuous-wave radar

The pRES is a frequency-modulated continuous-wave (FMCW) radar. In
its standard configuration, it transmits a linear chirp with a bandwidth of
B = 200MHz, a center frequency of fc = 300MHz, and a chirp duration
of T = 1 s. This section describes the principles of phase-sensitive FMCW
radars based on Brennan et al. (2014) for a single reflection.

Figure 1.7: Simplified block diagram of the pRES. A linear frequency-modulated
chirp is generated, and both the transmitted and received signals are mixed and
low-pass filtered before the data logger stores the deramped waveform (Figure from
Brennan et al., 2014).

The instantaneous frequency of the transmitted chirp is described by

ft(t) = 2πfc +K

(
t− T

2

)
, 0 ≤ t ≤ T, (1.16)

where K = 2πB/T is the sweep rate of the FMCW radar. The instantaneous
phase is obtained by integrating the instantaneous frequency in time:

ϕt(t) = 2πfct+
Kt2

2
− KTt

2
+ const. (1.17)
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The transmitted signal with amplitude At is then

st(t) = At cos
(
ϕt(t)

)
. (1.18)

The received signal, reflected from a ground target at range R, arrives with a
time delay τ = 2R

√
ε′/c. Its corresponding instantaneous phase is

ϕr(t) = 2πfc(t− τ) +
K(t− τ)2

2
− KT (t− τ)

2
+ const. (1.19)

and the received signal can be described by

sr(t) = Ar cos
(
ϕr(t)

)
, (1.20)

with the reduced amplitude Ar.
In an FMCW radar, the transmitted and the received signals are mixed

(Figure 1.7). Mathematically, this corresponds to a multiplication, which can
be solved with the trigonometric product-to-sum identity:

st(t)sr(t) = AtAr cos
(
ϕt
)
cos
(
ϕr
)

=
AtAr

2

(
cos(ϕt + ϕr) + cos(ϕt − ϕr)

)
. (1.21)

The mixed signal consists of a high-frequency carrier wave (first term), which
is modulated by the low-frequency envelope (second term). The envelope wave
entails the essential information about the frequency and phase difference
between the transmitted and received radio waves. It can be isolated by low-
pass filtering (Figure 1.7), resulting in the deramped signal:

sd(t) =
AtAr

2
cos(ϕt − ϕr). (1.22)

The phase of the deramped signal is then:

ϕd(t) = ϕt(t)− ϕr(t)

= 2πfcτ +Kτ

(
t− T

2

)
− Kτ2

2
. (1.23)

The second term represents the angular frequency of the envelope wave. It
can be differentiated and divided by 2π to obtain the so-called deramped
frequency that corresponds to a reflection with two-way traveltime τ :

fd =
Kτ

2π
=
Bτ

T
=

2BR
√
ε′

cT
. (1.24)

During the FMCW signal processing (Section 1.3.6), the phase of the de-
ramped signal is inferred at the center of the chirp. This center phase for
t = T/2 is given by

ϕc = 2πfcτ −
Kτ2

2
= 2πfcτ −

πBτ2

T
, (1.25)

where the second term is negligible because fc and B are on the same order
of magnitude and τ ≪ T . The measured phase is therefore described by the
term 2πfcτ . Conversely, this means that an FMCW radar is sensitive to small
traveltime changes that are associated with relative phase shifts between two
measurements, as given by

∆τ =
∆ϕc
2πfc

. (1.26)
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1.3.5 deramped waveform for multiple englacial reflections

In practice, an FMCW radar simultaneously receives echoes from multiple
reflectors, each arriving after a different two-way traveltime τn. Figure 1.8a
illustrates the frequencies of the transmitted chirp (Equation 1.16) and of three
received signals for the first 0.5 µs of the chirp duration. The delayed return
times of the received signals correspond to frequency offsets that are constant
over the entire chirp duration. These frequency offsets are the deramped fre-
quencies (Equation 1.24, Figure 1.8b). As all signals arrive simultaneously at
the FMCW radar, it records a deramped waveform given by the superposition
of all wave components that are associated with the deramped frequencies
(Figure 1.8c). During FMCW signal processing, the frequency spectrum is
obtained using a fast Fourier transform (FFT). Because the deramped fre-
quency components correspond to two-way traveltimes τ or reflector ranges
R, respectively, the obtained frequency spectrum directly represents a power
spectrum in the traveltime or range domain (Figure 1.8d). In addition, the FFT
provides the phase values of each reflection, which facilitates inferring relative
traveltime changes between two measurements according to Equation 1.26.

Figure 1.8: Illustration of FMCW radar principles for multiple reflections. (a) The
transmitted chirp is linearly modulated. Received signals exhibit the same frequency
relation, but arrive with a small time delay (Note the zoom into the first 0.5 µs). (b)
Differentiating the transmitted and received signals yields the deramped frequencies
which are constant over the chirp duration. (c) The recorded deramped waveform
is given by the superposition of the deramped wave components (Zoom into the
first 0.2 s). (d) During FMCW signal processing, the frequency spectrum is obtained,
corresponding to a traveltime or range spectrum. Blackman windowing applied before
FFT processing improves the dynamic range but causes a widening of the reflection
lobes.
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1.3.6 fmcw signal processing

Before the FFT processing can be applied, a few pre-processing steps are
required (Figure 1.9). First, the deramped waveform is demeaned, and a Black-
man window is applied to avoid spectral leakage and improve the dynamic
range of the FFT output (Figures 1.8d, 1.9a–b). Next, the deramped waveform
can be zero-padded in the time domain, meaning that zeros are appended to
the signal to lengthen it by a padding factor p (Figure 1.9c). This is done
because the discrete FFT samples the input signal with a frequency resolution
of ∆fd = 1/T , which corresponds to a range resolution of

δR =
c

2B
√
ε′
. (1.27)

By increasing the length of the input by p, the signal is sampled at a higher
rate of ∆fd = 1/pT . No information is added through zero-padding, as it
essentially corresponds to a sinc interpolation of the frequency spectrum.
This means that it cannot improve the range resolution. Nonetheless, zero-
padding provides a more detailed view of the decomposed signal, allowing
features such as peaks in the frequency spectrum to be depicted more clearly.
With zero-padding, the sampling rate of the decomposed signal in terms of
the two-way traveltime is given by

dτ =
1

Bp
, (1.28)

and in terms of the range by

dR =
δR

p
=

c

2Bp
√
ε′
. (1.29)

The final processing step before applying the FFT is a circular shift of the
deramped waveform by −T/2 (Figure 1.9d). This step is required so that
the FFT evaluates the phase of the deramped wave components at the center
frequency, as given by Equation 1.25.

Eventually, FFT processing provides the amplitude and phase of the de-
ramped frequency components that are associated with the traveltime bins

τn =
n

Bp
. (1.30)

The expected phase for a reflection with traveltime τn is

ϕref,n =
n2πfc
Bp

. (1.31)

Brennan et al. (2014) suggested subtracting this reference phase from the raw
phase given by the FFT to obtain a corrected phase, representing a fine range
offset relative to the range bin center. As noted in Chapter 2, this approach
requires that the signals received in each range bin are independent of one
another. In practice, strong reflections spread out over multiple bins (also with-
out zero-padding) and exhibit an approximately stable phase over this range,
indicating that the actual range resolution is worse than the theoretical value
give by Equation 1.27. This can be explained by a widening of the reflection
lobes due to the applied windowing (Figure 1.8d). This effect prevents obtain-
ing independent fine range offsets for each bin. However, in Chapter 2, it is
demonstrated that the depth-constant phase along reflectors, in combination
with the reference phase correction, can be utilized to trace englacial reflection
horizons.
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Figure 1.9: Pre-processing steps before FFT processing of the deramped waveform.
(a) Demeaning of deramped waveform. (b) Blackman windowing to avoid spectral
leakage. (c) Zero-padding to improve the sampling rate of the FFT. (d) Circular
shifting to evaluate the phase of the wave components at the center frequency. (Figure
adapted from Hawkins, 2023)

1.4 research objectives

This thesis addresses the overarching research question of how ice deforms
in glaciers and ice sheets. I approach this question by developing new radar
acquisition methods to detect ice fabric and englacial structures shaped by ice
dynamics. This section presents the specific research objectives pursued in
this work.

• O1: Develop a method for detecting the deep englacial stratigraphy
of mountain glaciers. Previous GPR surveys conducted with conven-
tional impulse radars often show the deep englacial stratigraphy of
mountain glaciers as radio echo-free. In the past, radar images of polar
ice exhibited a similar drop in backscattered power in the deep ice, which
can now be resolved using phase-coherent radars and focused SAR pro-
cessing techniques. Therefore, I hypothesize that phase-based radar
techniques can also reveal the deep englacial stratigraphy of mountain
glaciers. In Chapter 2, I aim to develop a radar method that is sensitive
to structures in the deep ice and applicable to mountain glaciers.

• O2: Investigate the deep stratigraphy and origin of the apparent
echo-free zone at Colle Gnifetti. Provided the developed method can
detect the deep englacial stratigraphy of Colle Gnifetti, I will investigate
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the origin of the observed drop in reflectivity. I hypothesize that, unlike
the typically flat stratigraphy near the surface, the deep englacial stratig-
raphy exhibits a more complex structure, affected by ice-dynamically
induced buckling and folding. This is supported by a discontinuity in
the age–depth structure observed by Hoffmann et al. (2018) in a Colle
Gnifetti ice core. Observing these structures in alpine glaciers would
offer an accessible, polar-equivalent study site for investigating complex
ice-dynamical processes.

• O3: Develop a phase-based radar technique for inferring vertical ice
fabric anisotropy. Polarimetric radar surveys are typically conducted
in a quasi-monostatic radar geometry, which is particularly sensitive to
horizontal ice fabric anisotropy due to permittivity-induced variations
in wave propagation velocity. In these surveys, sensitivity to vertical ice
fabric anisotropy is limited and can only be inferred through changes in
the reflection ratio. In Chapter 3, I aim to develop a polarimetric wide-
angle radar technique that is directly sensitive to vertical ice fabric
anisotropy via variations in propagation velocity, as observed through
phase shifts between differently polarized radar measurements.

• O4: Implement an inversion method for the full ice fabric anisotropy
tensor. For analyzing polarimetric wide-angle radar surveys, I aim to
implement an ice fabric inversion method that provides all eigenvalues
without relying on the assumption that one ice fabric eigenvector is
vertical. The combination of the wide-angle acquisition technique and
the full ice fabric inversion method will provide a tool for detecting
and investigating ice fabric anisotropy in complex flow regimes, where
more variable and non-vertical ice fabric configurations may occur.

• O5: Analyze the dielectric signatures of structural firn anisotropy.
Previous polarimetry studies neglected the influence of structural firn
anisotropy. However, firn anisotropy needs to be considered in polari-
metric wide-angle surveys as it primarily affects the vertical dielectric
anisotropy. To understand its imprint on polarimetric surveys, I aim to
analyze its signatures in the obtained polarimetric wide-angle data.
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1.5 field campaigns

During the preparation of this thesis, I have participated in four field campaigns
to acquire the underlying data. However, the studies presented here cover only
a fraction of the performed experiments. This section provides an overview of
the further surveys that were conducted.

colle gnifetti, switzerland/italy – september 2021

Figure 1.10: Phase-coherent radar profiling in mountainous terrain with mobile pRES
on Colle Gnifetti (Photo taken by Reinhard Drews).

For this first field campaign of my PhD, I have led the planning and organiza-
tion. In addition to setting the scientific goals, I have organized the provisions,
accommodations, logistics, and helicopter transport. In this campaign, Inka
Koch, Reza Ershadi, Reinhard Drews, and I investigated the deep englacial
stratigraphy of Colle Gnifetti by mobilizing the pRES, resulting in a first-
author publication (Chapter 2, Oraschewski et al., 2024c). In addition to the
radar profiling, we have acquired polarimetric radar data at multiple sites on
the mobile pRES profile and a polarimetric common midpoint (CMP) next to
the drill site of the KCC ice core.

hintereisferner, austria – april 2022

Figure 1.11: Performing reflection seismics to measure the thickness of Hintereis-
ferner (Photo taken by Inka Koch).
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This field campaign was conducted by the same field team. We acquired re-
flection seismics and polarimetric radar data on an across-flow profile ranging
from the left margin to the center of the glacier. These surveys were conducted
to measure the thickness of Hintereisferner and test the hypothesis that, de-
spite of its low reflection power, the base of the glacier can be detected via the
phase coherence of the basal return.

ekström ice shelf, droning maud land, east antarctica –
december 2022 to march 2023

Figure 1.12: Mobile multiple-input multiple-output pRES survey for SAR process-
ing of the englacial and basal structure of Ekström ice shelf acquired using the
autonomous rover presented by Ershadi et al. (2024).

This three-month field expedition by Reza Ershadi and me was the second
field season of the ReMeltRadar project. The central aim of the campaign was
to acquire GPR and pRES radar data across Ekström ice shelf to infer spatial
patterns of basal melt and to analyze the temporal evolution of basal terraces
by repeated radar profiling.

The pRES repeat measurements of basal melt rates were acquired using a
quad-polarimetric antenna setup mounted on two sleds for efficient deploy-
ment (shown in the Preface), which also provide ice fabric observations across
the ice shelf. A study of this data, co-led by Clara Henry and me, is currently
in preparation. In this study, we investigate the spatial, and thereby implicitly
the temporal, evolution of ice fabric anisotropy by analyzing the ice fabric
along the central flowline and across the shear margins of the ice shelf. As
part of this study, I have obtained the depth-averaged ice fabric anisotropy
from the polarization-dependent variations in the two-way traveltime of the
basal reflection (Figure 1.13). These ice fabric data provide the basis for a
data-model comparison experiment that considers various ice flow models
and approaches for describing ice fabric evolution.

My main responsibility during the expedition was the acquisition of GPR
data of the ice thickness and the englacial stratigraphy using the PulseEKKO
radar system. I collected part of the GPR profile that was inverted in Moss et al.
(2025) for accumulation rates and basal melt rates using a novel Simulation-
Based Inference method. I moreover acquired VHF and UHF GPR data over
kinematic wave structures (Figure 1.14) that occur along the central flowline of
Ekström ice shelf, upstream of the grounding line. These structures are shaped
by the interactions between ice flow and topographically induced variations in
snow accumulation (Arcone et al., 2005, 2012; Ng & King, 2011), enabling
us to study both processes.
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Figure 1.13: Depth-averaged horizontal ice fabric anisotropy inferred across Ekström
ice shelf from polarization-dependent traveltime differences of the basal reflection in
quad-polarimetric pRES data.

Figure 1.14: Kinematic wave structures observed upstream of the grounding line of
Ekström Ice Shelf.

In addition to the main projects, I had the opportunity to conduct two
experiments, which I designed myself. First, I acquired the polarimetric CMP
survey presented in Chapter 3 to detect vertical ice fabric anisotropy. Second,
I conducted a mobile pRES survey for SAR processing of englacial and basal
structure that builds on the results of Chapter 2. This survey expands mobile
pRES surveying to larger scales by employing a multiple-input multiple-output
antenna configuration and an ice rover (Ershadi et al., 2024) for autonomous
data acquisition (Figure 1.12).
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north-west greenland – june 2023

Figure 1.15: Preparation of long-term ApRES deployment at Camp Century, North-
West Greenland.

At the invitation of the Geological Survey of Greenland and Denmark (GEUS),
I participated in the 2023 GC-NET North-West Greenland campaign. As
part of the FYDRO project led by Anja Rutishauser, Kirk Scanlan and I
acquired quad-polarimetric pRES data and deployed an ApRES for long-
term monitoring of englacial deformation and firn hydrological processes
(Figure 1.15).

1.6 co-author contributions

• Koch et al. (2023): This study infers internal radar reflection hori-
zons across three ice rises and intermediate ice shelves in Dronning
Maud Land, East Antarctica. These data inform about the history of
ice dynamics and surface accumulation in the climatically sensitive
margins of Antarctica. I contributed to this study by co-developing the
semi-automatic picking software to extract reflection horizons from
multi-instrument radar data.

• Ershadi et al. (2025): This study analyses the flow dynamics of an
East Antarctic promontory ice rise through radar and ice coring, with
a focus on the impact of ice fabric. My contribution to this study was
the extraction of vertical strain rates from repeat pRES measurements,
supporting the analysis of englacial deformation. The vertical strain
rates demonstrate hardening below the ice divide, which correlates
with the vertical ice fabric eigenvalue and is a signature of the Raymond
effect.

• Moss et al. (2025): This study develops an inversion method using
Simulation-Based Inference to jointly extract surface accumulation and
basal melt rates with uncertainties from internal reflection horizons. I
contributed to this study by leading part of the radar data acquisition
along a flow line of the Ekström ice shelf, picking reflection horizons,
and performing the data curation.
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1.6 co-author contributions

• Hills et al. (2025b): This community review presents the state of the art
in radiopolarimetric research. I acted as a co-author of the section on
innovations in polarimetric surveying and provided the internal review
for the section on the theory of wave propagation theory in anisotropic
media.

• Bingham et al. (2025): This community review summarizes previous
research on extracting the radiostratigraphy of the Antarctic ice sheet
to support efforts for obtaining a continent-wide age-depth model. My
contribution was to perform an internal review of the introduction,
the background section on internal architecture, and the sections on
glaciological applications.
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abstract
Radio-echo sounding is a standard technique for imaging the englacial stratig-
raphy of glaciers and ice sheets. In most cases, internal reflection horizons
(IRHs) represent former glacier surfaces, comprise information about past ac-
cumulation and ice deformation, and enable the linking of ice core chronolo-
gies. IRHs in the lower third of the ice column are often difficult to detect or
coherently trace. In the polar ice sheets, progress in IRH detection has been
made by using multistatic, phase-coherent radars, enabling focused synthetic
aperture radar (SAR) processing. However, these radar systems are often not
suitable for deployment on mountain glaciers. We present a proof-of-concept
study for a lightweight, phase-coherent and ground-based radar system, based
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2.1 introduction

on the phase-sensitive Radio Echo Sounder (pRES). To improve the detectabil-
ity of IRHs we additionally adapted a layer-optimized SAR processing scheme
to this setup. We showcase the system capability at Colle Gnifetti, Switzerland
and Italy, where specular reflections are now apparent down to the base of
the glacier. Compared to previously deployed impulse radar systems, with
the mobile pRES the age of the oldest continuously traceable IRH could be
increased from 78± 12 to 288± 35 a. Corresponding reflection mechanisms
for this glacier are linked to stratified acidic impurities which in the upper
part were deposited at a higher rate due to increased industrial activity in
the area. Possible improvements to the system are discussed. If successfully
implemented, these may provide a new way to map the deep internal struc-
ture of Colle Gnifetti and other mountain glaciers more extensively in future
deployments.

2.1 introduction

Polar midlatitude glaciers store information about past regional climate change
(Wagenbach et al., 2012) and hold natural (Clifford et al., 2019) and anthro-
pogenic (Gabrieli & Barbante, 2014; Sigl et al., 2018a) impurity records that
can be extracted by ice-coring. Being located in the vicinity of highly industri-
alized regions (Sigl et al., 2018a), these archives are an important complement
to ice core records from the polar ice sheets spanning deep time (EPICA com-
munity members, 2004; NEEM community members, 2013). However, the
interpretation of these records can be limited by uncertainties in ice core
dating (Jenk et al., 2009). Using radar surveys to laterally trace internal re-
flection horizons (IRHs) between multiple ice core sites, their chronologies
can be compared to reduce uncertainties (Eisen et al., 2003; Bohleber, 2011;
Licciulli et al., 2020). IRHs represent discontinuities of the dielectric permit-
tivity or conductivity between different layers of ice. Permittivity is controlled
through density and crystal-orientation fabric (COF), whereas conductivity is
determined through acidity (Fujita et al., 2006). IRHs are isochronous when
they are formed by seasonal snow-density variations or impurities that were
initially deposited at the surface. Besides supporting the ice core dating, IRHs
can be used to infer spatial accumulation patterns (Cavitte et al., 2018; Koch
et al., 2023), past ice deformation (Drews, 2015; Koutnik et al., 2016) and
upstream effects for ice core records (Eisen et al., 2003) and to find new ice
core sites with an intact stratigraphy (Lilien et al., 2021b). In many of these
applications the deep and old stratigraphy is of particular interest.

Both on mountain glaciers (Eisen et al., 2003; Konrad et al., 2013) and
on polar ice sheets (Drews et al., 2009) the lowest third of the ice column
is often difficult to image, for example due to increased radio-wave attenu-
ation, weakening of density contrasts, or buckling and folding of reflection
interfaces. For polar ice sheets, the emergence of phase-coherent radars and
linked synthetic aperture radar (SAR) processing have significantly improved
the detection of the deep englacial stratigraphy (Hélière et al., 2007; Peters
et al., 2007). These heavy and power-intensive systems are pulled by tracked
vehicles (Paden, 2006) or mounted on aircraft (Shi et al., 2010), neither of
which are applicable on many mountain glaciers. Instead, smaller, typically
incoherent, impulse ground-penetrating radars (GPRs) available in a variety
of off-the-shelf products are used. Here, we address the need for a lightweight,
low-power, phase-coherent and ground-based system suitable for SAR pro-
cessing.
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2.2 mobile pres

SAR processing improves the along-track resolution and suppresses clutter
in the radargram by coherently focusing the backscattered power of point
targets illuminated across multiple traces (Peters et al., 2005; Kusk & Dall,
2010). Similar to migration, this will collapse along-track hyperbolas from
off-nadir reflections, providing improved imaging of, e.g., basal structures.
However, in the case of specular reflections from IRHs, the signal quality
can also deteriorate during SAR processing due to destructive interference
(Holschuh et al., 2014). Castelletti et al. (2019) addressed this shortcoming
by introducing a layer-optimized SAR (LO-SAR) processing method that
corrects for along-track phase shifts in specular reflections before coherent
summation. Other approaches for improving the detection of IRHs are based
on filtering the IRH contribution in the azimuth frequency domain of the
radargram (Heister & Scheiber, 2018) or on incorporating spatial correlation
information into SAR processing (Xu et al., 2022). In addition, most of these
algorithms determine the slope of IRHs, which can support the automated
tracing of IRHs (MacGregor et al., 2015) and provide an alternative metric
for radar data–model comparison (Holschuh et al., 2017).

In this study, we showcase a mobile, phase-coherent radar system that is
suitable for SAR processing and can be deployed on mountain glaciers. We
use the existing phase-sensitive radio-echo sounder (pRES, also ApRES for
autonomous and stationary surveying), a lightweight, low-power and inex-
pensive frequency-modulated continuous-wave (FMCW) radar operating at
200–400MHz (Brennan et al., 2014; Nicholls et al., 2015). This instrument
has been widely used, most prominently in determining basal melt rates be-
neath ice shelves (Vaňková et al., 2021; Zeising et al., 2022) for which it was
originally designed. Ershadi et al. (2024) presented a mobile acquisition of
polarimetric pRES data using an autonomous rover to measure the COF on
large spatial scales with postings of several tens of meters. The feasibility of
using the pRES for profiling with sub-meter spacing has only theoretically
been assessed by Kapai et al. (2022), who investigated artifacts that can arise
from moving the pRES during data acquisition. Here, we present the first
mobile deployment of the pRES for profiling and demonstrate its capability
to detect deep IRHs that were unresolved in previous surveys. In the follow-
ing, we first outline the mobile pRES setup and the data acquisition approach
(Section 2.2) before describing the applied FMCW signal and LO-SAR pro-
cessing (Section 2.3). In a proof-of-concept survey, mobile pRES radargrams
are compared to GPR data from impulse systems and to available ice core data
to interpret the imaged signatures in the glaciological context (Section 2.4).
Finally, limitations of the mobile pRES are discussed including suggestions
for further developments (Section 2.5).

2.2 mobile pres

Coherent profiling with the pRES requires decimeter-scale postings with a
relative positioning accuracy on the centimeter level. Here, we describe the
hardware design and data acquisition approach for mobilizing the pRES, as
applied in our proof-of-concept study (Section 2.4). Potential improvements
to this system are discussed in Section 2.5.2.
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2.3 data processing

Figure 2.1: Mobile pRES setup with (a) a schematic of its components and (b) a
photograph of the deployment on Colle Gnifetti.

2.2.1 hardware design

To mobilize the pRES for profiling, we placed the transmit and receive skeleton
slot antennas in inflated tractor inner tubes with the antennas separated by
2.7m and elevated a few centimeters above the snow surface (Figure 2.1).
Both antennas were oriented such that the E-plane was parallel to the profiling
direction (also denoted as HH orientation). Positioning was controlled by the
Trimble R9s global navigation satellite system (GNSS) receiver, operated in
real-time kinematic (RTK) mode with the baseline between the GNSS base
station and rover being typically below 200m. This setup provided the relative
position of the pRES to the base station with centimeter accuracy in real time.
Both the positioning system and the pRES (operated in “attended mode”)
were connected to a control station for automatic triggering of radar signal
acquisition based on the position.

2.2.2 data acquisition

In our survey, we used the standard configurations of the pRES, including a
chirp time of 1 s. This makes data collection in stop-and-go mode necessary
because moving the pRES during signal recording can cause Doppler blurring
(Kapai et al., 2022), promote incoherent backscatter and increase system noise
from cable movement. We therefore aimed to minimize the stopping time per
point by first recording two and later only one chirp per point/trace. When
two chirps were recorded, only the one with the lower noise floor was selected
for further processing. Using the control station, chirping was triggered once
the system was hand-towed by more than 9 cm, and audible signals indicated
the operator to start/stop towing. With this approach, an average trace spacing
of approximately ∆d = 13 cm and a median data acquisition time of 10 s per
trace were achieved, giving a total survey speed of around 3 h per 100m.

2.3 data processing

This section outlines the LO-SAR processing routine (Figure 2.2), starting
with the standard FMCW signal processing and survey-specific adaptations
which provide the background for estimating IRH slopes from the phase signal
during the subsequent LO-SAR processing.
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2.3 data processing

Figure 2.2: Overview of FMCW signal and LO-SAR processing scheme. Blue boxes
represent the radar data at different processing stages. Gray blocks summarize the
main processing steps, where a darker gray indicates that these are executed on the
grid point level.

2.3.1 fmcw signal processing

The description of the standard FMCW signal processing and the notation
broadly follow Brennan et al. (2014). The pRES transmits a linearly frequency-
modulated chirp with a center frequency of fc = 300MHz and a bandwidth
of B = 200MHz over a chirp time of T = 1 s. On the hardware side, the
reflected signals are mixed with the transmitted signal and subsequently low-
pass filtered. This results in the deramped waveform which, by using a fast
Fourier transform (FFT), is decomposed into the deramped frequencies:

fd =
2BR̃

√
εr,ice

Tc
, (2.1)

which relate to the reflection range R̃ using the speed of light in vacuum c
and the real-valued relative permittivity of ice εr,ice = 3.17 (Brennan et al.,
2014). Note that this formulation does not allow the use of a variable relative
permittivity and the reflection range does not consider the lower density of
firn (indicated by ∼). A density correction will be described below, and from
here on, the general relative permittivity of firn or ice εr is used.

The range resolution δR of FMCW radars is determined by their bandwidth:

δR =
c

2B
√
εr
, (2.2)

giving a resolution of the pRES of δR = 0.42m in ice (Brennan et al., 2014).
For each frequency component, or range bin n, the FFT returns the amplitude
an (Figure 2.3c) and phase ϕraw,n (Figure 2.3a) in complex form:

Araw,n = an exp(iϕraw,n). (2.3)

Prior to the FFT the deramped waveform is zero-padded, i.e., lengthened
with zeros by a padding factor p. This increases the sampling rate of the
FFT and reduces the range bin increment to ∆Rbin = δR/p, effectively cor-
responding to a sinc interpolation of the decomposed amplitude and phase
signals. Brennan et al. (2014) suggest using p ≥ 2 for resolving ambigui-
ties in the phase because otherwise the range bins are separated by more
than a full phase cycle (or wavelength) at the center frequency of the pRES.
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2.3 data processing

Figure 2.3: An example segment of the pRES profile over one synthetic aperture
length. Phase signal before (a) and after (b) correction with the reference signal.
Power before (c) and after (d) LO-SAR processing. The slope of the central reflection
is indicated by a black line and obtained in (b) by fitting to a coherent section of the
reference-corrected phase.

Note, however, that because zero-padding is essentially an interpolation, the
intermediate phase cycles cannot be recovered. Nevertheless, the signal phase
is typically interpreted relative to an idealized reference phase which, for the
center of the nth range bin, is given by (Brennan et al., 2014)

ϕref,n = n
2πfc
Bp
− n2 π

Bp2T
. (2.4)

The second term is negligible over the operation range of the pRES because
fc ≫ 1/T , so that ∆ϕref,bin = 2πfc/(Bp). Therefore, p ≥ 2 ensures that the
phase variation in the reference phase between range bins is smaller than 2π.
In addition, a high padding improves the representation of the reference phase,
which is why we apply a padding factor of p = 8 for the subsequent LO-SAR
processing.

Subtracting the reference phase ϕref from the raw signal results in

Acor,n = an exp(i (ϕraw,n − ϕref,n))
= an exp(iϕcor,n),

(2.5)

where the phase difference between raw and reference phase is denoted as the
corrected phase ϕcor.

We note that the corrected phase appears constant along sloped IRHs (Fig-
ure 2.3b), which we will exploit during the following LO-SAR processing for
estimating these slopes. The reason for this is that changes in the reflection
range ∆R are directly related to changes in the raw phase (MacGregor et al.,
2015):

∆ϕraw =
4π∆R

λc
, (2.6)

where λc = c/
(√
εrfc

)
is the wavelength that corresponds to the center fre-

quency. For sloped IRHs, this results in an along-track gradient of the raw
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phase between adjacent traces ∆ϕtrace (Figure 2.3a) which is related to the
IRH slope S by

S = arctan

(
−∆Rtrace

∆d

)
= arctan

(
−λc∆ϕtrace

4π∆d

)
. (2.7)

As the raw phase is approximately constant in the vertical (Figure 2.3a), the
horizontal phase gradient due to a change in an IRH range by ∆Rbin is exactly
compensated by the subtraction of the reference phase, causing the corrected
phase to be constant along IRHs (Figure 2.3b).

In this study, we expand the standard FMCW signal processing by cropping
the traces at the air wave return and shifting the phase at zero travel time to
a uniform value. This accounts for spurious π offsets which appear in some
of our traces for unknown reasons. Finally, we apply a density correction to
account for faster radar wave propagation in firn, which can constitute a sig-
nificant portion of the thickness of mountain glaciers, whereas the reflection
range R̃ as given in Equation 2.1 is computed by assuming a constant permit-
tivity of εr,ice. To allow for a variable permittivity, R̃ is translated into two-way
travel time τ = 2R̃

√
εr,ice/c and then converted back into a density-corrected

range R by

R(τ) =

∫ τ

0

c

2
√
εr

dτ ′, (2.8)

using the relative permittivity εr as given by the Looyenga (1965) mixture
model and density data from an ice core. This approach is justified because
the permittivity of ice and air are approximately constant over the frequency
range of the pRES (Bohleber et al., 2012).

2.3.2 layer-optimized sar processing

Castelletti et al. (2019) introduced LO-SAR processing to improve the detec-
tion of inclined IRHs in a radargram. This method aims to enhance the signal
strength of IRHs by coherently integrating their backscattered power over a
fixed synthetic aperture length LSAR, where the signal-to-noise ratio (SNR)
increases proportional to LSAR (Castelletti et al., 2019). Because according
to Equation 2.6 the phase varies in the along-track direction for inclined IRHs,
it is necessary to correct for this phase gradient before the coherent inte-
gration to avoid destructive interference. In the implementation of LO-SAR
processing of Castelletti et al. (2019), for each grid point on the radargram the
backscattered power is integrated along its range bin overLSAR after applying
an iteratively found optimal phase shift that maximizes the SNR. Following
Equation 2.7, this optimal phase shift then provides the local slope of IRHs
as a byproduct.

Here, we tailor the LO-SAR implementation of Castelletti et al. (2019) to
mobile pRES data, where we follow the different approach of first determining
the englacial slopes before using these to perform the coherent integration
directly along the IRHs. This has the two advantages that the slopes can
be filtered prior to the coherent summation to remove outliers and that the
spurious integration of signal power from nearby IRHs is avoided for any grid
point on the radargram. A comparison between our approach, the original
implementation and moving average filtering that does not correct for the
phase gradient is provided in Figure A.1.
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2.3 data processing

In our implementation, the LO-SAR-processed radargram is formed on an
equidistant grid where the processed traces are located on a smoothed version
of the observed profile line with a spacing of 10 cm. The processing is done
grid point by grid point. In the following, we characterize these points (x, z)
by their positions x and depths z. For every position, all M observed traces
within a distance of LSAR/2 are considered in the radargram formation. We
useLSAR = 5m, which gives a good improvement in radargram quality while
ensuring that IRHs can be assumed to be linear over the full synthetic aperture
length.

The local englacial slopesS at all grid points are determined first. Following
MacGregor et al. (2015), these can in theory be inferred from the unwrapped
along-track phase gradient, as given by Equation 2.7. However, this method
directly translates uncertainties in the phase, e.g., due to occasional faulty
traces and phase jumps at the transition between IRHs, into uncertainties in
the slope, which in our data limits the accuracy of slope detection in this way.

We circumvent this problem by considering not only the phase gradient, but
also the spatial coherence of the phase during slope estimation. For this we
exploit the fact that the corrected phase is constant along IRHs (Figure 2.3b).
In practice, we iterate for each grid point over a range of slopes s (from −30°
to 30° in steps of 0.2°; a discussion of this range is provided in Section 2.5.3)
to compute the coherence of the corrected phase along a line with lengthLSAR

and slope s, centered around (x, z). Its range at theM observed traces within
the synthetic aperture length is given by

Rm(x, z, s) = z + (xm − x) tan(s), (2.9)

with the position of the observed traces xm. The corrected signal of the mth
trace on that line Acor,m(x, z, s) is then obtained by weighting the values in
the adjacent range bins above and below Rm(x, z, s). Using these, we define
the local phase coherence at (x, z) along slope s:

C(x, z, s) =

∣∣∣∣∣ 1M
M∑

m=1

Acor,m(x, z, s)

|Acor,m(x, z, s)|

∣∣∣∣∣
=

∣∣∣∣∣ 1M
M∑

m=1

exp(iϕcor,m(x, z, s))

∣∣∣∣∣ .
(2.10)

The slope along which the coherence is largest then gives the local englacial
slope S:

S(x, z) = arg max
s

(C(x, z, s)) . (2.11)

This approach gives a more consistent slope estimate than the direct computa-
tion using Equation 2.7 but still may provide erroneous values at the interface
between different IRHs. To remove these, we apply a moving median filter to
the slope field using a filtering window of 2m× 2m.

Finally, the LO-SAR-processed radargram is obtained by coherent summa-
tion of Acor along the determined slope S:

ALO-SAR(x, z) =

∣∣∣∣∣ 1M
M∑

m=1

Acor,m(x, z, S(x, z))

∣∣∣∣∣ . (2.12)

This defines the LO-SAR-processed amplitude ALO-SAR at each grid point
(Figure 2.3d).
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Figure 2.4: Overview of Colle Gnifetti indicating the location of the acquired mobile
pRES profiles (red lines). The blue line marks a GPR profile from Konrad et al.
(2013) that is used for comparison, with the thick part indicating the section shown
in Figure 2.5a. The intersection points between the radar profiles are labeled (A–C),
and blue dots mark ice core drill locations at the time of drilling. The inset shows the
location of Colle Gnifetti within the European Alps. Source of orthophoto and local
elevation model: Federal Office of Topography swisstopo. Source of global elevation
model: NASA Shuttle Radar Topography Mission (2013).

2.4 proof of concept at colle gnifetti

The presented mobile pRES setup is tested in a proof-of-concept study which
aims to image the deep englacial stratigraphy of Colle Gnifetti.

2.4.1 study site

Colle Gnifetti is located in the Monte Rosa massif (Swiss–Italian Alps) at
an altitude of around 4450ma.s.l. and forms the upper accumulation zone
of Grenzgletscher. It is characterized by low accumulation rates due to wind-
driven snow erosion (Alean et al., 1983), englacial temperatures below 0◦C
(Hoelzle et al., 2011) and low horizontal flow velocities near the divide (Lüthi
& Funk, 2000). In combination, these conditions favor the formation of the
longest, still-well-preserved glacial climate record in the European Alps. Sev-
eral ice cores have been drilled at the site (Figure 2.4), providing more than
1000-year-long climate and environmental records (Bohleber et al., 2018).

This study considers in particular the CG03 and KCC ice cores (Figure 2.4).
CG03 was drilled in 2003 and analyzed by Sigl et al. (2018a) over its upper
57.2m. Firn density data of CG03 were obtained by weighting ice core seg-
ments of ∼70 cm length (Michael Sigl, personal communication, 2023; Sigl
et al., 2018b). In addition, ion concentrations of calcium, sodium, ammonium,
nitrate and sulfate (Ca2+, Na+, NH+

4 , NO−
3 and SO2−

4 ) were measured, with
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the record being extended at the top by the shallow core CG15, drilled at the
same location in 2015 (Sigl et al., 2018a, 2018b). Using radiocarbon dating,
Jenk et al. (2009) found indications of more than 10 kyr old ice at the base
of the CG03 ice core, reaching potentially back into the last glacial period.
The KCC ice core was drilled in 2013 at the southern flank of Colle Gnifetti.
For this core, firn density data were obtained by X-ray computer tomography
in ∼2mm resolution (Freitag et al., 2018). The deep stratigraphy at KCC
is moreover interesting because of a discontinuity in its chronology near the
base, perhaps caused by englacial folding (Hoffmann et al., 2018).

2.4.2 detection of deep englacial stratigraphy

The previous ice core drilling efforts at Colle Gnifetti were supported by radar
profiling surveys to reveal the englacial stratigraphic structure and to link
the different ice core chronologies (Eisen et al., 2003; Konrad et al., 2013).
These surveys used conventional impulse GPR systems, for which the transect
between the KCS and KCI ice cores (Figure 2.5a) from Konrad et al. (2013)
is a representative example. In these studies, IRHs were mapped in the upper
30–50 % of the ice column, whereas the deeper ice appeared basically echo-
free (Eisen et al., 2003). The deepest IRH detectable in the KCS–KCI transect
had an age of 78± 12 a at the time of data acquisition, which corresponds to
the year 1930CE. Note that Konrad et al. (2013) did not assign an age value
to this IRH, and we repeated their approach for younger IRHs of averaging the
KCS and KCI ages. In these data, the ice–bedrock interface is inconsistently
detected and in some cases cannot be identified (e.g., Figure 3.8 in Bohleber,
2011).

In this proof-of-concept study, we aim to expand the depth range over
which IRHs can be detected. In September 2021, we acquired 285m of phase-
coherent radar data using the mobile pRES (Figure 2.4). It is divided into
a 166m long profile across the saddle that passes the CG03 ice core and
intersects with the KCS–KCI transect by Konrad et al. (2013) and a second
119m long upstream profile towards KCC (south). Already in the raw mobile
pRES data ice and bedrock are clearly distinguishable, and deeper IRHs than
previously observed are visible (Figure 2.5c). In parts these IRHs are yet
difficult to trace due to persistent speckle noise and because their quality
deteriorates in the flanks of the saddle where they are more inclined. For these
reasons, LO-SAR processing is applied as described in Section 2.3.2. In this
process the IRH inclination relative to the surface is quantified, and values of
about 10° are attained at both ends of the across-saddle profile (Figure 2.5b).
The LO-SAR-processed data reveal deep IRHs which were not apparent in
the previous surveys (Figures 2.5d and A.1).

In the second profile collected upstream towards KCC (Figure 2.5e–f),
LO-SAR processing also reveals the presence of deep specular reflections.
However, in this part the quality of our data got diminished by technical prob-
lems during data acquisition, which might have arisen from overexerting the
data writing capacity of the pRES after collecting more than 1000 individual
traces in a single folder. Thereby, various later recorded traces were lost or
showed an enhanced noise level. In addition, this profile might have been af-
fected by a less stable positioning of the mobile pRES system at each point due
to the increased surface slope. As a consequence, deep IRHs in the upstream
profile are disturbed and not continuously traceable, which prevents studying
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Figure 2.5: Comparison of radargrams (a–d) across Colle Gnifetti and (e–f) upstream
towards KCC. (a) Radar data of an impulse GPR (Konrad et al., 2013); (b) IRH slopes
relative to the surface derived from the corrected phase of the mobile pRES data;
(c, e) mobile pRES data before and (d, f) after LO-SAR processing. The CG03 and
KCC ice core locations are marked by vertical black lines, and the intersection points
between the three profiles are denoted (A–C) and marked by dashed black lines. Red
lines mark traced IRHs. In the upstream profile (e–f), the continuous tracing of deep
IRHs is prevented by lower data quality, and red dots only indicate traced IRHs in the
intersecting profiles.
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the potentially complex deep stratigraphy at KCC and reduces the capability
of our data to link the CG03 and KCC ice cores.

For assessing the general potential of the mobile pRES, we therefore focus
on the across-saddle profile. In this radargram, we trace two IRHs for compar-
ison with the deepest IRH that was detectable in previous studies (Figure 2.5).
The first IRH matches the 78 a horizon in the impulse GPR data with respect
to depth at the intersection between both profiles, and the second one marks
the deepest reflection that is continuously traceable in the LO-SAR-processed
across-saddle radargram.

The two IRHs are dated by converting their range into units of meters water
equivalent to link them with the age–depth model of Jenk et al. (2009) for
the CG03 ice core that is located on the profile (Figure 2.6). Uncertainties in
the IRH dating arise both from the dating of the ice core and from estimating
the reflection range. To obtain ice core dating uncertainties, we computed the
confidence limits of the age–depth model at both IRHs, giving an uncertainty
of 5 a in the upper and 27 a in the lower traced IRH. The range uncertainty is
again attributed to two factors: to the inherent uncertainty associated with the
width of radar reflections and to the uncertainty in the firn correction applied to
the radar data. The latter was estimated as the given range difference between
using the KCC or CG03 firn density data for the density correction, as these
two ice cores cover the density variability in our study area. In combination,
both factors give a range uncertainty on the order of 1m (Figure 2.6). Full
dating uncertainties for both IRHs were computed by propagating all three
contributing errors.

In this way, we assigned an age of 76± 7 a or the year 1945CE to the
upper IRH, which matches the deepest detectable horizon (78± 12 a) in the
survey by Konrad et al. (2013). The lower traced IRH was dated to an age of
288± 35 a (i.e., the year 1733CE). As it represents the deepest continuously
traceable IRH in our data, it demonstrates that LO-SAR-processed mobile
pRES data can be used to inter-compare ice core chronologies at Colle Gnifetti
for larger depth and age ranges than what was possible before. The system
can in principle illuminate the englacial structure over the whole ice column.
Even below the 288 a horizon, IRHs are visible in parts of our data, which
implies that older IRHs are potentially also preserved and might be traceable
by further improvements in the acquisition and processing.

In summary, the data collected with the mobile pRES reproduce and expand
the results of previous surveys. This can be attributed to a combination of
accurate data acquisition and system hardware leading to a high SNR and to
the enhancement of signal coherence by the applied LO-SAR processing.

A caveat in interpreting deep IRHs and linking them to ice cores lies in
their associated depth uncertainty and in potential interference by the bedrock
reflector. At the location of the CG03 ice core, the ice–bed interface appears
in our radar data at a range of 72m (Figure 2.6d), whereas the ice core itself
has a length of 80.2m (Jenk et al., 2009). This mismatch can be attributed
to a potentially non-vertical orientation of the borehole and steep gradients in
the bedrock topography of Colle Gnifetti, which affect the apparent position
of the bedrock reflector in the radar data (Eisen et al., 2003; Bohleber, 2011).
Following Moran et al. (2000), three-dimensional array processing and cor-
respondingly dense profile grids are needed in steeply sloping topography to
accurately measure the bedrock reflector depth. With only two-dimensional
profiling, an accuracy on the order of 10m is to be expected. Moreover, un-
like traditional SAR processing methods, the LO-SAR processing does not
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provide a range migration but merely aims at improving the SNR of specular
reflections in the radargram.

Because of the complex basal topography, it is moreover possible that near-
basal IRHs are masked by the 15dB stronger cross-track bedrock reflections if
these IRHs are not similarly recorded from cross-track angles. Expanding our
setup with a multichannel cross-track antenna array (Castelletti et al., 2017;
Holschuh et al., 2020; Scanlan et al., 2020) would allow us to decipher the true
origin of the near-basal IRH and bed returns and help in locating, separating
and interpreting their signatures.

2.4.3 origin of reduced radar backscatter

By observing deep IRHs that are undisturbed and nearly flat, it can be excluded
that their apparent absence in earlier surveys was caused by buckling or
folding of reflectors or a complete degradation of dielectric contrasts. Yet,
a distinct transition in radio backscatter between the upper and the lower
part of the ice column is also present in the LO-SAR-processed pRES data.
The pRES power profile at CG03 (Figure 2.6d) shows a highly reflective
regime in the top 36m, where reflections mostly attain values above −25 dB
and a low-reflective regime below 45m depth, where the returned power
rarely exceeds −40 dB. In between these two regimes, the power level drops
abruptly over less than 10m. The bedrock reflections have a normalized
power above −25 dB. Variations in density and acidity, together with COF,
are reflection mechanisms that can form IRHs and control the reflectivity.
Here, we investigate if the dominant reflection mechanisms at Colle Gnifetti
and the origin of the drop in backscattered power can be identified by direct
comparison of the reflected power of observable IRHs with density and acidity
records from ice cores.

At both CG03 and KCC, firn compaction is mostly confined to the upper
∼40m (Figure 2.6a). Strong density variations occur particularly in the top
15m, where melt layers can be identified in the high-resolution record of
the KCC core (Freitag et al., 2018). These variations are likely causing near-
surface IRHs. Further down, especially below 35m depth, density contrasts
are significantly weaker and show no correlation with the backscattered power.
The reflectivity at depth is therefore not controlled by density.

Accordingly, deep IRHs must be caused by impurities which determine the
acidity and perhaps may induce localized gradients in the COF (Drews et al.,
2012). By computing the ion balance between the Ca2+, Na+, NH+

4 , NO−
3 and

SO2−
4 concentrations measured in the CG03 and CG15 ice cores (Sigl et al.,

2018a, 2018b), we obtained an estimate of the acidity with ∼3 cm resolution
(Figure 2.6b). In addition, for comparison with the pRES signal we smoothed
this estimate using a Gaussian filter with a width of 48 cm which corresponds
to the mean resolution of the pRES data in firn.

The ion balance is dominated by alkaline peaks that are induced by Ca2+
which is a proxy for Saharan dust. An example for a major Saharan dust
deposition event is the 1936CE peak at 36.5m depth (Sigl et al., 2018a) that
appears as a strong IRH in the radar data (Figure 2.6d) and marks the onset
of the power drop. Major Saharan dust deposition events occur on decadal
timescales, with an increasing frequency only in the last 4 decades attributed
to increasing drought conditions in northern Africa (Sigl et al., 2018a). In
combination with other natural deposition, for example due to volcanic activity
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Figure 2.6: Comparison of mobile pRES power with data from the CG03 and CG15
(Sigl et al., 2018b) and KCC (Freitag et al., 2018) ice cores. (a) Firn density. (b)
Acidity estimated by ion balance in fine resolution (2 cm) and after applying a 48 cm
Gaussian filter. Panel (c) as (b) after excluding Ca2+ from the ion balance. (d) Radar
section (2m) around CG03 and its mean power. Red lines mark traced IRHs, with
error bands of the 1945 and 1733 horizons illustrating the uncertainty in the range
estimate. Ages are computed using the age–depth model of Jenk et al. (2009).

and forest fires, this sets the natural background for acidity variations at Colle
Gnifetti.

By excluding Ca2+ from the ion balance, a trend from alkaline conditions
in the pre-industrial to more acidic conditions during the 20th century be-
comes apparent (Figure 2.6c). This trend initiates at a depth of 45m, which
corresponds to the year 1875CE and the onset of industrialization in west-
ern Europe (Sigl et al., 2018a). Accordingly, the transition in acidity can be
attributed to an increase in anthropogenic pollution. In particular, the deposi-
tion of NH+

4 , NO−
3 and SO2−

4 is largely controlled by anthropogenic activity
(Preunkert et al., 2003; Schwikowski et al., 1999) and correlates with other
industrial emissions (e.g., refractory black carbon; Sigl et al., 2018a). Eisen
et al. (2003) suggested that this acidity shift induces the change in reflectivity
at Colle Gnifetti. A similar contrast in reflectivity at the glacial–interglacial
transition is present across the Greenland Ice Sheet and is also thought to be
induced by a transition in the amount of impurity deposition (Karlsson et al.,
2013).

The more acidic conditions in the upper ice column are accompanied by
a generally higher variability in the acidity, which is most pronounced in the
fine resolution record between 15–32m depth. This high acidity variability
strongly correlates with the strength of backscattered power. We conclude that
it is not the general acidity level itself which induces the shift from a low- to a
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high-reflective regime at Colle Gnifetti but that it is caused by the associated
higher rate at which deposition of anthropogenic pollution occurs.

In addition to altering the acidity, impurity layers might control the grain
size (Kerch, 2016) and thereby induce localized changes in the COF (Drews
et al., 2012). Potentially, this mechanism can additionally modulate the re-
flectivity at Colle Gnifetti. In a seismic profile collected across the KCI ice
core, Diez et al. (2013) detected an englacial reflection 5m above the bedrock,
which they attributed to changes in the crystal orientation. In our data, this
reflection might correspond to the comparatively strong IRH at 67m depth.

2.5 discussion

2.5.1 feasibility assessment

Our proof-of-concept study demonstrates the capability of the pRES to expand
the range over which englacial stratigraphy can be detected, which is a clear
improvement over previous surveys that used impulse GPRs. However, it
comes at the cost of significantly slower data acquisition (Section 2.2.1) that
takes several hours as opposed to several tens of minutes with impulse systems.
This results from the required high spatial sampling rate and the long chirp
time of 1 s of the pRES (which is not a limiting factor for its intended stationary
surveys). In combination, these factors make data collection in stop-and-go
mode necessary.

This raises the question of whether impulse GPRs can achieve similar de-
tection ranges when being operated in stop-and-go mode and by applying
high stacking rates, equivalent to the 1 s chirp time, to suppress incoher-
ent backscatter. Although we cannot answer this question directly, we note
that even if these GPRs can achieve an SNR comparable to the unprocessed
pRES data (Figure 2.5c), they will not be able to match the SNR potentially
achievable by phase-coherent radar processing (Figure 2.5d). We suggest that
future research should not focus on improving imaging with impulse GPRs
by making data acquisition more painstaking but rather aim at accelerating
the profiling capabilities of FMCW radars. The laborious data acquisition is
the key limitation for mobile operation of the pRES and restricts the current
applicability of the system to targeted small-scale surveys. In the following,
we discuss how to accelerate data acquisition in future deployments.

The required spatial sampling rate for LO-SAR processing is set by the fact
that reflections need to be traceable (Schroeder et al., 2019). The slope of
IRHs can only be derived from the phase when it changes by less than π be-
tween neighboring traces; otherwise, spatial aliasing occurs. Thus, following
Equation 2.7 the minimal required trace spacing to resolve IRHs with a slope
s is given by

∆d <
λc

4 tan(s)
. (2.13)

In snow- and firn-covered glacial ice, GPRs can only record IRHs with a
maximum slope of approximately 45° (Holschuh et al., 2014). Accordingly,
a trace spacing of less than 14 cm is required to record IRHs of such slopes.
This also suffices for the threshold of ∆d < λc/2 to avoid the occurrence of
grating lobes when imaging (basal) point reflectors (Kapai et al., 2022). A
coarser trace spacing can be used, when only IRHs with a lower inclination
are expected at the study site.
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Nevertheless, if the requirement for stop-and-go measurements can be re-
laxed, a high spatial sampling rate is less of a problem. This can be achieved
either by reducing the chirp time or by reducing the potential noise due to
movement of the pRES during chirp acquisition. Electrical noise by cable mo-
tion can be reduced by using phase-stable cables (Hati et al., 2009). However,
increased noise by averaging signals of multiple reflections and the occurrence
of Doppler blurring and grating lobes (Kapai et al., 2022) can only be avoided
with the pRES when moving at very low speeds. Fortunately, these problems
are not of a physical but of a technical nature and can again be avoided by
reducing the chirp time as discussed in the following.

2.5.2 system improvements

The chirp time T of an FMCW radar is set by its hardware design and
operation range. This is because the deramped frequency at a given range is
determined by T (Equation 2.1). Thus, the sampling rate of an FMCW radar
system’s data logger sets a lower limit on T . The pRES, for example, was
designed to monitor polar ice up to 2 km thick, which for a chirp time of 1 s
gives a maximum deramped frequency of 4.7 kHz. The built-in data logger
with an effective sampling rate of 40 kHz was selected accordingly (Brennan
et al., 2014). For deploying the pRES on thinner ice, the chirp time can be
reduced. For example, for surveying ice less than 200m thick, as we do in
this study, a 90 % shorter chirp time could safely be set without exceeding the
sampling rate of the data logger. Yet, this reduction would also result in an
increased noise level which might need to be compensated for by stacking. To
completely avoid the stop-and-go requirement, a redesigned FMCW system
is desirable that is similar to many airborne systems whose chirps are much
shorter (≤ 10µs).

A second limitation of the pRES lies in its range resolution, which is
2.5 times coarser compared to the previously used 250MHz impulse GPRs.
Following Equation 2.2, the vertical resolution of FMCW radars is deter-
mined by their bandwidth: δR,FMCW = c/

(
2
√
εrBFMCW

)
. For the pRES with

B = 200MHz this results in a vertical resolution of 0.42m. The resolution of
GPRs is often approximated by δR,GPR = λGPR/4 = c/

(
4
√
εrfGPR

)
, giving

a value of 0.17m for 250MHz impulse GPRs. These radars are consequently
better at detecting shallower IRHs. To achieve a comparable resolution with a
redesigned FMCW system, a bandwidth of 500MHz would be required.

Besides these potential improvements in the FMCW radar design, certain
modifications to our mobile pRES setup should be considered. Here, we used
an HH antenna orientation in which the E-plane matches the imaging plane.
In this configuration, the radiation pattern of the skeleton slot antennas ex-
tends further along the track than across the track, and ground targets are
illuminated over more traces; however, the direct wave between the antennas
is also stronger, which can promote signal clipping (Vaňková et al., 2020b).
To suppress the direct wave, a perpendicular orientation of the E-plane to the
profiling direction (VV orientation) might be advantageous. Note that these
characteristics are antenna-specific and do not generally apply. In addition,
to follow the low-cost approach of the pRES, we suggest to combine it with
low-cost GNSS, receivers that can achieve a positioning accuracy that is com-
parable to commercial instrumentation (Still et al., 2023; Pickell & Hawley,
2024).
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2.5.3 slope estimation

The presented LO-SAR processing is also computationally expensive, primar-
ily because of the slope estimation algorithm. For short profiles, this is less of
a problem (in the examples provided here the computation time was 12h on a
normal-performing desktop computer), but it might be a restriction for more
extensive mobile pRES surveys.

Direct computation of englacial slopes from horizontal gradients of the
phase, as introduced by MacGregor et al. (2015), is significantly faster. But
it also gives a less accurate estimate because it operates on a point-by-point
(i.e., zero-dimensional) basis and directly translates noise in the phase into
noise in the slopes. For this reason, we derive the slopes of IRHs by matching
slope lines to the corrected phase. As this is a one-dimensional approach
we combine information from adjacent traces, which entails some horizontal
averaging and thereby provides a more accurate slope estimate.

A third method to derive englacial slopes is based on the Radon transform
which operates in a two-dimensional window and computes line integrals
over a range of possible slopes and intercepts (Holschuh et al., 2017). Similar
to our approach, the Radon transform is computed for every grid point, and
the correct slope is selected as the one which gives the most coherent stack.
Although this is even more computationally expensive, it does not improve
the slope estimate further compared to our approach. This can be attributed
to the fact that we essentially perform a one-dimensional Radon transform
which only considers an intercept of zero. This is possible because we obtain
the coherence along the line integrals from the coherence of the phase and
not from the coherence of structural patterns, as the two-dimensional Radon
transform does.

The computational costs of our slope estimation directly correlate with the
length of the slope iteration range. The selection of the iteration range is based
on two factors. Its boundaries must cover the range of slopes that are to be
expected, and the step size needs to be sufficiently small to ensure that a
mismatch does not result in destructive interference along the slope line. The
limit for the occurrence of destructive interference can be estimated from the
phase offset between range bins of 3π/p (Equation 2.4). At a phase mismatch
of π between the end points of the slope line, these will be completely out
of phase, which for p = 8 equates to a mismatch of 8/3 range bins. For
an aperture length of 5m this corresponds to a slope error of ∼2°. As the
computation time was not a limiting factor in our proof of concept, we chose
a wide slope range of −30° to 30° in steps of 0.2° to not a priori prevent the
detection of potentially more strongly inclined reflections in the near-basal ice
and to sufficiently avoid the destructive interference limit of 2°.

Our final slope estimate shows some noticeable vertical bands (Figure 2.5b).
These are most likely not englacial signals but are caused by antenna tilt due
to small-scale surface undulations. However, the slopes are only an interme-
diate product in our LO-SAR processing routine. In the subsequent coherent
summation along IRHs, we specifically aim to follow IRHs, also across such
undulations. For this reason, these artifacts are of no concern in our study but
might be relevant in other applications of the slope estimate.

Finally, it should be noted that our use of the corrected phase during slope
estimation contradicts its intended purpose of providing a fine range offset
for each range bin, as suggested by Brennan et al. (2014). They introduced
it as the phase difference between the raw and the reference phase, which
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following Equation 2.6 would translate into a fine range offset to measure
the absolute range of a reflection in a Vernier-like process (Brennan et al.,
2014). However, this approach relies on the assumption that the raw-phase
values in each range bin are independent. This would be expressed by a clear
inter-bin variability in the raw phase, which cannot be observed (Figure 2.3a).
Instead, strong reflections spread out over several range bins, across which
the raw phase tends to be stable and distinct jumps of the raw phase only
occur at the transition between different reflections. Therefore, the phase of a
reflection is only representative of a specific point within its width, potentially
its center, which needs to be taken into account for measuring the absolute
range of a reflection. The interferometric measurement of the relative change
in a reflection range between two measurements is not affected by its inter-bin
spread and can be directly computed from phase changes at any range bin.

2.5.4 future applications

The pRES is used in a broad range of glaciological applications. For example,
by performing repeat visits at fixed locations, the pRES can measure ocean-
induced melting at the base of ice shelves (Nicholls et al., 2015; Vaňková et al.,
2021; Zeising et al., 2022), englacial vertical ice deformation (Gillet-Chaulet
et al., 2011; Kingslake et al., 2014) and firn compaction (Case & Kingslake,
2022). With polarimetric techniques that screen the ice with differently polar-
ized electromagnetic waves, the COF can be inferred (Jordan et al., 2020b;
Ershadi et al., 2022). Our mobile pRES setup expands this list by the enhanced
detection of englacial stratigraphy, but it also offers the potential to perform
the above-mentioned survey types with larger spatial coverage.

Polarimetric pRES measurements can efficiently be conducted with multiple-
input–multiple-output (MIMO) antenna configurations in which the two trans-
mitting and two receiving polarized radar antennas are orthogonally oriented,
respectively. A mobile acquisition of COF data by towing a polarimetric
MIMO setup with an autonomous rover was presented by Ershadi et al. (2024).
MIMO setups can moreover be used for cross-track signal detection (Castel-
letti et al., 2017; Holschuh et al., 2020; Scanlan et al., 2020) or for density
inversions (Arthern et al., 2013). However, the additional antenna weight
restricts the extension of the here-presented mobile pRES setup to MIMO
configurations because depending on the surface topography and snow con-
ditions the system would become to heavy for hand-towed operation. For
obtaining a lightweight FMCW MIMO system, the use of an FMCW radar
that operates in a higher-frequency range and, thus, with smaller and lighter
antennas would be required.

For repeat-track surveys, for example to measure the spatiotemporal vari-
ability in firn compaction (Medley et al., 2015), no adaptations to our mobile
pRES setup are needed. But the correlation of pRES repeat measurements to
detect the vertical displacement of englacial reflections or the ice–ocean in-
terface is thought to rely strongly on accurate repositioning of the system. We
therefore suggest that future studies investigate which accuracy in the spatial
and directional repositioning is required to develop corresponding acquisition
and processing techniques.
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2.6 conclusions

We present a phase-coherent ground-based radar system with low weight and
power requirements by mobilizing the pRES. The setup facilitates coherent
radar profiling in glaciated areas with low accessibility, as for example on re-
mote mountain glaciers. A centimeter-scale positioning accuracy at decimeter
trace spacing is achieved by the integration of an RTK GNSS. In combination,
the coherence and positional accuracy enable the application of SAR process-
ing techniques for enhancing the quality of the obtained radargrams. Here,
we specifically focus on improving the imaging of the englacial stratigraphy
by tailoring the LO-SAR processing technique by Castelletti et al. (2019) to
mobile pRES data. In this process, we demonstrate that after the subtraction
of the reference phase the corrected phase signal is constant along IRHs. We
exploit this characteristic in our implementation of LO-SAR processing by
first detecting the slopes of IRHs to filter these before performing the coherent
integration of power directly along IRHs.

The capability of the mobile pRES system and LO-SAR implementation
is demonstrated in a proof-of-concept study for detecting the deep englacial
stratigraphy of Colle Gnifetti. Previous GPR surveys at the site could detect
IRHs only in the upper 30–50 % of the ice column, whereas with our approach
the presence of a layered stratigraphy can essentially be detected down to the
bedrock. Thereby, an IRH with an age of 288± 35 a could be traced continu-
ously, which is a clear step forward compared to the detection of a 78± 12 a
old IRH achieved by previous surveys. Through a comparison with ice core
data, we in addition identified that the presence of a highly reflective regime in
the upper part of Colle Gnifetti (detectable in previous surveys) compared to a
less-reflective regime in the lower part (which previously appeared echo-free)
is caused by acidic impurity layers that have been deposited at a high rate
since the onset of industrialization. These improved imaging capabilities of
the mobile pRES highlight the possibility to extensively map the deep stratig-
raphy of Colle Gnifetti and other mountain glaciers in the future. However,
our study also demonstrates that the main limitation of the mobile pRES lies
in the time intensity of data acquisition due to its 1 s chirp time. We there-
fore encourage the development of faster ground-based FMCW radar systems
suitable for profiling. Repeat-track surveys are a promising application for the
mobile pRES as they require no hardware adaptations. In addition to ongoing
efforts of expanding the repeat-track capabilities of airborne chirp systems,
this opens the avenue to detect englacial deformation, firn compaction and
basal melt rates with the pRES with large spatial coverage and fine resolution.

code and data availability. The raw and processed mobile pRES
data are available at https://doi.org/10.1594/PANGAEA.965199 (Oraschew-
ski et al., 2024b) and https://doi.org/10.1594/PANGAEA.965194 (Oraschew-
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key points
• Phase-sensitive polarimetric wide-angle radar surveys detect horizontal

and vertical ice fabric and structural firn anisotropy

• Structural firn anisotropy dominates vertical dielectric anisotropy sig-
natures and must be determined before inverting for ice fabric

• These observations highlight the investigation of firn anisotropy as a
new application for ground-based radar polarimetry

abstract
Ice is mechanically and dielectrically anisotropic. The degree of anisotropy
evolves dynamically as ice crystals align during deformation into macroscopic
patterns termed ice fabric. Radar polarimetry is an emerging tool to detect
such patterns, particularly using nadir-looking antenna geometries sensitive
to horizontal anisotropy. Although theoretical studies discussed oblique inci-
dence of radio waves to detect vertical anisotropy and relax the assumption
of vertical fabric alignment, so far no data were available to test this. Here,
we analyze a polarimetric common midpoint survey from Ekström Ice Shelf
and develop a framework to invert all relevant ice fabric components. We find
that our data not only detect the expected deep ice fabric, but are also signif-
icantly impacted by structural anisotropy of near-surface firn. This has been
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3.1 introduction

neglected in previous studies and introduces tradeoffs between both effects
in the inversion. It also opens up new possibilities for investigating firn with
radar polarimetry.

plain language summary

In glaciers and ice sheets, the orientations of individual ice crystals can align
during deformation and make the ice flow direction-dependent. Radar can
detect these crystal orientation patterns by observing changes in the radio
wave speed between different antenna orientations. Previous studies use radar
configurations in which the radio waves are propagating vertically. In this study,
we present a radar survey with wide antenna spacings that provide oblique
wave propagation directions and are more sensitive to vertically oriented
ice crystal patterns, which are important for better understanding the ice
dynamics of fast flowing ice. We find that our observations not only detect the
crystal orientations, but are strongly influenced by structural patterns in the
near-surface firn. Firn describes accumulated snow that is in the process of
compacting to ice and is composed of ice grains and air pores. These can be
vertically elongated and thereby cause radar signatures that can obscure the
signatures by the crystal orientations. By demonstrating that these structures
can be observed with radar, which has not been considered in previous studies,
our observations open up new possibilities for studying these structures.

3.1 introduction

Glacial ice is a viscous fluid and the ice rheology (i.e., the relationship between
stress and strain rate) depends among other factors on the bulk orientation of
individual ice crystals. These orientation patterns, termed ice fabrics, evolve
with ice flow (Richards et al., 2021; Llorens et al., 2022; Lilien et al., 2023)
and develop a mechanical anisotropy (Duval et al., 1983; Rathmann et al.,
2021) contributing to primary ice dynamic processes such as the evolution of
ice streams (Minchew et al., 2018; Gerber et al., 2023) or macro-scale folding
at depth (Bons et al., 2016). Constraining mechanical anisotropy parametriza-
tions for inclusion into ice flow models requires geophysical observations of
ice fabric away from ice cores (Graham et al., 2018).

Radar polarimetry is an emerging tool to map ice fabrics as the mechanical
anisotropy is accompanied by dielectric anisotropy, making ice a birefringent
medium (Hargreaves, 1978). Techniques to invert ice fabric from polarimet-
ric radar observations have significantly advanced over the past decade (Dall,
2010; Brisbourne et al., 2019; Jordan et al., 2019; Young et al., 2021a; Er-
shadi et al., 2022; Zeising et al., 2023). All of these studies use some metric
of traveltime or phase delay between different polarization directions to in-
fer ice fabric with depth and show promising agreement with ice core data.
Polarimetric techniques are starting to get widely applied for investigating
present and past ice dynamics on regional scales (Jordan et al., 2022; Ershadi
et al., 2025; Hills et al., 2025a). This development will be further accelerated
by the emerging feasibility of continuous ice fabric profiling (Ershadi et al.,
2024; Gerber et al., 2025). However, previous observations were restricted to
vertical radio wave propagation, which underconstrains ice fabric orientation
and is only indirectly sensitive to vertical anisotropy via reflection-power ra-
tios (Ershadi et al., 2022). Consequently, the limited constraint on vertical ice
fabric anisotropy leads to significant uncertainties in inverting anisotropic ice
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3.2 forward model for wave propagation in polarimetric cmps

viscosity (Jordan et al., 2022). Wide-angle radar surveys have been proposed
as an alternative approach for inferring vertical ice fabric anisotropy (Rath-
mann et al., 2022). However, oiblique propagation of polarized radio waves
has only been considered in theory (K. Matsuoka et al., 2009; Rathmann et al.,
2022) and for the specific application of neutrino detection at the South Pole
(Jordan et al., 2022). The inversion of unknown ice fabrics through targeted
polarimetric wide-angle experiments has not been addressed.

In firn, the transition stage from snow to glacial ice, ice grains and pore
spaces exhibit a predominantly vertical elongation (Lytle & Jezek, 1994; Pf-
effer & Mrugala, 2002; Fujita et al., 2009). This structural firn anisotropy
(hereafter termed firn anisotropy) represents an additional source of dielectric
anisotropy (Sihvola & Kong, 1988) that can be more than twice as strong as the
maximum dielectric anisotropy due to ice fabric (Lytle & Jezek, 1994). Firn
anisotropy forms in the uppermost 3m (Hörhold et al., 2009; Lomonaco et al.,
2011; Inoue et al., 2024) by insolation-driven temperature gradient metamor-
phism (hence, its vertical elongation, Hutterli et al., 2009; Fujita et al., 2009),
where the strength of firn anisotropy correlates with the initial density of the
firn, determined by the local wind conditions, and its residence time in the
near-surface, controlled by the accumulation rate (Hörhold et al., 2009; Inoue
et al., 2024). In combination, these factors favor a high spatiotemporal vari-
ability of firn anisotropy (Fujita et al., 2016). While firn anisotropy decreases
with depth, it influences the microstructure and permeability of firn until pore
close-off, thereby potentially affecting important properties for analyzing ice
core records such as the age difference between ice and enclosed air bubbles
(Keegan et al., 2019), the total air content and gas fractionations (Fujita et al.,
2014). Previous polarimetry studies neglected the effect of firn anisotropy,
most likely due to their lack of sensitivity to vertical dielectric anisotropy.

Here, we present results of a phase-sensitive, polarimetric common mid-
point survey (CMP, Figure 3.1a) and develop a forward-modeling framework
able to capture ice fabrics of variable strength and orientation (Figure 3.1b)
together with a parametrization for dielectrically anisotropic firn. The latter
dominates the signal response at oblique incidence in our data. Although this
limits the ice fabric anisotropy inversion, we demonstrate that disentangling
both effects is possible.

3.2 forward model for wave propagation in polarimetric
cmps

In a CMP, the distance d between transmitter (Tx) and receiver (Rx) is in-
creased around a common midpoint at consistent increments (Figure 3.1a).
This geometry illuminates horizontal interfaces in the subsurface at the same
reflection point but with variable incidence angles θ, providing information
about changes in the radio-wave velocity with depth (Eisen et al., 2002). By
rotating the antennas at each incremental offset, the polarization-dependency
of the wave velocity can be inferred. We consider measurements with three an-
tenna orientations: HH, HV, VV, indicating parallel (H) and perpendicular (V)
polarization of Tx and Rx relative to the CMP profile direction. In the follow-
ing, we develop a model for traveltime differences between the co-polarized
measurements HH and VV.
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Figure 3.1: (a) Schematic of common midpoint radar configuration for wave prop-
agation in the optic plane. The propagation velocity of radio waves with plane-
parallel polarization (HH) is incidence angle-dependent, whereas it is independent
for perpendicular-polarized VV waves. Along the optic axes (gray lines, θ = θo),
the propagation velocity is independent of polarization. The displayed HH-oriented
antennas are turned by 90◦ for VV measurements. Ray path curvature due to den-
sity gradients in firn is taken into account but not shown here. (b) Forward-modeled
(VV–HH) two-way traveltime and phase difference.

3.2.1 polarization-dependent traveltime delays due to ice
fabric

The propagation velocity of electromagnetic waves is determined by the real
part of the dielectric permittivity (Fujita et al., 2006). Single ice crystals are
dielectrically uniaxial with permittivities of ε′∥ = 3.17 and ε′⊥ = 3.14 parallel
and perpendicular to their c-axis, respectively (Fujita et al., 2000; Bohleber
et al., 2012), and a dielectric anisotropy of ∆ε′ =

(
ε′∥ − ε

′
⊥

)
= 0.034 (T.

Matsuoka et al., 1997). For polycrystalline ice, the second-order dielectric
permittivity tensor

ε′ =

ε′1 0 0

0 ε′2 0

0 0 ε′3

 =

ε′⊥ + λ1∆ε
′ 0 0

0 ε′⊥ + λ2∆ε
′ 0

0 0 ε′⊥ + λ3∆ε
′

, (3.1)

that defines an ellipsoid (Figure 3.1a), locally describes the biaxial birefrin-
gence caused by ice fabric (Hargreaves, 1978). ε′ depends linearly on the
second-order ice fabric tensor, where λ1 ≤ λ2 ≤ λ3 are the normalized eigen-
values (λ1 + λ2 + λ3 = 1) that describe the distribution of the c-axes orienta-
tions along the associated eigenvectors v1, v2 and v3. Radar is not sensitive to
higher-order moments of the ice fabric. For isotropic ice, the c-axes are equally
distributed (λ1 ≈ λ2 ≈ λ3 ≈ 1/3). Characteristic ice-dynamically induced
fabric types include single-maximum fabrics (λ1 ≈ λ2 ≪ λ3) and vertical-
girdle fabrics (λ1 ≪ λ2 ≈ λ3). ε′ can vary with depth z both in strength
(represented by differences in the eigenvalues) and orientation (represented
by colatitude γ and azimuth α, inset Figure 3.1a).

For wave propagation along an arbitrary direction, a plane oriented perpen-
dicular to the ray path and cutting the ellipsoid center defines an ellipse. The
two principal axes of this ellipse mark the two possible polarizations, meaning
that an incident radio wave that is polarized parallel to one of these principal
axes maintains its polarization. Otherwise, it is depolarized and split into two
waves with polarizations parallel to the principal components. The propaga-
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3.2 forward model for wave propagation in polarimetric cmps

tion velocities are then determined by the principal radii of the permittivity
ellipse (cf. the closely related concepts of ordinary and extraordinary waves
in uniaxial crystals).

Following the model setup of Jordan et al. (2020a), we assume a depth-
variable, layered ice fabric that at all depths is vertically oriented (γ = 0◦) and
has a v1v3-eigenplane that equals the CMP plane (α = 0◦), meaning the plane
in which radar waves propagate. Each layer has a thicknesses of ∆z = 1m.
This setup is appropriate for our observations. Supporting Information B.2
presents an extension of the model for arbitrary ice fabric orientations.

In the forward model, the permittivies for the VV and HH polarizations in
the nth layer are:

ε′VV,n = ε′2,n, (3.2)

ε′HH,n(θn) =
ε′1,nε

′
3,n√

ε′ 21,n sin
2(θn) + ε′ 23,n cos

2(θn)
, (3.3)

so that only the HH wave is sensitive to vertical anisotropy and dependent
on the local incidence angle θn. For two incidence angles ±θo that are axis-
symmetric around v3, the trigonometrically weighted combination of the
major and minor eigenvalues matches the intermediate eigenvalue ε′2. Along
these directions, the dielectric permittivity is independent of the wave po-
larization, defining the two optic axes of the biaxial medium. Hence, the
v1v3-eigenplane is also referred to as the optic plane.

A radar wave that is transmitted at the surface with an incidence angle θ1 is
deflected at permittivity changes along its ray path according to Snell’s law:

θn = sin−1

(√
ε′VV,1

ε′VV,n

sin(θ1)

)
. (3.4)

The curvature is dominated by the dependency of permittivity on density,
which is depth-dependent in the firn (Section 3.2.2). These density-induced
permittivity changes are an order of magnitude stronger than potential permit-
tivity variations from dielectric anisotropy. Therefore, the HH and VV waves
travel approximately along the same trajectories. As commonly done in ray-
tracing schemes, for each depth horizon Z (in integers of meters) and offset d,
the incidence angle at the surface θ1(Z, d) is determined in the forward model
based on the density profile by trial and error.

The expected polarization-dependent traveltime delay due to birefringence
is:

∆τVVHH(Z, d) =

Z∑
n=1

2∆z

cos(θn(Z, d))
·

√
ε′VV,n −

√
ε′HH,n(θn(Z, d))

c
, (3.5)

where the first fraction describes the two-way path length in each layer and the
second fraction the difference of the reciprocals of the polarization-dependent
wave velocities (i.e., the slowness), with the speed of light in vacuum c.
Following this model, variations of∆τVVHH withZ originate from horizontal
anisotropy in the ice, whereas variations with d are a signature of vertical
anisotropy (Figure 3.1b). In the data, reflection horizons are observed at
sub-grid depth values z and the corresponding modeled traveltime delays
∆τVVHH(z, d) are obtained by linearly interpolating ∆τVVHH(Z, d) along Z.
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3.3 polarimetric cmp observations at ekström ice shelf

3.2.2 polarization-dependent traveltime delays in firn

In porous firn with density ρ, the dielectric permittivity is reduced as described
by the Looyenga (1965) mixture model:

ε′eff =
(
νε′

1/3
+ (1− ν)

)3
, (3.6)

with the ice-air volume fraction ν = ρ/ρice and density of glacial ice ρice. This
effect determines the ray path of obliquely propagating radio waves in firn and
is inherently included in the forward model by applying Equation 3.6 after
Equation 3.1. The corresponding effective permittivities are then inserted in
Equations 3.2–3.3.

Critical for polarimetric CMPs is that firn anisotropy due to vertically
elongated ice grains and pore spaces can induce vertical dielectric anisotropy
∆ε′firn that can be as large as 0.08 (Lytle & Jezek, 1994; Fujita et al., 2009).
This is more than twice the dielectric anisotropy of the most anisotropic ice
fabric (i.e., the single maximum ice fabric with ∆ε′ = 0.034). The functional
description of depth-variable firn anisotropy is not well established but may
follow an exponential or sigmoidal decay (Figure 6 in Fujita et al., 2016). We
implement this using a logistic decay function:

∆ε′firn(ρ) =
∆ε′0

1 + exp
(
−(ϕnorm(ρ)− ϕmid)/ϕdecay

) , (3.7)

formulated in terms of the porosity that is normalized for surface density ρsur:

ϕnorm(ρ) =
ρice − ρ
ρice − ρsur

. (3.8)

Depending on the tuning variables ϕmid and ϕdecay, Equation 3.7 describes
an exponential or sigmodial form. The strength of firn anisotropy is modulated
by ∆ε′0. Firn anisotropy can be included in the forward model by replacing
ε3,eff with ε3,eff +∆ε′firn, as firn anisotropy is assumed to only affect the
vertical permittivity component.

3.3 polarimetric cmp observations at ekström ice shelf

3.3.1 data and study site

We have acquired a polarimetric CMP using the phase-sensitive Radio Echo
Sounder (pRES), a frequency-modulated continuous-wave radar with a center
frequency of fc = 300MHz and 200MHz bandwidth (Brennan et al., 2014).
The pRES can measure relative traveltime delays ∆τVVHH via phase-shifts
between VV and HH acquisitions:

∆ψVVHH = 2πfc∆τVVHH. (3.9)

The study site (70.703127°S, 8.603937°W) is centrally located on Ekström Ice
Shelf, Droning Maud Land, Antarctica. The CMP profile is oriented parallel to
flow. Transmitter and receiver were connected with four 25m coaxial cables,
each. Their distance d was increased from 10m to 200m in 2m increments,
giving a maximum incidence angle of 20.1◦ at the locally 260m deep ice base.
Data acquisition took approximately four hours.
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3.3 polarimetric cmp observations at ekström ice shelf

We follow standard pRES signal processing (Brennan et al., 2014; Ora-
schewski et al., 2024c). Power, traveltime and phase along observed reflec-
tion hyperbolas are semi-automatically extracted. The phase is ambiguous to
integer-multiples of 2π (Arthern et al., 2013), which is resolved by unwrap-
ping the phase and phase differences (Supporting Information B.1.4). Firn
densities are obtained by traveltime inversion (Drews et al., 2016) of the VV
signal for which the permittivity is independent of the incidence angle.

Figure 3.2: Polarimetric CMP data. (a–c) Recorded power for different antenna po-
larizations with (a) semi-automatically traced internal reflection hyperbolas. (d–f)
Total power, two-way traveltime and phase of basal reflection for HH and VV mea-
surements. (g–i) Their differences (VV–HH) show moveout-dependent signatures of
vertical anisotropy that are most accurately detected in the phase difference signal.

3.3.2 anisotropy inversion

The model-data misfit for the VV–HH phase difference is evaluated at 36
englacial reflection hyperbolas originating from distinct depth intervals. Hence,
the forward model is applied in the distance-depth domain. Inversion of
∆ψVVHH(z, d) is executed with four successive approaches.

First, we only consider the nadir-looking data (at d = 10m) and repli-
cate the previously developed mono-static inversion (Ershadi et al., 2022).
This method is particularly sensitive to the horizontal ice fabric anisotropy
∆λ21 = λ2 − λ1, but reconstructs all three ice fabric eigenvalues top-to-
bottom via changes in the polarization-dependent reflection-power ratio, as-
suming isotropic ice at the surface.

Second, we consider data from all incidence angles and invert for ice fabric
using the oblique incidence forward model (Equations 3.1–3.6), neglecting
effects of firn anisotropy. We parameterize eigenvalues to change linearly with
depth so that four model parameters are optimized including the eigenvalue
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differences at the surface (∆λ21,sur, ∆λ31,sur) and their slopes (d∆λ21/dz,
d∆λ31/dz). The inversion uses a gradient descent scheme with parameter
bounds of the eigenvalue differences between 0 and 1 and of the slopes
between±1/zice. The initial guesses are 0 for the former and 0.01/zice for the
latter. During the inversion, eigenvalues are computed by

λ1(z) = (1−∆λ21(z)−∆λ31(z))/3,

λ2(z) = λ1(z) + ∆λ21(z), (3.10)
λ3(z) = λ1(z) + ∆λ31(z),

and are individually bound between 0 and 1.
Third, we fix the ice fabric to the nadir results and invert for firn anisotropy

(Equations 3.8–3.7). The three inversion parameters are now ∆ε′0, ϕmid and
ϕdecay. The former is bound between 0.01 and 0.1 with an initial guess of 0.05
and the later two are bound between 0.05 and 1 with an initial guess of 0.5.

Fourth, we perform a combined inversion for ice fabric and firn anisotropy.
The inversion is performed in two steps to avoid tradeoffs between both
mechanisms. In step 1, firn anisotropy is assumed to be dominant over the
upper 75m. Reflections within this range are inverted for firn anisotropy for
five fixed ∆ε′0 values between 0.02 and 0.1 to represent different functional
dependencies. Horizontal anisotropy still needs to be taken into account in
step 1 and is fixed based on the nadir-results. In step 2, the firn anisotropy
obtained in step 1 is fixed and now ice fabric is inverted analogous to the
ice-fabric-only inversion.

3.4 results

3.4.1 polarization dependency in cmp data

The acquired polarimetric CMP data (Figure 3.2) can be analyzed in terms
of power, traveltime and phase. We first focus on the co-polarized HH and
VV returns of the basal reflection (Figure 3.2d–f). All three radar metrics are
mainly determined by the CMP geometry and only the differences between the
two polarizations (VV–HH) provide information about dielectric anisotropy.
While the HH and VV power are equal (Figure 3.2g) for small antenna dis-
tances, their difference increases to 2 dB at larger offsets. This trend can be a
signature of vertical dielectric anisotropy (K. Matsuoka et al., 2009), but it is
accompanied by a large relative uncertainty. Both, the traveltime differences
(Figure 3.2h) and the proportional phase differences ∆ψHHVV (Figure 3.2i)
show the expected angular hyperbolic dependency as predicted by our for-
ward model (Figure 3.1b). However, the relative uncertainty of ∆ψHHVV is
remarkably low, making it the best quality metric for analyzing the CMP data.

3.4.2 inversion of ice fabric and firn anisotropy

For all internal reflection hyperbolas, phase differences decrease with moveout
(Figure 3.3a). This is most pronounced in the shallower reflections, where
incidence angles are large for moderate antenna distances. In particular, phase
differences change sign at θ ≈ 30◦, indicating the angle of the optic axes.

Our first (nadir-looking) ice fabric inversion predicts progressive develop-
ment of a horizontal girdle fabric with depth (Figure 3.3c). The model–data
misfit is small for small incidence angles but phase differences for larger
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Figure 3.3: (a) Observed VV–HH phase differences from wide-angle CMP. (b, d,
f) Forward modeled phase-differences for three inversion experiments. (c, e, g–h)
Inversion results. (b–c) The nadir ice fabric inversion captures horizontal anisotropy,
but is insensitive to moveout effects from vertical dielectric anisotropy. (d–e) The
wide-angle inversion achieves the best-matching forward model but suggests implau-
sible single-maximum fabric at the ice surface. (f–h) Inverting for firn anisotropy
while keeping the nadir inversion ice fabric fixed provides a comparable model–data
fit.

moveouts are significantly underestimated (Figure 3.3b), demonstrating that
the nadir inversion does not capture the vertical dielectric anisotropy cor-
rectly. The second (wide-angle) ice fabric inversion predicts a similar hori-
zontal anisotropy as for the nadir case, but provides a much stronger vertical
anisotropy with λ3 = 0.85 at the surface that is decreasing with depth (Fig-
ure 3.3e). The model–data misfit is small for all incidence angles, but, as we
will discuss later, the strong ice fabric anisotropy at the surface is unlikely. The
third inversion for firn anisotropy (with fixed ice fabric from nadir inversion)
provides an equally good model–data fit as the wide-angle ice fabric inversion
(Figure 3.3f). Therefore, firn anisotropy can fully describe the observed ver-
tical dielectric anisotropy signatures in the VV–HH phase differences, even
for reflections beneath the firn. Lastly, the two-step inversion shows a varying
functional form for the depth dependency of vertically anisotropic firn depen-
dent on the fixed ∆ε′0 value (Figure 3.4a). Yet, the ice fabric inverted in step
2 is effectively identical for all firn anisotropy parametrizations (Figure 3.4b)
and a good model-data fit is achieved (Figure 3.4c).

3.5 discussion

Our first inversion shows that polarimetric CMPs are sensitive to vertical
anisotropy, not resolved by nadir measurements. The second and third in-
version provide competing scenarios which can both explain the observations.
However, the second (fabric only) inversion predicts a strong single-maximum
fabric in the upper 20m. This is inconsistent with current theory of fabric
evolution (Llorens et al., 2022; Lilien et al., 2023), where single-maximum
fabrics evolve under vertical compression and typically occur at the ice base.
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Figure 3.4: Two-step ice fabric and firn anisotropy inversion. (a) Firn anisotropy
inverted over upper 75m for five different ∆ε′0 values. (b) Subsequently inverted
ice fabric with strong agreement between all firn anisotropy parameterizations (The
eigenvalue profiles are overlapping for all ∆ε′0 values). (c) Forward modeled phase
differences.

In contrast, firn anisotropy is a known cause of vertical dielectric anisotropy
(Fujita et al., 2009), although it has been neglected in the context of radar
polarimetry, most likely because nadir measurements are insensitive to that
effect. We therefore conclude that firn anisotropy is the predominant cause for
the observed signatures of vertical dielectric anisotropy.

3.5.1 shielding of vertical ice fabric anisotropy by firn

As vertical ice fabric anisotropy and firn anisotropy can compensate for each
other in polarimetric CMP data, strongly anisotropic firn can obscure sig-
natures of ice fabric. This complicates the ice fabric inversion, particularly
because dielectric firn anisotropy can be more than twice as strong as the
maximum possible dielectric anisotropy of ice fabric, while imprinting on
reflections beneath the firn and having a poorly constrained depth variabil-
ity. However, the consistency between the combined inversions (Figure 3.4)
shows significant tradeoffs between the strength of firn anisotropy and the thick-
ness of the anisotropic firn layer. This indicates that the depth-integrated firn
anisotropy is the relevant property imprinting on deeper reflections. Therefore,
all ice fabric eigenvalues and presumably vertically tilted ice fabric patterns
can still be reconstructed in spite of the dominant contribution from the firn.
Future research should validate this by conducting polarimetric CMPs near
ice core sites with known and preferably tilted ice fabrics.

3.5.2 cmp-eigenplane alignment

During our analysis, we assumed that the CMP is aligned with the optic
plane of the underlying ice fabric (α = 0◦). Since the CMP profile aligns
with ice flow, which for the central Ekström Ice Shelf is characterized by
pure shear with dominant along-flow stretching, this assumption is reasonable
(Richards et al., 2021, 2023). However, antenna and profile directions are only
constrained to approximately ±10◦ in the field and at intermediate depths,
where HH and VV are in anti-phase (∆ψVVHH = π), the HV power shows
reflection hyperbolas of comparable strength (Figure 3.2c), suggesting a CMP-
eigenplane misalignment of up to α = 22.5◦ (Figure 5 in Fujita et al., 2006).
Fortunately, this does not limit our phase-based analysis, because for small
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misalignments between radar polarization and an ice fabric eigenplane, the HH
and VV signals are each dominated by distinct principal wave components
that determine their respective phases (Supporting Information B.2). This
explains the low phase difference uncertainty and confirms that phase is the
most suitable radar metric for analyzing polarimetric CMPs.

3.5.3 implications and new avenues for firn studies

The vertical dielectric anisotropy of firn can bias density inversions from
non-polarimetric CMPs on the order of a few percent (Supporting Informa-
tion B.1.3). Therefore, we suggest that radar-based firn density measurements
should employ a VV antenna configuration to minimize the impact of firn
anisotropy. Yet, our observations also highlight possibilities for spatially mea-
suring firn anisotropy with ground-based radar surveys to investigate its po-
tentially important impact on firn air processes. This may be extended further
with satellite remote sensing of firn anisotropy, exploiting the many upcoming
quad-polarimetric radar systems with different frequencies. This can provide
corrections for the penetration bias in satellite altimetry studies (Dall, 2007),
and aid the classification of glacier zones (Parrella et al., 2021) as well as
the detection of refrozen melt layers (Fischer et al., 2019). Ground-truth data,
in the form of polarimetric wide-angle surveys, can drive this forward and
the development of higher frequency phase-sensitive radar systems would be
particularly beneficial in this regard.

3.6 conclusion

We analyzed a phase-sensitive polarimetric common midpoint radar survey
conducted at Ekström Ice Shelf. We find that polarization-dependent phase
differences between the HH and VV orientations are the best metric to interpret
traveltime delays caused by birefringence. Our data exhibit strong vertical
dielectric anisotropy that can either be caused by the occurrence of a single-
maximum ice fabric within the firn or by structural firn anisotropy. Formation
of the former cannot be explained with current fabric evolution theory and we
conclude that our observations are dominated by firn anisotropy. This effect
has not been considered in previous polarimetric radar studies. We show that
ambiguities exist for disentangling the competing contributions of ice fabric
and firn, but can be resolved by assuming that each effect dominates at different
depths within the ice column. By demonstrating the sensitivity of polarimetric
wide-angle surveys to firn anisotropy, this study highlights that near-surface
radar polarimetry may open new avenues for investigating firn processes.

open research section

The forward modeling and inversion codes are available at Oraschewski et al.
(2025a) and the polarimetric CMP data at Oraschewski et al. (2025b).
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4
C O N C LU S I O N S

This thesis presents two phase-sensitive radar acquisition methods specifically
designed to detect deep englacial structures in mountain glaciers and vertical
ice fabric anisotropy. Both features are shaped and deformed by ice dynamics.
Therefore, the developed methods enhance our ability to investigate past ice
deformation and ice-dynamical processes, such as englacial folding caused
by a variable ice rheology. In addition, this thesis contributes to an improved
understanding of radar signatures in phase-sensitive radar data and expands
the fields of application of phase-sensitive and polarimetric RES, particularly
by demonstrating the capability of radar to detect structural firn anisotropy. In
the following, I assess whether the research objectives set in Section 1.4 have
been achieved and discuss limitations and implications. Finally, I synthesize
the general findings of the two presented studies.

4.1 evaluation of research objectives

o1: develop a method for detecting the deep englacial
stratigraphy of mountain glaciers

Mobilizing the pRES results in a lightweight, power-efficient, phase-sensitive
radar system. The system has been successfully deployed on Colle Gnifetti,
where it extends the range over which englacial reflection horizons can be
detected from the uppermost 30–50% of the ice column to essentially the
entire depth range. The improved detection capabilities, are on the one hand,
attributed to the higher sensitivity of the pRES provided by the 1 s integration
time of each chirp. On the other hand, the phase-sensitivity of the pRES
enables SAR processing, which enhances the SNR by coherent integration
of power along the radar profile. Although the long chirp duration limits the
applicability of the system in its current form, the study demonstrates that
technical advancements facilitate the detection of deep englacial structures
in mountain glaciers and encourage the development of radar instruments
specifically designed for this purpose.

o2: investigate the deep stratigraphy and origin of the
apparent echo-free zone at colle gnifetti

In the second objective, I hypothesized that the drop in backscattered power
observed by radar in the deep ice of Colle Gnifetti is caused by englacial
folding. This was motivated by a discontinuity that has been observed in a Colle
Gnifetti ice core (Hoffmann et al., 2018) and because complex ice deformation
structures, such as englacial folding, have been imaged at many locations in
the previously apparent echo-free zone of polar ice sheets. However, in the
obtained data, the across-saddle profile shows an undisturbed and nearly flat
englacial stratigraphy down to the bedrock. Therefore, the hypothesis could
not be confirmed, and layer disturbances are not the primary cause of the
reduced reflectivity. Instead, by comparing the radar profile with density and
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acidity data from local ice cores, a strong correlation between backscattered
power and the acidity variability has been observed. The acidic impurity
layers represent strong reflection interfaces and are attributed to increased
anthropogenic pollution that is deposited on the glacier. In contrast, the drop
in reflectivity in older ice is caused by the scarcity of acidic impurity layers
prior to industrialization, when the natural background of acidity variations
was primarily driven by major Saharan dust deposition events that occurred
on decadal timescales.

Nevertheless, a contribution of layer disturbances to the formation of the
low-reflective zone cannot be ruled out in general. The detection of the deep
englacial layering in the upstream profile was limited due to technical issues
during data acquisition. However, englacial structures originating from com-
plex deformation would also most likely occur along this upstream profile, in
particular, because the age-depth discontinuity has been observed at its upper
end. Consequently, the reduced coherence might also be attributed to nonuni-
form englacial layering. As the implemented LO-SAR processing method was
particularly designed to improve the imaging of specular reflection horizons in
the across-saddle profile, it cannot resolve fold structures. I therefore suggest
to repeat the upstream profile in a future study after the technical limitations
have been solved and to implement a conventional SAR processing method
that is better at resolving point scatterers. Together, this might allow to resolve
the origin of the age-depth discontinuity and to study complex ice deformation
processes at Colle Gnifetti.

o3: develop a phase-based radar technique for inferring
vertical ice fabric anisotropy

In chapter 3, a polarimetric CMP pRES survey was described. The obtained
data demonstrate that phase-based wide-angle radar methods can detect both
vertical and horizontal dielectric anisotropy with high accuracy. The dielectric
anisotropy directly affects the propagation velocity of radar waves with differ-
ent polarizations. As long as the radar antenna polarizations are not rotated
by about 45◦ relative to the principal axis of the dielectric permittivity ellipse
for a given propagation direction, different wave components are dominant in
the HH and VV signals, respectively. The phase of an englacial reflection in
a specific polarization is therefore determined by the dominant component.
Because of this, polarimetric radar can essentially detect the propagation ve-
locities of the fast and the slow wave polarizations independently of each
other via the phase. Consequently, the observed phase difference signals are
only weakly affected by errors in the antenna orientation, and the dielectric
anisotropy can be inferred with significantly lower uncertainty than it would
be possible with observation methods that are based on the reflection power.

However, polarimetric CMPs have two significant limitations: First, data
acquisition is more laborious than for conventional quad-polarimetric radar
measurements, which can efficiently be acquired along profiles (Ershadi et al.,
2024). I therefore suggest using both methods complementarily by conducting
polarimetric CMPs at selected ice-dynamically interesting study sites within
more extensive grids of nadir-looking quad-polarimetric data. Moreover, it is
noted that inferring the vertical anisotropy does not generally require a full
polarimetric CMP. Fewer antenna postings are sufficient as long as individual
reflections can be traced between the different postings.
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4.1 evaluation of research objectives

The second limitation is given by the maximum antenna offset. Particu-
larly in the interior of polar ice sheets, where the ice thickness exceeds one
kilometer, significantly wider antenna separations than the 200m used in the
presented survey are required to achieve sufficiently oblique incidence angles
at depth. FMCW radars require synchronization between the transmitter and
receiver, and the use of long cables is restricted by cable losses. More extended
wide-angle surveys therefore need to utilize post-processing synchronization
techniques that achieve synchronization via the air wave (Bienert et al., 2022).
Nevertheless, for the proposed polarimetric firn anisotropy studies, substan-
tially smaller antenna separations of up to 50m are sufficient, as firn anisotropy
is primarily confined to the uppermost tens of meters.

o4: implement an inversion method for full ice fabric
anisotropy tensor

Two phase-difference forward models for wave propagation in dielectrically
anisotropic ice were developed. The ice fabric inversion framework is imple-
mented using an eigenplane forward model based on Jordan et al. (2020a). In
general, the inversion of the ice fabric anisotropy is restricted by the observed
superimposed effect of firn anisotropy. Because of this, the implemented inver-
sion assumes an ice fabric that evolves constantly with depth to highlight the
predominant dielectric signatures. However, a more refined inversion would
be possible and is particularly feasible below the anisotropic firn layer after
disentangling the competing contributions of both effects.

Although one aim of the wide-angle radar survey was to infer tilted ice
fabrics, the inversion assumes vertical fabric alignment. This is set because
it matches the observed data and the ice fabric pattern expected for the flow
conditions at the study site. Nonetheless, the inversion framework is easily
adaptable to a configuration with a tilted vertical ice fabric eigenvector.

A single-layer forward model for wave propagation in arbitrary directions
is implemented to assess the effects of misalignments between the CMP plane
and an eigenplane of the ice fabric tensor. This forward model, moreover,
depicts the phase-difference signatures of non-vertical ice fabric eigenvectors
that can be observed in polarimetric CMPs. These synthetic experiments show
that the optimal configuration for inferring the full ice fabric tensor is given
by a CMP plane that matches the optic plane. In this case, tilted ice fabrics can
be inferred from non-uniform phase-difference patterns at incidence angles
greater than the optic angle.

o5: analyze the dielectric signatures of structural firn
anisotropy.

In the polarimetric CMP, dielectric anisotropy due to structural firn anisotropy
affects the observed phase differences at all depths. This is because radio waves
that are transmitted and received at the surface always need to propagate
through the firn before being reflected at deep reflection horizons. However,
the implemented firn anisotropy inversion demonstrated a low sensitivity to
the applied functional firn anisotropy relation. Therefore, the impact of firn
anisotropy on deep reflections is determined by its depth-average, suggesting
that it is possible to disentangle the effects of firn and ice fabric anisotropy
below the firn.
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4.2 synthesis and implications

To specifically study firn anisotropy with polarimetric radar, the effect
on near-surface reflections needs to be analyzed. However, because of the
vertical resolution of the pRES of approximately half a meter, its sensitivity
in the uppermost∼15m is limited, preventing a more detailed firn anisotropy
analysis with the presented data. For the suggested targeted polarimetric wide-
angle studies of structural firn anisotropy and acquisition of ground-truth data
for the remote sensing of firn, this study encourages the development of a
dedicated phase-sensitive firn radar system that operates at UHF frequencies,
which in addition, are better comparable to the frequency bands commonly
used by satellite radar instruments.

4.2 synthesis and implications

4.2.1 improved understanding of phase-sensitive radar data
from spatial surveying

In the mobile pRES survey as well as the polarimetric CMP survey, the
spatial variation of phase-sensitive radar data has been analyzed. This stands
in contrast to most previous pRES studies, which are typically conducted with
quasi-monostatic antenna configurations at fixed locations to analyze temporal
variations in reflector ranges or polarization-dependent traveltime variations
along nadir propagation. Although spatial pRES surveys are more laborious,
they offer a new perspective on interpreting phase-sensitive radar data.

Along-profile reflection range changes in the mobile pRES data clearly
originate from the geometry of the englacial stratigraphy. Because of this,
it was possible to demonstrate that the reference-corrected phase is constant
along reflection horizons. Here, this characteristic of the corrected phase is
utilized to improve and adapt the LO-SAR processing scheme introduced by
Castelletti et al. (2019) to mobile pRES data. However, this observation also
has consequences beyond mobile surveying. It implies that inferring absolute
fine range offsets from the corrected phase, as suggested in previous studies, is
not possible. Moreover, this finding endorses the development of new analysis
techniques for pRES time-series data that are based on the reflection-constant
corrected phase.

The polarimetric CMP data show low variability in polarization-dependent
phase differences of individual reflections both with depth and with antenna
separation. Again, this finding is relevant in the larger context because it
highlights the accuracy of phase differences observed at single locations.
More specifically, this observation suggests the development of new reflection-
focused ice fabric inversion techniques for polarimetric nadir measurements.
Typically employed phase-coherence methods require vertical smoothing,
which results in a significantly reduced vertical resolution, the introduction
of processing artifacts, and a drop in signal coherence at depth ranges with
few reflections. By focusing the analysis on strong englacial reflections, these
issues can be avoided, potentially facilitating to infer ice fabric anisotropy
more reliably and at greater depth.

4.2.2 detection of unintended englacial properties

Both radar surveys could detect an englacial property that was not initially
considered during survey planning. These properties are the englacial layer
slopes, obtained as a byproduct during the LO-SAR processing of the mobile
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4.3 insights into ice dynamics

pRES data, and the structural firn anisotropy, revealed in the polarimetric
wide-angle data. These observations may prove valuable for future research,
underscoring the importance of developing new acquisition techniques for
established geophysical instruments, which can promote scientific progress in
unexpected ways.

4.2.3 demand for application-specific radar systems

The pRES was specifically designed to measure basal melt rates and to investi-
gate ice–ocean coupling at ice shelves. Its success in doing so is reflected in a
multitude of basal melt rate studies that have been published over the past two
decades by various research groups, covering a range of ice shelves and ice
streams. In this thesis, I applied the pRES in two substantially different survey
types that analyze spatial phase signatures. In both studies, the applicability of
the new acquisition methods has been demonstrated. However, these methods
were also limited by specific characteristics of the pRES that are not ideal for
the respective surveys, such as the long chirp duration or the low sensitivity
in the near-surface. Consequently, this thesis demonstrates that advancements
in radar hardware, data acquisition methods, and processing techniques can
open up new applications for radar in glaciology, even after 60 years of radio-
glaciological research. However, to leverage this potential, new radar systems
are required that are specifically designed for these new applications and radar
targets. These systems can turn the proof-of-concept surveys presented in this
thesis into standard acquisition methods, as the pRES did for observations of
basal melt.

4.3 insights into ice dynamics

Although the motivation for this thesis is to investigate ice-dynamical pro-
cesses, the direct insights into ice dynamics provided by the presented studies
are limited. In the first study, the hypothesized complex flow structures in the
deep englacial stratigraphy of Colle Gnifetti could not be observed. The po-
larimetric CMP in the second study was deliberately conducted at a study site
with a simple flow configuration to focus on validating the acquisition method.
Consequently, both studies represent only first proof-of-concepts, and it is left
to future research, ideally supported by newly designed application-specific
radar systems, to apply these techniques on a broader scale and contribute to
an improved understanding of ice dynamics.

63





A
S U P P L E M E N T T O " L AY E R- O P T I M I Z E D
SY N T H E T I C A P E RT U R E R A DA R
P RO C E S S I NG W I T H A M O B I L E
P H A S E - S E N S I T I V E R A DA R : A P RO O F O F
C O N C E P T F O R D E T E C T I NG T H E D E E P
E NG L AC I A L ST R AT I G R A P H Y O F C O L L E
G N I F E T T I , SW I T Z E R L A N D A N D I TA LY "

a.1 comparison of processing methods

4375

4400

4425

4450

Al
tit

ud
e 

(m
 a

.s
.l.

)

76 yr

288 yr

(a) Across saddle, unprocessed (b) Across saddle, slopes relative to surface

10

5

0

5

10

Sl
op

e 
(°)

4400

4425

Al
tit

ud
e 

(m
 a

.s
.l.

)

76 yr

288 yr

(c) Close-up, unprocessed

76 yr

288 yr

(d) Close-up, LO-SAR processing 

60

40

20

N
or

m
al

iz
ed

 p
ow

er
 (d

B)

0 50 CG03 100 150
Distance (m)

4400

4425

Al
tit

ud
e 

(m
 a

.s
.l.

)

76 yr

288 yr

(e) Close-up, moving average filter

0 50 CG03 100 150
Distance (m)

76 yr

288 yr

(f) Close-up, LO-SAR by Castelletti et al. (2019)

60

40

20

N
or

m
al

iz
ed

 p
ow

er
 (d

B)

Figure A.1: Comparison of processing methods for across saddle radargram. (a)
Unprocessed mobile pRES data and (b) englacial slopes relative to surface. (c–f)
Close-up view of deep stratigraphy. (c) Without processing, (d) with LO-SAR pro-
cessing as implemented in this study, (e) with moving average filtering and (f) with
LO-SAR processing as implemented by Castelletti et al. (2019). The location of the
CG03 ice core and traced IRHs are marked. Coherent averaging results in destructive
interference where IRHs are sloped. Both LO-SAR processing approaches provide
improved imaging of the deep stratigraphy. Closely spaced IRHs are better resolved
by integrating the power along IRH slopes during LO-SAR processing (d), because
destructive interference at the boundary between IRHs is amplified.
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A.1 comparison of processing methods

Phase-coherent radar processing techniques can either enhance or dimin-
ish radar imaging capabilities. Figure A.1 compares layer-optimized SAR
(LO-SAR) processing, as implemented in this study, to moving average fil-
tering and LO-SAR processing as implemented by Castelletti et al. (2019).
In our LO-SAR processing implementation, the backscattered power is coher-
ently integrated along internal reflection horizons (IRHs) after estimating their
slopes (Figure A.1b). The other two methods integrate power along range bins,
with (LO-SAR processing by Castelletti et al. (2019), Figure A.1f) and with-
out (moving average filtering, Figure A.1e) correcting for along track phase
gradients. Castelletti et al. (2019) compute the required phase shift by point-
wise optimization of the signal-to-noise ratio. Here, we approximate their
implementation by using the unfiltered slope estimates from our approach to
correct for phase gradients in the raw signal before applying coherent integra-
tion along range bins. For all three processing methods, a synthetic aperture
length or filtering window of LSAR = 5 m is used.

Moving average filtering results in signal extinction due to destructive inter-
ference where IRHs are sloped. This is avoided during LO-SAR processing
by correcting for the horizontal phase gradient associated with the IRH slopes,
resulting in improved imaging of the deep englacial stratigraphy compared to
the unprocessed data. In our LO-SAR implementation, the slopes of IRHs are
initially estimated. This facilitates filtering these slopes prior to the coherent
integration of power to remove outliers that for example occur at the boundary
between two IRHs. Moreover, coherent summation can be performed directly
along the englacial slopes. In this way, closely spaced IRHs are better resolved
as the constructive interference at IRH centers and destructive interference at
the IRH boundaries are enhanced.
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Figure B.1: CMP configuration and study site. (a) Orientation of CMP profile relative
to magnetic North and ice flow direction. (b) Study site on Ekström ice shelf, (c)
western Droning Maud Land, (d) Antarctica.
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B.1 data and processing

b.1 data and processing

b.1.1 data acquisition

Polarimetric common midpoint (CMP) data were acquired centrally on Ek-
ström ice shelf, Droning Maud Land, Antarctica (Figure B.1; 70.703127°S,
8.603937°W) on February 24, 2023. The CMP profile was oriented toward
magnetic North (15°W) which aligns with the ice flow direction (∼18°W) at
the site. We used the phase-sensitive Radio Echo Sounder (pRES) (Brennan et
al., 2014) with skeleton slot antennas. The transmitter (Tx) and receiver (Rx)
were connected with four 25m low-loss coaxial cables, each, and separated
from 10m to 200m in 2m increments. At each position, three measure-
ments were conducted: HH, HV and VV, representing CMP-parallel (H) and
-perpendicular (V) orientations of the Tx (first letter) and Rx (second letter)
antennas. For each increment and polarization, data were acquired with up to
three different attenuator settings and five to ten subbursts. A constant setting
of (Attenuator1 = 30, AFGain = −14) was used for all measurements and
at large offsets additional data were collected with lower attenuation (not used
in the analysis).

b.1.2 fmcw signal processing

The pRES data is processed following Brennan et al. (2014). The pRES trans-
mits frequency-modulated continuous-wave (FMCW) signals with a center-
frequency of 300MHz and a bandwidth of 200MHz. During signal acquisi-
tion, the pRES mixes the received signal with the transmitted signal, resulting
in a deramped waveform stored by the pRES. This waveform is a time-domain
representation of the deramped frequency spectrum. The deramped frequency
components correspond to a reflection range or, more specifically, a two-way
traveltime (TWTT). They are obtained by a fast Fourier transform (FFT) of
the deramped wave form and, therefore, are complex with the magnitude
and argument representing the power and phase of the deramped frequency
components. Prior to the FFT processing, the deramped waveform can be
zero-padded by a padding factor p, which corresponds to a sync-interpolation
of the deramped frequency signal (Oraschewski et al., 2024c).

We only consider the data acquired with the constant attenuator setting, as
their signal strength are sufficient at all antenna offsets. Multiple subbursts are
stacked. We use a padding factor of p = 32 to represent the position of peaks
in the power spectrum as accurately as possible, improving the depiction of
the TWTT signal (Figure 3.2h). A high padding factor is moreover beneficial
for using power maxima as seed points during the semi-automatic reflection
tracing (Supplements B.1.3).

After FFT processing, we crop the cable delay in the obtained frequency
spectra. Finally, the complex frequency spectra for the HH configuration are
multiplied by−1 to correct for a π-shift in the HH phase arising from a relative
180◦-rotation between Tx and Rx in this configuration.

b.1.3 semi-automatic tracing of reflection hyperbolas

basal reflection The ice–ocean interface is the strongest reflector in
our data and we determine its TWTT as the traveltime bin with maximum
power in each radar trace. Observed TWTT differences between HH and VV
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B.1 data and processing

Figure B.2: (a) HH and (b) VV CMP profile with seed points and semi-automatically
traced reflection hyperbolas.

are small compared to the width of the reflections. Therefore, we compute an
average bed reflection hyperbola by fitting a hyperbola curve to the TWTT
values of the HH and VV data, respectively, and take their range-average. As
the fitting function, we use

τhyper(z, d) = 2

√
z2 + (d/2)2

v
, (B.1)

with reflection range z, antenna distance d and mean wave velocity v. Power
and phase of the basal reflection for both configurations are extracted along
the average hyperbola.

englacial reflections Peaks in the power return serve as seed points
(Figure B.2) to identify reflection hyperbolas that are detectable in both the
HH and VV data, following a top-to-bottom approach. In all traces except the
most central one, seed points are selected as power maxima with a minimum
prominence of 15 dB and a minimum separation of 3× p bins. Seeds are
masked at TWTTs before the critical angle, after the basal reflection and at
TWTTs of 2.6 to 2.65 µs, where an TWTT-independent artifact is apparent in
the power. In the first trace, we search for peaks with a minimum prominence
of 1 dB and average HH and VV seeds that are within 1× p bins, assuming
that they originate from the same reflection. This provides for all potential
reflection hyperbolas n′ a list of the TWTTs τn′,1 at an antenna distance of
d1 = 10m.

Now, we iterate over this list and compute for each element the TWTT of
an expected reflection hyperbola τn′,est with an estimated mean wave velocity
vn′,est by

τn′,est(τn′,1, d) =

√
(τn′,1vn′,est)2 − d21 + d2

vn′,est
. (B.2)

Using this estimated hyperbola, we extract and count the number of seeds in
the HH and VV data that are within a distance of 1× p bins. If the count
exceeds a certain number for both antenna configurations, we consider the
estimated hyperbola to correspond to a true reflection horizon n. However,
our initial velocity estimate is only an approximation and, as for the basal
reflection, we determine a best matching average reflection hyperbola with a
velocity vn for the nth reflection by separately fitting Equation B.1 to all seed
points in range for the HH and VV data and averaging both fits. Power and
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B.1 data and processing

phase for HH and VV are extracted along the average reflection, but masked
at all points where the power in the HH or VV data falls below −120 dB or
where a clear loss of phase coherence along the reflection occurs.

This approach is semi-automatic because both the count criterion and the
definition of vest need to be adjusted to the data. Here, we allow both vari-
ables to successively adapt to the reflections. For one antenna polarization,
we require a minimum number of 5 seed points in range, which is increased
by 1 after each successfully traced reflection. For the second polarization, at
least half as many seed points are required. For vest, we assume that the first
reflection is described by a wave velocity of v1,est = 2.07× 108ms−1, match-
ing the velocity of the ground wave. Subsequently, the optimized velocity for
the nth reflection vn is used as the velocity estimate for reflection n+ 1. To
stabilize the velocity estimation below the firn, we assume an average velocity
of vfirn = 1.88× 108ms−1 before τfirn = 0.9µs, and a wave velocity of ice
vice = 1.68× 108ms−1 thereafter. For reflection hyperbolas with τn,1 > τfirn,
the velocity estimate is computed by weighting both contributions:

vn,est = (vfirnτfirn + vice(τn,1 − τfirn)/τn,1). (B.3)

b.1.4 phase unwrapping

Figure B.3: Phase unwrapping along reflection hyperbolas. (a) Main unwrapping
steps and (b) reverse gradient-flattening to address for overcorrections.

phase along reflection hyperbolas The obtained phase signals
can take values in the range [0, 2π) and are ambiguous to integer-multiples
of 2π (Arthern et al., 2013). However, when the antenna spacing of the CMP
is sufficiently dense and regular, the differences between individual phase
values along a reflection hyperbola are determined by the CMP geometry and
can be unwrapped through a multi-stage process (Figure B.3). The ray path
length increases monotonically with antenna distance, meaning that the phase
must increase monotonically, as well. Therefore, the first unwrapping step
is monotonization. For the nth reflection with M traces, this is achieved by
iteratively applying:

For m = 2 to M,

if ∂mψn,m = ψn,m − ψn,m−1 < 0, (B.4)
then ∀k ≥ m : ψn,k ← ψn,k + 2π.
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B.1 data and processing

For antenna postings of 2m and at large distances, the phase can increase by
more than 2π between consecutive traces. These additional phase cycles can
be recovered by flattening the phase gradient along the reflection:

For m = 3 to M,

if ∂2mψn,m −mean(∂2m′ψn,m′)m−1
max(1,m−5) < π, (B.5)

then ∀k ≥ m : ψn,k ← ψn,k + 2π,

where ∂2mψn,m = ∂mψn,m − ∂mψn,m−1. Both the monotonization and the
gradient-flattening algorithms can lead to overcorrection when phase uncer-
tainties exceed ∂mψn,m. This can be addressed by applying the gradient-
flattening process in reverse (Figure B.3b).

polarization-dependent phase differences Phase differences be-
tween the VV and HH polarizations ∆ψVVHH inherit the 2π-ambiguity. How-
ever, birefringence can only cause gradual changes of these relative phase
differences between adjacent reflections and traces. Therefore, the phase dif-
ferences can be unwrapped by flattening in vertical and horizontal direction

Figure B.4: Phase difference unwrapping. (a) Phase differences of a reflection are
positive or negative, depending on whether the wrapped HH or VV phase attains a
higher value in the [0, 2π) range in the first trace. (b) Vertical flattening according
to the first trace recovers the gradual phase difference evolution with depth. (c)
Horizontal flattening unwraps equivalent phase jumps along individual reflection
horizons. Phase shifts at∼ 85m depth that are smaller than 2π cannot be unwrapped.
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B.2 forward model for wave propagation in arbitrary direction

(Figure B.4). Vertical flattening is executed according to changes in the phase
difference of the first trace ∂n∆ψn,1 = ∆ψn,1 −∆ψn−1,1:

For n = 2 to N,
if |∂n∆ψn,1| > π, (B.6)
then ∀k ≥ n : ψk,m ← ψk,m − sgn(∂n∆ψn,1)2π.

Subsequently, horizontal flattening can be applied along each reflection hyper-
bola to recover the total phase difference evolution:

For m = 2 to M,

if |∂m∆ψn,m| > π, (B.7)
then ∀k ≥ m : ψn,k ← ψn,k − sgn(∂n∆ψn,m)2π.

b.2 vv–hh phase difference forward model for wave propa-
gation in cmps with arbitrary orientation

To model radio wave propagation through ice in arbitrary direction wave depo-
larization effects need to be taken into account. These occur along propagation
directions in which the polarization of a transmitted radio wave does not align
with a principal axis of the permittivity ellipse for that direction. For a CMP
survey with HH and VV antenna polarizations being parallel and perpendicu-
lar to the CMP incidence plane, depolarization occurs when the CMP profile
is not parallel to an ice fabric eigenplane (0◦ ̸= α ̸= 90◦). In the following,
we describe our implementation of the single-layer forward model from K.
Matsuoka et al. (2009) for wave propagation in arbitrary direction.

The CMP geometry is defined by the single-layer thickness z, the azimuth
α, describing the orientation of the CMP plane relative to the optic plane, and
by the range of incidence angles θ, that can be defined relative to the antenna
distances d. The one-way path length is given by l = z/cos(θ). In the case
of a non-vertical ice fabric, the permittivities encountered by the downward
and upward propagating radio waves differ and need to be modeled separately.
Therefore we define the incidence angle of the transmitted wave θd and the
angle of reflection θu = −θd.

To describe the ice fabric, we use specfab (Rathmann et al., 2022) which
includes functionality for fabric rotation. As described in the main text, the
ice fabric strength is characterized by the three eigenvalues λ1, λ2 and λ3 with
their corresponding eigenvectors v1, v2 and v3. We now define the spatially
fixed coordinate system x, y, z, that in absence of fabric rotation corresponds
to the eigenbasis. With this, arbitrary fabric orientations can be described by
first rotating the ice fabric eigenbasis horizontally in thexy-plane byφ, before
tilting it in the xz-plane by the tilt angle γ.

To compute the VV–HH phase differences for the defined CMP geometry
and ice fabric, we iterate over all propagation directions of the transmitted
radio wave defined by combinations of α and θd and separately compute the
two possible polarizations for the downward and the corresponding upward
ray paths. The computations for both directions are analog and we focus
on describing the downward path. Instead of defining a specific coordinate
system for each ray path, we associate x and y with the H and V polarization
directions, respectively, and rotate the ice fabric such that −z aligns with
the propagation direction. In practice, this is accomplished by rotating the
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B.2 forward model for wave propagation in arbitrary direction

ice fabric horizontally by −α and tilting it by −θd. In this configuration, the
’horizontal’ components of the dielectric permittivity tensor

ε′h =

(
ε′x,x ε′x,y

ε′y,x ε′y,y

)
, (B.8)

that correspond to the horizontal components of the ice fabric tensor, define the
permittivity ellipse for propagation along theα-θd-direction. The eigenvectors
(v1′ , v2′) of ε′h and the associated eigenvalues (ε′1′ , ε

′
2′) determine the possible

polarizations and their permittivities, respectively. The ε′1′ε
′
2′-eigenbasis is

rotated clockwise by Θd relative to the xy-coordinate subspace.
The radio wave propagation model follows K. Matsuoka et al. (2009).

Transmitted radio waves in xy-coordinates are given by WTx,H = (1, 0) and
WTx,V = (0, 1) for the H and V polarizations, respectively. They are split
into the principle components by the rotation matrix

R(Θd) =

(
cosΘd sinΘd

− sinΘd cosΘd

)
. (B.9)

Transmission of the radar wave along the downward path is described by the
transmission matrix:

Td =

(
T1′ 0

0 T2′

)
, (B.10)

with the components

T1′ = exp (ik1′ l), (B.11a)
T2′ = exp (ik2′ l), (B.11b)

and the propagation constants

k1′ = 2πfc

√
ε′1′/c, (B.12a)

k2′ = 2πfc

√
ε′2′/c. (B.12b)

Here, fc = 300MHz is the center-frequency of the pRES and c the speed
of light in vacuum. Conductivity is assumed to be horizontally isotropic and
not included in Equation B.12a, because it cancels out when determining the
relative phase differences. Scattering at the ice base is assumed to be isotropic
with

S =

(
1 0

0 1

)
, (B.13)

defined in xy-coordinates. Upward propagation and the polarization of the
receivers are described analogously.
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B.2 forward model for wave propagation in arbitrary direction

Combining all steps results in the following expression for the received
signal after two-way propagation:

sij = WRx,jR(−Θu)TuR(Θu)SR(−Θd)TdR(Θd)W
T
Tx,i. (B.14)

with i, j ∈ {H,V}. Finally, the VV–HH phase difference is obtained by

∆ψVVHH = arg(sVV)− arg(sHH), (B.15)

and then wrapped into the range [−π, π).

Figure B.5: (a) c-axis distribution for a vertical girdle ice fabric. Arrows indicate
the range of downward incidence angles and azimuths along which phase differ-
ences are modeled. (b) Modeled VV–HH phase differences for wave propagation in
arbitrary direction. Phase differences are generally decreasing for large θ. At nadir
incidence (θ = 0◦) and for α ≤ 45◦ phase difference are positive. A sign change
occurs, when radar polarization and principal wave components are misaligned by
45◦, corresponding to a switch of the dominant wave components between the HH
and VV polarizations.

forward model results The phase difference model capabilities are
demonstrated for four characteristic ice fabric configurations (Figures B.5
and B.6): (i) A vertical girdle fabric with enhanced vertical c-axes alignment
(λ = [0.05, 0.25, 0.7]), (ii) the same ice fabric tilted along the optic plane by
γ = 15◦, (iii) a single-maximum fabric (λ = [0.15, 0.15, 0.7]), and (iv) the
same ice fabric tilted by γ = 15◦.

The model results for the non-tilted vertical girdle fabric (Figures B.5)
illustrate how depolarization occurs and the VV–HH phase differences are
determined by the superposition of the principal wave components when radio
waves do not propagate within an ice fabric eigenplane (at 0◦ < α < 90◦).
This is particularly highlighted by a line of propagation directions along
which both antenna polarizations are rotated by 45◦ relative to the principal
wave components. Along these directions, both HH and VV waves are equally
split into the principal components so that ∆ψVVHH = 0. Accordingly, the
traveltime–phase proportionality given by Equation 3.9 is not valid when
depolarization occurs. However, we note that the phase difference switches
abruptly across the 45◦-line, which in turns means that along most propagation
directions one dominant wave component determines the phase of the HH
and VV signals, respectively. This suggests that the phase is only weakly
sensitive to small misalignments between radar polarization and principal
wave directions, which explains the low moveout-variability observed in the
phase differences and demonstrates that the forward model assumption of
α = 0◦ holds for small misalignments of the CMP profile.
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B.2 forward model for wave propagation in arbitrary direction

Figure B.6: VV–HH phase difference simulations for arbitrary propagation directions
and tilted ice fabrics. (a, d, g, j) c-axes distributions. Model results for (b, e, h, k)
all directions and (c, f, i, l) α = 0◦. Black dots and lines mark the optic axes for
downward and/or upward propagation directions.
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B.3 firn anisotropy bias during density inversion

The tilted girdle fabric (Figure B.6d–f) exhibits a similar line where
∆ψVVHH = 0, which however is additionally altered by compensation ef-
fects between phase shifts arising during upward and downward propagation.
These effects are highlighted in the phase-difference profile for α = 0 (Fig-
ure B.6f), where non-uniform phase difference variations occur at incidence
angles lying between the optic angles for upward and downward propagation.
This suggests that it is possible to infer non-vertical ice fabrics via these non-
uniform signatures in the phase differences, but also that it is not possible to
identify a tilted ice fabric for incidence angles that are smaller than any of the
optic angles.

Single-maximum ice fabrics (Figure B.6g–i) are uniaxial. Accordingly, for
γ = 0, the phase differences are zero for wave propagation along nadir and
independent of the azimuth. The tilted single-maximum fabric (Figure B.6j–l)
features non-uniform effects around the optic axis that occur at smaller inci-
dence angles and may be more easily detectable compared to the non-uniform
signatures of the biaxial girdle fabric.

b.3 estimation of firn anisotropy bias in the inversion of
density and firn air content

CMP surveying is a common technique for measuring firn density and firn air
content with ground-penetrating radar (Eisen et al., 2002; Drews et al., 2016).
These properties are inferred from the curvature of reflection hyperbolas which
depends on the firn permittivity that for this application is assumed to solely
be determined by the density of the firn. Vertical dielectric firn anisotropy can
introduce a bias in these observations when carried out with an HH antenna
orientation. Here, we aim to estimate the magnitude of this potential density
bias.

For a single layer with a mean permittivity ε′, the TWTT at an antenna
distance d is given by

τd =

√
τ20 +

d2ε′

c2
, (B.16)

where τ0 is the TWTT for vertical propagation and c is the speed of light in
vacuum (Eisen et al., 2002). The permittivity can therefore be inferred by the
increase of the TWTT:

ε′ =
c2

d2
(
τ2d − t20

)
. (B.17)

For isotropic firn, the dependence of the permittivity on density ρ is expressed
by the Looyenga mixture model (Equation 3.6, Looyenga, 1965):

ε′ =

(
ρ

ρice
ε′ice

1/3
+ (1− ρ

ρice
)

)3

, (B.18)

where ρice = 917 kgm−3 is the density and ε′ice = 3.15 is the permittivity of
isotropic glacial ice. After inferring the mean permittivity above a reflection
hyperbola according to Equation B.17 the density is therefore given by

ρ = ρice
ε′1/3 − 1

ε′ice
1/3 − 1

. (B.19)
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B.3 firn anisotropy bias during density inversion

For a single layer, τd can alternatively be expressed in terms of the incidence
angle θd:

τd =
τ0

cos(θd)
(B.20)

and Equation B.17 can be rewritten as

ε′ =
c2τ20
d2

(
1

cos2(θd)
− 1

)
. (B.21)

However, Equation B.20 is only valid for a single layer with dielectrically
isotropic firn. To account for an incidence angle-dependent change of the
permittivity due to dielectric anisotropy, a scaling factor can be introduced:

τd,biased =
τ0

cos(θd)
·
√
ε′HH(θd)√
ε′

(B.22)

=
τ0

cos(θd)
·

√√√√ ε′ +∆ε′firn√
ε′

2
sin2(θd) + (ε′ +∆ε′firn)

2 cos2(θd)

,

(B.23)

where in the second step the permittivity of the HH polarization (Equation 3.3)
has been applied, assuming that the vertical dielectric anisotropy of the firn
∆ε′firn is constant across the single layer.

Inserting the biased TWTT into Equation B.17 and resolving it for the
permittivity gives:

ε′biased =
c2τ20
d2


√

ε′+∆ε′firn√
ε′

2
sin2(θd)+(ε′+∆ε′firn)

2 cos2(θd)

cos2(θd)
− 1

. (B.24)

The relative bias of the inferred permittivity for a single layer with vertical
firn anisotropy can therefore be approximated by:

Rbias =

1
cos(θd)

·
√

ε′+∆ε′firn√
ε′

2
sin2(θd)+(ε′+∆ε′firn)

2 cos2(θd)
− 1

1
cos(θd)

− 1
. (B.25)

To obtain an intuition for the magnitude of the density bias, we now as-
sume that the density is inferred for a single layer with a true mean density
of ρ = 500 kgm−3 and a mean dielectric anisotropy of ∆ε′firn = 0.04. We
further assume that the increase of the two-way traveltime is evaluated at
an incidence angle of θd = 45◦ which corresponds to an antenna distance
that equals twice the layer thickness. For this setup, we obtain a bias factor
of Rbias = 1.01 that corresponds to an overestimation of the permittivity by
1%. Inserting the biased permittivity into the Looyenga mixture model (Equa-
tion B.18) provides an inferred density of ρ = 508.2 kgm−3, meaning that
in this example the density would be overestimated by 1.6%. The porosity
ϕ = 1− ρ/ρice, and, therefore, the firn air content of the layer would on the
other hand be underestimated by 2%.

Consequently, firn anisotropy can lead to a potential overestimation of the
firn density and an underestimation of the firn air content on the order of
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B.4 full nadir ice fabric inversion

a few percent when inverted with an HH-polarized CMP. This bias is of
similar magnitude to other common sources of uncertainty in CMP-based
density inversions, such as the radar resolution and inherent ambiguities of
multi-layer inversions. Therefore, the overall validity of this approach is not
significantly affected by the presence of firn anisotropy. Nonetheless, to reduce
the potential bias in the inferred density and firn air content, we recommend
to conduct future CMP surveys using a VV-antenna polarization, for which
the permittivity is generally less dependent on the incidence angle.

b.4 full nadir ice fabric inversion

Figure B.7: Full results of nadir ice fabric inversion following Ershadi et al. (2022).
(a–d) Radar metrics synthesized from quad-polarimetric (HH, HV, VV) observations
for arbitrary azimuth angles α. (e-h) Inversion results for these metrics. (i) Inverted
eigenvalues, given by the inferred (j) horizontal anisotropy and (l) reflection ratios.
(k) Orientation of horizontal eigenvectors, indicating a rotation of the ice fabric
eigenplanes by about 10◦ relative to the HH and VV orientations.
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