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UNIVERSITY OF BREMEN

Abstract

Department of Geosciences
Doctor Rerum Naturalium

Deciphering past and present ice flow patterns from radar reflections

by Steven FRANKE

The large ice sheets on Earth respond to changes in the global climate. Ice mass loss
increases with rising global mean temperature and thus is a major contributor to
sea-level rise. In order to reduce the uncertainty to predict the contributions to sea-
level rise of ice sheets, it is crucial to study how the ice sheets’ fast-flowing drainage
pathways (so-called ice streams) have evolved over the last thousand to millions of
years. In this thesis, a contribution to the understanding of the flow characteristics
of large ice streams in Greenland and Antarctica is performed by an analysis of (ice-
penetrating) radar reflections within the ice column and at the ice base. My focus lies
on the question how these data can be used to obtain information about present and
paleo ice-flow regimes. I concentrate on radar data acquired in Northeast Greenland
in the upstream regions of the North East Greenland Ice Stream (NEGIS) and in the
upstream catchment of the Nioghalvfjerdsbrae (79°N Glacier) as well as on data
recorded at the onset of the Jutulstraumen Glacier in Antarctica. In my studies, I show
that the NEGIS in its present form is a relatively young feature and that its geometry
and flow characteristics are intertwined with the subglacial topography. I also found
indications for a re-organization of ice stream activity in the NEGIS catchment during
the Holocene. This suggests that ice streams are probably are less persistent than
previously thought and adapt in their entire length to the changing geometry of the
ice sheet on short time scales. In Antarctica, I investigate past ice flow patterns over a
period of millions of years, as in the example of the Jutulstraumen Glacier basin in
Antarctica. Many of the glacial and fluvial landscapes, which developed since the
glaciation of Antarctica, have been mostly preserved under the contemporary thick
ice sheet, and some even serve as basins for active subglacial lakes today.
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Zusammenfassung

Fachbereich Geowissenschaften | FB5
Doctor Rerum Naturalium

Deciphering past and present ice flow patterns from radar reflections

von Steven FRANKE

Die grofien Eisschilde der Erde reagieren auf Veranderungen des globalen Klimas.
Der Eismassenverlust nimmt mit steigender globaler Mitteltemperatur zu und tragt
somit wesentlich zum Meeresspiegelanstieg bei. Um die Unsicherheiten bei der
Vorhersage der Beitrdge von Eisschilden zum Meeresspiegelanstieg zu reduzieren,
ist es von entscheidender Bedeutung zu untersuchen, wie sich Eisschilde und ihre
schnell flieflenden “Forderbander” (sogenannte Eisstrome) in den letzten Tausenden
bis Millionen von Jahren entwickelt haben. Diese Arbeit ist ein Beitrag zum Verstand-
nis des FliefSverhaltens der grofsen Eisschilde in Gronland und der Antarktis anhand
einer Analyse von Radarreflexionen innerhalb der Eissdule und an der Eisbasis. Mein
Schwerpunkt liegt auf der Darstellung der Moglichkeiten, wie diese Daten genutzt
werden konnen, um Informationen iiber gegenwértige und vergangene FliefSkonfigu-
rationen zu erhalten. Ich konzentriere mich auf Radardaten, die in Nordostgrénland
in den stromaufwirts gelegenen Regionen des Nordostgronlandischen Eisstroms
(NEGIS) und im stromaufwiérts gelegenen Einzugsgebiet des Nioghalvfjerdsbrae
(79° N Gletscher) gewonnen wurden, sowie auf Daten, die am Onset des Jutulstrau-
men Gletschers in der Antarktis erhoben wurden. In meinen Studien zeige ich, dass
der NEGIS in seiner heutigen Form ein relativ junger Eisstrom ist und dass seine Ge-
ometrie und Fliefleigenschaften mit der subglazialen Topographie zusammenhéangen.
Ich zeige auch, dass sich die Eisstromungsbedingungen in Nordgrénland von einem
weit ins Landesinnere reichenden, lokalisierten Stromungsregime zu dem heutigen
Fliefiregime verschoben haben. Dies deutet darauf hin, dass Eisstrome wahrschein-
lich viel kurzlebiger sind als bisher angenommen und sich im Laufe der Zeit an die
verdnderte Geometrie des Eisschildes anpassen. In der Antarktis untersuche ich
vergangene Eisflussmuster iiber einen Zeitraum von Millionen von Jahren, wie am
Beispiel des Jutulstraumen-Gletscherbeckens im Dronning Maud Land. Viele der
Gletscher- und Flusslandschaften, die sich seit der Vergletscherung der Antarktis
entwickelt haben, sind grofitenteils unter dem heutigen dicken Eisschild erhalten
geblieben und einige dienen heute sogar als Becken fiir aktive subglaziale Seen.
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Chapter 1

Introduction

Why study ice sheet and glacier motion? The large ice sheets on Earth respond to changes of
the global climate. The presently ongoing ice mass loss increases linearly with global mean
temperature (Edwards et al., 2021) and is, thus, a major contributor to sea-level rise (Church
et al., 2013). Sea-level rise in the twentieth century was mainly dominated by thermal expansion
of seawater. Still mass loss from grounded glaciers and ice sheets are becoming the major
contributor in the future (IPCC Special Report on the Ocean and Cryosphere in a Changing
Climate (Polar Regions), 2019; Meredith et al., 2019). Beyond the projections in sea-level rise,
the IPCC acknowledged that greater sea-level increase is possible through mechanisms not
fully incorporated in models used in the assessment (Siegert et al., 2020). In this context,
studies of paleo-ice streams show that ice-dynamic processes play a major role in continent-
scale deglaciation, but the mechanisms are not yet fully understood. Therefore studies of
the flow characteristics of the large ice sheets (in Greenland and Antarctica) are essential for
understanding and predicting changes in the dynamics of the ice sheets as a whole.

1.1 Scope of the thesis

One major source of uncertainty to predict the contributions to sea-level rise of ice sheets is that
the observations used for model initialisation and calibration only cover a time period of several
decades (Stokes et al., 2016). Therefore, it is crucial to study how ice sheets and their fast-flowing
drainage pathways (so called ice streams) have evolved over the last thousand of years. Modern
ice streams represent the main drainage pathways in present ice sheets. It has been shown that
changes in ice stream dynamics could introduce a considerable non-linearity into the ice-sheet
response to a warming climate forcing (Golledge et al., 2015; Joughin et al., 2014).

New constraints on paleo ice dynamics are required to improve our understanding of past
ice sheet and climate interactions and improve ice-sheet projections. Many studies concentrate
on reconstructing ice streams of contemporary non-glaciated areas in the northern hemisphere,
such as the Laurentide Ice Sheet (Stokes and Clark, 2001; Stokes et al., 2016). Still, these proxies
for past ice-sheet motion are not available on many temporal and spatial scales for the regions of
Greenland and Antarctica. A much more relevant but also more challenging task is to infer the
ice-sheet configurations of the Greenland and Antarctic Ice Sheet for the last thousands of years
(e.g. since the Last Glacial Maximum (LGM) 26.5-19 ka BP; Clark et al. 2009). To address this
issue, we can use information acquired from airborne ice-penetrating radars about the internal
architecture of the ice and the ice-bed interface to constrain todays and historic ice-flow patterns.
In this thesis, I will investigate the following:

7

Research questions

RQ1 What can radar reflections at the ice-bed interface tell us about current and
past ice stream motion?

RQ2 How can we decipher and use the deformation history engraved in the radar
stratigraphy to reconstruct past ice-flow patterns?
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1.2 Structure of the thesis

I present my research as a cumulative dissertation. Hence, this thesis is composed of a collection
of publications in recognised scientific journals. Some of the publications are already published,
and others are currently in review or close to submission. In the central part of my thesis
(Chapter 1-3), I explain the scientific background and the data and methods I use for my
research. Then, I focus on the summary and key messages of my publications and discuss my
findings within the scope of the current state of the science.

The common thread running through the publications is the radar-based analysis of ice-
internal and bed structures, which provide information about the past and present ice-flow
characteristics. Further details of the background in radar data and all publications in full length
are provided in the appendix. This results in the following structure of my thesis:

Thesis structure

Chapter1 gives an overview of the scientific background as well as a summary of the
materials and methods I used. Further details in radar theory and data processing are
provided in Appendix A and B.

Chapter 2 provides a summary of scientific publications. In this chapter, I also describe
in detail the motivation and conclusions of the publications, as well as my contribution to
each article. Moreover, I link the findings of each publication to my research questions.

Chapter 3 In this chapter, I draw connections between the findings of my studies and
discuss the key outcomes based on my research questions as well as their implications for
the system as a whole.

Appendix A gives a detailed overview of the theoretical background of AWI’s (Alfred
Wegener Insitute, Helmholz Centre for Polar and Marine Research) ultra-wideband radar
(UWB). I explain the fundamentals of electromagnetic wave propagation as well as
all aspects which are relevant for my work. Furthermore, I introduce the radar data
acquisition and processing steps for the AWI UWB radar.

Appendix B summarises AWI UWB radar acquisition and processing tests, which I
performed during my PhD work. Some of the test results are not related to the findings or
interpretations made in this thesis but are of potential use for future surveys and scientific
questions.

Appendix C provides a detailed description of the software I used for my work and
where it can be obtained. I also document my own code I used for analysis and where to
find it. Additionally, I describe the data products I created during my PhD and where
they are available.

Appendix D provides an overview of further scientific contributions, such as co-
authored manuscripts, which are not included in this thesis and presentations at in-
ternational conferences.

Appendix E-L contains the scientific publications from Chapter 2 in full length.
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1.3 Background

"The polar regions are losing ice, and their oceans are changing rapidly. The
consequences of this polar transition extend to the whole planet, and are affect-
ing people in multiple ways.”

IPCC - Special Report on the Ocean and Cryosphere in a Changing
Climate (Polar Regions), 2019, Meredith et al. (2019)

Around 71 % of the Earth surface are covered by the ocean, and another 10 % of the land area
by glaciers and ice sheets. Both systems are responsible for the distribution and storage of heat
and carbon dioxide (CO;). The ice sheets of Antarctica and Greenland hold a respective water
equivalent to raise global sea level by 58 m (Fretwell et al., 2013) and 7.4 m (Morlighem et al.,
2017). The fate of coastal cities as well as the heritage of many ecosystems depend on their
long-term stability. In order to predict the changes in the polar regions due to a warming climate
as well as their consequences for the entire Earth system, we have to understand the processes
governing the dynamics of polar ice sheets.

99 % of all ice mass on Earth is stored in the Greenland (11 %) and Antarctic (88 %) Ice
Sheet (Allison et al., 2009). Mass and energy are constantly exchanged between glaciers, oceans,
the atmosphere, biosphere and the solid Earth and thus, play a central role in the global
hydrological system. Ice mass loss occurs due to meltwater runoff at the ice base and surface
as well via calving at marine-terminating outlet glaciers. The regrowth of the collapse of
marine ice sheets would require more than ten thousand years, considering the current rates of
accumulation (Michael Oppenheimer, 1998). However, when global warming exceeds critical
temperature thresholds, substantial ice loss is irreversible and ice masses would not regrow to
its contemporary extent, even if the increase of the global mean temperature is reversed (Garbe
et al., 2020).

The importance and potential of sea level fluctuations is revealed by ocean sediment and
ice core records. For the last several million years (Pleistocene epoch) the Earth is experiencing
cycles of extensive glaciation and warmer times called glacial and interglacial periods. These
cycles currently last approximately 100 000 years, where the interglacial periods like the present
Holocene (with high sea level and low ice volume) make up around 10 % of the time (Allen
et al.,, 2005). Changes between glacial and interglacial periods correlate with variations in
the atmospheric CO, concentration (Figure 1.1), which causes a substantial fraction of ice-age
cooling and helps to explain why the climate forcing is distributed globally (Sigman et al.,
2010). Variations in sea level over the glacial cycles are mainly caused by the accretion or melt
of continental ice (in contrast to sea ice) with a small contribution from thermal expansion of
ocean water. In the past glacial periods, two additional large ice sheet covered Northern Europe
(the Fennoscandian Ice Sheet) and North America (the Laurentide Ice Sheet). The maximum
extension during the last glacial period occurred around 21000 years ago. During the past
interglacials, the extent of the Greenland and Antarctic Ice Sheet decreased but the ice sheets
never fully disappeared. In this respect, it is timely to remember that simulations based on the
RCP 8.5 scenario (Representative Concentration Pathway on greenhouse gas concentration; see
IPCC ARS5; IPCC 2013), suggest that the Greenland Ice Sheet will potentially disappear within a
millennium (Aschwanden et al., 2019).



Chapter 1. Introduction 4

c

Ejg o a _ Figure 1.1: Atmospheric CO, record,
Q= e temperature and ice volume during the
o 'E s glacial cycles over the last 800 ka.
o g I 6 2 Panel h ilation benthi
25 4 ®3 anel (a) shows a compilation benthic
g 5 / f’ S @ foraminiferal 680 (Lisiecki and Raymo,
N ‘ I 5 2005), which reflect changes in continen-
o8 o | glaciati dd -
ol w tal glaciation and deep ocean tempera
7y F280 x» ture. (b) shows atmospheric CO; recon-
b 3 structed from ice cores (Liithi et al., 2008).

g@ Panel (c) shows reconstructed Antarctic

I 53 air temperature from deuterium (Jouzel

23 et al.,, 2007) and (d) a reconstruction

8 of biogenic material of the surface ocean
~ from Antarctic deep sea sediment cores.

The grey bars mark the interglacial (warm)
periods, which are characterised by less
ice cover, high atmospheric CO;, concen-
tration, warm air temperature and high
Antarctic biomass production. The figure
and caption text was taken from Sigman
et al. (2010).

Air AT (°C) in
gz, Antarctica
A& o o
1 1 |
g
%’
]
=
_——
o
o
—
—
e
T T T
s —p
= Jawepn 8

Antarctic
productivity
Stratification’?

—
—
o B e T
=
=
-
G
S
T
(%) onoseuy onue(y

i

0 100 200 800 400 500 600 700 800
Time (thousands of years ago)

8Y} Ul 80UB108|§8I JUBWIPeS

The decisions and actions taken within the next decade will determine whether greenhouse
gas emissions will remain high and climate continues to warm with an increasing risk of
out-of-control consequences, for instance induced by tipping points in the climate system
or if ambitious action is taken to decrease greenhouse gas emission to net zero and reduce
anthropogenic pressure on the environment.

1.3.1 Ice sheets and glaciers

Ice sheets and glaciers are formed from snowfall, which metamorphoses into ice over several
years to centuries at temperatures well below the melting point (Allison et al., 2009). The two
contemporary ice sheets cover Greenland and the Antarctic continent (Figure 1.2a and 1.3 a).
Gravity makes the ice sheets flow towards their margins by internal deformation and sliding at
the ice-sheet base. This process is the primary mechanism transferring ice mass from the interior
towards the ocean. Since the Pleistocene epoch (2.58 million years ago), the Earth has been
subject to periodic climatic fluctuations between ice ages when ice sheets and glaciers were up
to three times larger as today and warmer times when ice cover was at a comparable extent as
today (Benn and Evans, 2010). Growth and shrinkage of ice masses have profoundly shaped the
landscape of the Earth. During the last cold period, much of North America and Scandinavia
were also covered by extensive ice sheets.

The Antarctic Ice Sheet (AIS; Figure 1.2b and d) covers an area of approximately 14 million
km? and contains a volume of 30 million km? of ice. The ice column is up to 4 km thick and
holds enough fresh water to raise sea level by 58 m (Figure 1.3 a; Fretwell et al. 2013). The ice
sheet is composed of a large inland catchment and channels of high ice-flow velocities (Figure
1.2b) where the ice is transported towards the ocean (Rignot et al., 2013). The AIS is divided into
three main sections: the East Antarctic Ice Sheet (EAIS), The West Antarctic Ice Sheet (WAIS)
and the Antarctic Peninsula (Figure 1.2b and d). Due to the weight of the thick ice cover and
long-term erosional activity, large areas of the Antarctic bed topography are (up to -3500 m)
below sea level (Morlighem et al., 2019). A mass balance analysis between 1992 and 2017 shows
that the AIS has lost 2720 4 1290 billion tonnes of ice, which corresponds to a rise in mean sea
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Figure 1.2: Overview of the polar regions. Panel (a) shows the geographic setting of the northern and southern hemisphere
centred at the geographic poles. (b) and (c) display the ice surface velocity of the Antarctic and Greenland Ice Sheet and (d) and
(e) the respective elevation of the bed topography. Image (a) is taken from the Special Report on the Ocean and Cryosphere in
a Changing Climate: Polar Regions (Meredith et al., 2019), (b) and (c) from Mouginot et al. (2017), (d) from Morlighem et al.
(2019) and (e) from Morlighem et al. (2017). Emphasis must be placed on the different spatial scales between the Antarctic and
Greenland Ice Sheet in (b)—(e).

level of 7.6 & 3.9 millimetres (Shepherd et al., 2018). Today’s net mass loss from Antarctic ice is
small in comparison to the GrIS and other ice masses. However, it is to be expected to increase
with ongoing global warming eventually. The future behaviour of the AIS will be determined
by the interplay between dampening (negative) and amplifying (positive) feedbacks (Meredith
et al., 2019). The ice sheet has the potential to cross critical thresholds, where positive feedbacks
will cause an irreversible dynamic, further increasing sea-level rise (Garbe et al., 2020).

The Greenland Ice Sheet (GrlS; Figure 1.2 ¢ and e) yields a total ice volume of 2.99 + 0.02
million km?3 on an area of 1.71 million kmZ. Near the central ice divide, the ice column is more
than 3000 m thick and the bed several hundred metres below sea level (Figure 1.3 a; Morlighem
et al. 2017). Similarly to the AIS, ice flows towards the ocean via a network of glaciers and ice
streams (Joughin et al., 2010), some of them reaching far inland. Warming of the Arctic has a
profound impact on the GrIS. Ice loss has accelerated over the last two decades (IPCC 2013)
and makes it one of the largest contributors to eustatic sea level rise over the last decade (e.g.
Shepherd et al., 2012; Helm et al., 2014; Khan et al., 2014). The cumulative mass loss between
1992 to 2017 was 3 902 + 342 billion tonnes causing a mean sea level rise of 10.8 & 0.9 millimetres
(Shepherd et al., 2020). Ongoing ice loss acceleration of the GrlIS has the potential to contribute
as much as 9 cm of sea-level rise by 2050 (Church and White, 2006).

Ice loss of contemporary ice sheets can be partitioned into two main processes: (i) ice
discharge and (ii) melt induced mass losses (Khan et al., 2015). Both processes mainly depend
on changes in atmospheric and oceanic conditions (Holland et al., 2008). Mass loss from ice
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discharge is dynamically induced and related to changes in the ice movement (e.g. increase
in ice flow due to a reduction of marine ice shelf buttressing (see Dupont and Alley, 2005;
Gagliardini et al., 2010) or a reduction of the resistance at the glacier bed). Melt induced ice
loss is expressed by changes in the surface mass balance (SMB), which represents the difference
between accumulation (via snow deposition and refreezing rain) and ablation (via sublimation,
meltwater runoff and snow erosion).

1.3.2 The flow and deformation of ice

Large bodies of ice are subject to motion (ice flow) and deformation. On polar ice caps, snow
is accumulated in the central parts of the ice sheets. The ice column is compressed under
its own weight, and ice flows driven by gravity slowly towards the margins (Figure 1.3 b).
Ice temperature and the resistance at the ice-sheet base are the two most important factors
controlling ice flow. Ice is removed at the ice-sheet margins by the discharge of icebergs into the
ocean or by melting. Changes in the amount of snowfall or variations in ocean or atmospheric
temperature influence the ice sheets” extent and thickness. Horizontal ice flow at the surface can
be measured with GPS measurements or remote sensing. Internal velocities measurements and
in particular the velocity at the glacier bed are only possible to be measured through boreholes.
The ice at the bed can slide (low resistance and less deformation) over the ground or remain
frozen to a substrate (high resistance and strong deformation).
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Figure 1.3: The flow of ice. The image in panel (a) shows a simplified cross section through the AIS and GrlIS and was modified
from opentextbc.ca (Earle, 2019). Panel (b) shows the general ice-flow pathways from the central accumulation region of an ice
sheet towards the margins (image taken from the Landsat Image Mosaic Of Antarctica; LIMA). Panel (c) illustrates the principle
deformation regimes for ice following the flow trajectories shown in (b). The image is taken from Hudleston (2015).

As ice deformes, it leaves traces on a small and large scale. Most deformation is dominated by
plastic flow and recrystallization and locally by fracture under tension (Hudleston, 2015). If we
consider ice motion on a large scale in two dimensions (e.g. in Figure 1.3b), we can discriminate
between pure shear in the upper ice column, simple shear in the near-bed area and a mix
between the two in the middle part of the ice column (Figure 1.3 ¢). A variety of structures are
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the result of cumulative deformation. For instance, foliation or folding can be identified in ice
sheets because new layers of snow are deposited horizontally on the ice sheet representing an
undisturbed horizon. Variations in ice flow over time or inhomogeneities in the flow associated
with shear zones (Hudleston, 2015) are one possible mechanism for ice deformation. A typical
regime in an ice sheet where strong deformations are occurring are so-called ice streams.

In the AIS and GrIS, ice streams are commonly referred to as corridors of fast ice flow within
an ice sheet, responsible for discharging the majority of the ice and sediment within them
(Bennett, 2003). Ice streams were first defined by Swithinbank (1954) as a part of an inland ice
sheet that flows faster than the surrounding ice. Six decades ago, Henri Bader provided another
definition for an ice stream (Bader, 1961): An “ice stream” is something akin to a mountain glacier
consisting of a broad accumulation basin and a narrower outlet valley glacier: but a mountain glacier is
laterally hemmed in by rock slopes, while the ice stream is contained by slower moving surrounding ice.

Ice streams play a key role in the stability of ice sheets. As all ice from the AIS and GrIS is
discharged into the ocean, ice streams provide a link between the cryosphere and the ocean.
Today, ice streams discharge over 90 % of all the ice and sediment of the the AIS (Bamber et al.,
2000). Episodes of intensive ice streaming have been suggested to trigger a climate response
of a global extent (Broecker, 1994). Therefore, it is important to understand the mechanics of
fast ice flow and to investigate the controlling factors for ice stream initiation and shut down to
decode past glacial activity as well as to predict the future evolution of an ice sheet (Bennett,
2003). Winsborrow et al. (2010) identified potential controls on ice stream locations in the
literature, such as topographic focusing, topographic steps, topographic roughness, calving
margin, subglacial geology, geothermal heat flux and subglacial meltwater routing. When
investigating the controls on ice stream geometry and location, it can be difficult to distinguish
the cause and effect of ice stream activity. E.g. does a smooth bed initiate or favour ice stream
initiation, or is a smooth bed the result of ice stream activity?
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Figure 1.4: Reconstructed ice stream locations and bed morphology after deglaciation of the Laurentide Ice Sheet. Panel
(a) shows the Extended Data Figure 1 (Location of 117 ice streams from a recently compiled inventory based on previous work
and systematic mapping across the LIS bed) and panel (b) the Extended Data Figure 5a (Landsat imagery of lateral shear margin
moraines in the Canadian Arctic Archipelago) from Stokes et al. (2016).

The fast ice-flow velocities of ice streams can be explained by two general mechanisms
(Stokes et al., 2007): The fast motion of ice streams which are located in deep topographic
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troughs is enabled by the so-called creep instability (Clarke et al., 1977). Ice streams that are not
constrained by a subglacial valley require a layer where sliding is facilitated, such as a lubricated
bed or soft and deformable sediment (Anandakrishnan and Alley, 1997). Furthermore, it was
shown that ice streams can be highly dynamic and are subject to rapid changes. Changes in the
ice-sheet configuration, such as continuing thinning or thicknening are presumably responsible
for a switch in flow direction of the Whillans ice stream (Conway et al., 2002). Also, numerous ice
streams show a decrease or increase in ice-flow velocity over time (Stephenson and Bindschadler,
1988; Joughin et al., 2003). Changes in ice stream behaviour are either driven by external forcing
(e.g., changes in the atmosphere or ocean) or internal forcing at the ice stream bed Margold et al.
(2015).

In contrast to atmospheric and oceanic measurements, it is far more challenging to investigate
the glacier bed. Only a few single borehole locations in Greenland and Antarctica give insight
into the in-situ physical and material properties. However, the bed characteristics of paleo ice
streams can be reconstructed from sedimentary records and the analysis of former subglacial
landforms (Stokes and Clark, 2001). A large number of former ice streams of the Laurentide
Ice Sheet (LIS; former largest of the Northern Hemisphere ice sheets during the last ice ages)
have been reconstructed and described by Margold et al. (2015) (Figure 1.4). Stokes et al. (2016)
investigated the potential impact of ice streams of the former LIS during deglaciation after
its maximum extent approximately 22 000 years ago. The drainage network of the LIS had
a comparable extent as the AIS and GrIS. The authors find evidence that depending on the
ice-sheet scale, its drainage network adjusted to the changes in ice-sheet volume. It is possible
that ice streams had a less severe impact on the ice-sheet mass balance during the retreat of
the LIS as hypothesised for modern ice streams. However, it is unclear if these findings can be
translated to modern ice sheets (Stokes et al., 2016).

1.3.3 Ice-sheet bed and internal processes

Processes at the ice-sheet bed ice-flow patterns can be complex and the basal properties
render one of the most important parametrisations in ice-flow modelling, such as bed type and
structure and availability of liquid water (Wilkens et al., 2015). The ice base (also referred to
as the interface between ice and the underlying material) of glaciers and ice sheets is one of
the most difficult to access parts of an ice sheet. The way the ice sheet behaves depends on the
conditions underneath the ice. In particular, the geometry of the bed topography, the physical
conditions (e.g. temperature, softness of the bed and liquid water content and subglacial water
pressure) and material properties of the basal ice influence ice flow. At the same time, ice flow
affects the ice-underlying material. For example the removal of material of material at the ice
base contributes to the sculpting of the subglacial environment and transportation of material
downstream. Furthermore, increased sliding increases the temperature at the ice base, which in
turn plays a major role in respect to the availability of subglacial water.

Glacial erosion has contributed to the creation of alpine landscapes, scouring of areas
and transportation and deposition of sediments (Cook and Swift, 2012). Formerly glaciated
regions give insight into the evolution of glacial landscapes. The distribution of large erosional
landforms, such as U-shaped valleys, scoured areas, cirques and overdeepenings can be used
to reconstruct the paleo-glaciological conditions (Glasser and Bennett, 2004). In this context,
geomorphological observations of the bed can also be used to infer the glacial history beneath
contemporary ice sheets (Bingham et al., 2010). In particular, the widening and deepening of
subglacial valleys, starting from pre-glacial fluvial erosion with successive glacial cycles (Figure
1.5a), have the potential to constrain the evolution, dynamics and ice extent of former and
contemporary ice sheets (e.g. Cook and Swift, 2012; Taylor et al., 2004; Kessler et al.; Kaplan
et al., 2009).
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Figure 1.5: Schematic illustration of subglacial landscapes. Panel (a) shows valleys shaped by fluvial (V-shape) and
subsequent glacial activity (U-shaped). Panel (b) illustrates a selection of common (mostly submarine) glacial landforms,
created by ice flow. Image (a) is taken from the IAS Academy and image (b) from Dowdeswell et al. (2016).

The study of the geomorphology of the bed can also be used to understand ice-flow behaviour
on a smaller spatial scale and on shorter time scales. Particular landforms beneath ice streams
are the result of local erosion, transport and deposition of sediments (e.g. King et al., 2009)
(Figure 1.5b). These processes are tightly linked to the mechanisms through which ice streams
flow (Stokes, 2018; Bingham and Siegert, 2009). Ice flow causes an ongoing evolution of the
subglacial geomorphology and influences the bed’s roughness and propagation pathways and
pressure of the subglacial hydrological system (Stokes, 2018; Schoof, 2002). In turn the subglacial
hydrology controls subglacial erosion rates and mechanisms (Ugelvig et al., 2018).

Next to the controls on subglacial erosion, the subglacial hydrology system has become a
crucial component for the understanding of ice-sheet behaviour and evolution. The presence
of subglacial water underneath ice sheet is being recognised to control basal sliding and the
deformation of soft beds, episodic lake drainage events correlated with subglacial pressure
fluctuations and changing basal traction via basal freeze-on (see Greenwood et al. 2016 and the
references therein). Thus, it is crucial to constrain the propagation of subglacial water on an
ice-sheet scale. For Antarctica, repeated drainage events between neighbouring subglacial lakes
reveal that basal water is transported hundreds of kilometres from the ice-sheet interior towards
the margins (Fricker et al., 2007).

Ice internal processes The flow of ice does not solely leave traces at the ice base. One of the
major drawbacks of characterising ice flow via observations at the base of the ice is that direct
information beneath contemporary ice sheets is difficult to acquire. Moreover, the observations
from paleo ice sheets are mostly useful to characterise ice-sheet behaviour of ice bodies that
have already disappeared. The interpretation of folded englacial stratigraphic structures (mostly
made visible through the shape of continuous reflections detected with radio-echo sounding) is
another way to infer the history of motion of contemporary ice sheets at more recent time scales
(e.g. the last thousands of years).

Folds have been described in all glacier and types and occur on scales from centimetres to
kilometres (Hudleston, 2015). The shape, orientation and location of folded ice structures reflect
different formation processes. We generally assume that planar stratification is the original
state in an ice sheet because accumulation can be considered to be homogeneous on the spatial
scales that we are investigating. Therefore, we consider stratified layers to be isochronous
(layers representing the same age). In this case, folding is a consequence of non-uniform flow
on different time and spatial scales, resulting in the passive deformation of planar markers
(Hudleston, 2015). Horizontal shortening and shearing are the two most important processes.
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Planar markers can be optically visible features (e.g. crevasses, veins or dust layers) or, as in the
sense of this thesis, reflections from radio-echo sounding surveys.
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Figure 1.6: Folds in ice sheets on different spatial scales. Panel (a) shows a radargram from Bell et al. (2014) highlighting
folded radar stratigraphy closely to the bed and reaching up several kilometres in the ice column. In panel (b) we can observe
reoccurring sequences of folded radar stratigraphy in several radargrams (from Paper VI). Panel (c) highlights centimetre-
scale disturbances in the NEEM ice core visualised with the line scanner (image taken from the B.Sc. thesis of Julien
Westhoff (with permission); Westhoff 2014). Possible folding mechanisms elaborated by Bons et al. (2016) are shown in
panel (d).

In most cases of steady ice flow, folds are amplified by horizontal shortening or shearing
at various locations of the glacier (Hudleston, 2015). One prominent feature are upright folds,
found for instance in the ablation zones of valley glaciers (particularly at their margins (e.g.
Allen et al., 1960; Hambrey and Glasser, 2003)). Moreover, the axial planar foliation is associated
with strong horizontal shortening due to the reduction of width in convergent flow regimes
(e.g. Bons et al., 2016) or the joining of two ice streams (Lawson et al., 1994). Alternatively,
steady-state flow may form folds due to the bed topography or in combination with snow
accumulation at steady or migrating ice divides (e.g. recumbent folding of divide arches and
Raymond bumps; Jacobson and Waddington 2005; Raymond 1983).

Ice deformation and folding are also common at the ice-sheet bed. The general deformation
style is close to simple shear (Figure 1.2 c). The resulting deformation geometries can deviate
from the expected one due to rheological contrasts produced by variations in bubble content,
crystallographic fabric or impurities (Hudleston, 2015). Furthermore, the deformations close to
the bed are generally characterised by large displacements and high strains.

Different types and magnitudes of deformed internal layers were found in Greenland
(MacGregor et al., 2015; Leysinger Vieli et al., 2018; Panton and Karlsson, 2015; Bell et al.,
2014) and Antarctica (Drews et al., 2009; Bell et al., 2011; Ross et al., 2020). They range from



Chapter 1. Introduction 11

overturned and sheath folds as well as plume-like structures associated with large units of
disrupted stratigraphy at the ice base (see MacGregor et al. 2015; Bell et al. 2014; Bons et al. 2016;
Leysinger Vieli et al. 2018 and Figure 1.6 a), over tight folds that extend almost over the entire
ice column with a fold axis oriented parallel to the shear margins of ice streams (see Franke et al.
2020, Paper VI-VII and Figure 1.6b), to small folds visible in ice cores (Figure 1.6 ¢), such as
centimetre-scale undulations observed in the visual stratigraphy of ice cores (NEEM community
members, 2013; Jansen et al., 2016; Westhoff et al., 2020).

The overview given here, of course, represents only a fraction of the background information
that is important for ice-dynamic processes in ice sheets. More detailed information can be
found in the individual manuscripts. The majority of the studies (Papers I, Il and V - VIII) focus
on the Greenland Ice Sheet. Studies III and IV, on the other hand, analyse data from Antarctica.
The exact survey areas are described in Section 1.6. The manuscripts are basically divided into
two groups, with papers I -1V dealing with processes and findings from the base of the ice sheet
and papers V - VIII dealing with processes within the ice.
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1.4 Ultra-wideband radar

The results of this thesis are based on radio-echo sounding (radar) data acquired with a multi-
channel ultra wideband (UWB) radar system mounted on AWI'’s polar research aircraft Polar 6.
In this section, I introduce the radar based measurement principle to investigate ice sheets and
glaciers (radioglaciology), the acquisition system, data processing steps as well as the methods I
use to analyse the data. More specific information can be found in the Appendix A and B and in
the method sections in the scientific publications.

1.4.1 Radioglaciology

Radioglaciology is a discipline that uses radio waves to investigate ice masses of all types
(Schroeder et al., 2020). Airborne radio-echo sounding is the most important tool for observations
inside and beneath ice sheets. The majority of data is collected by radars mounted on aeroplanes.
The radar is used to transmit electromagnetic signals down into the ice and record the reflected
echos, which contain information about the physical properties inside and underneath the ice
sheet. The recorded data are visualised in radargrams, which are vertical profiles through the
ice column (Figure 1.7). Radar waves have been used for more than five decades to sound ice
masses (e.g. ice sheets, ice shelfes, mountain glaciers and sea ice). Large-scale data collection
surveys across the Greenland and Antarctic Ice Sheet started in the late 1960s and 1970s and
were only made possible by collaborations of multiple countries (Schroeder et al., 2020).
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Figure 1.7: lllustration of the general principle in radioglaciology and the typical reflections in ice sheets (e.g. ice surface,
internal layers and the ice base). The sketch in panel (a) is adapted from Reynolds (2011) and the image in panel (b) is taken
from the NASA Goddard's Scientific Visualisation Studio.

Radio-echo sounding systems span a variety of frequency ranges, antenna configurations and
include both mono-pulse and chirped-waveform transmission systems. Since the 1990s a major
development step was made with phase-sensitive radars designed with multi-element cross-
track antenna arrays in combination with coherent synthetic aperture radar (SAR) processing
(Gogineni et al., 1998; Leuschen et al., 2000; Legarsky et al., 2001). This new generation of radar
systems is able to achieve a much higher signal-to-noise ratio (SNR) as well as an improved
azimuth resolution. Moreover, radar systems are nowadays able to record and emit radar waves
at multiple polarizations (e.g. Dall et al., 2018).
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Regardless of the type of radar system, the analysis of the data is based on the same physical
principles. Radar waves travelling through the ice get reflected at every interface separating
materials of contrasting electromagnetic properties (in particular, the dielectric properties).
These reflections are referred to as internal reflection horizons IRHs and their geometry contains
information about the history of the ice sheet. In combination with ice core dating, IRHs can be
used to reconstruct accumulation rates or historic ice flow (e.g. Paren and Robin, 1975; Jacobel
and Hodge, 1995; Cavitte et al., 2016). Next to the analysis of englacial properties, the primary
objective of the vast majority of radar soundings was to locate the bed reflection and obtain
information about the ice thickness (Bailey et al., 1964; Bamber et al., 2013; Fretwell et al., 2013).

In this thesis, I build my analysis on radar data, which has been acquired with one of the
most modern airborne radio-echo sounding systems at the present time. The radar system and
data, as well as the survey regions are introduced in the upcoming sections. Details about the
specific survey and acquisition can be found in the respective manuscripts. Two sections in the
Appendix provide further details on the theoretical background of the radar system (Appendix
A) and on acquisition and processing tests I performed during my PhD work (Appendix B).

1.4.2 UWB radar data

The core data and foundation for most of the results generated and presented in this thesis is
airborne radar data acquired with the multi-channel ultra-wideband (UWB) radar of the Alfred
Wegener Institute, Helmholtz Centre for Polar and Marine Research (AWI; Figure 1.8 a). The
AWI UWB RDS/I (radar depth sounder and imager) was developed by the Centre of Remote
Sensing of Ice Sheets (CReSIS) at the University of Kansas in collaboration with AWI (Hale et al.,
2016; Arnold et al., 2019). The 150-600 MHz bandwidth offers an improved vertical resolution
in ice and supports up to eight transmit channels (Tx) and 24 receive channels (Rx; Figure 1.8
and Table 1.1). The large number of channels results in the highest transmit power as well as the
best cross-track resolution out of all the RDS systems (Arnold et al., 2019).

Table 1.1: AWI UWB processing and acquisition pa-

(a) rameters.
Parameter Value
\ frequency 150-600 MHz
h “Ji v @——’ Tx channels 8
) ( i \ " max. Rx channels 24
wing antenna wing antenna
array (8 x Rx) fuselage antenna array (8 x Rx) Tx power (total) 6000 W
array (8 x Tx, Rx) PRF 12 kHz nominal
data used in this thesis max. num. waveforms 12
was acquired with the sampling rate 625 or 1250 MSPS*
fuselage array only max data per flight 12 TB
record window 32000 or 64 000 samples

Figure 1.8: AWI UWB radar setup on Polar6
(a) and field team in Antarctica 2018/19 (b)

acquisition modes

sounding (2D) & imaging (3D)

*MSPS = mega samples
per second

acquisition parameters

num. of waveforms
pulse length
intensity
transmission angle

pl‘OCESSil’lg parameters

pulse compression
SAR processing
array processing
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The radar can resolve details of the lower ice stratigraphy, which allow new possibilities for the
interpretation of englacial structures. In my thesis, I used data from three different surveys of
the Greenland campaign 2018 and from one survey in Antarctica in austral summer 2018 /19:

1. EGRIP-NOR-2018: A survey in the vicinity of the EastGRIP (East Greenland Ice-Core
Project) drill site on the Northeast Greenland Ice Stream (NEGIS) (Figure 1.13a and c).
The focus of this survey was to image the ice thickness and bed properties as well as the
stratigraphy of the whole ice column, in particular at the ice streams shear margins.

2. FINEGIS: A survey in Northern Greenland upstream of the 79°NG (Figure 1.13a and b).
The survey lines cover a set of cylindrical folds, and the aim of the survey was to image
the deformation structures of the folds.

3. JURAS: A survey at the onset of the Jutulstraumen Glacier, Dronning Maud Land, Antarc-
tica (Figure 1.14). The survey area is located between Troll (Norway) and Kohnen (Ger-
many) station. The focus of the survey was to map the radar stratigraphy perpendicular
to ice flow as well as close substantial gaps in the bed topography data.

In the following, I will (i) show how the radar data is acquired and processed to generate
high-resolution radargrams, (ii) introduce the methods used to infer the physical conditions and
erosional activity at the ice base and (iii) the procedure for the construction and analysis of 3D
surfaces of englacial layers.

General workflow of radar data acquisition and processing

Figure 1.9 illustrates the complete workflow starting with the radar data acquisition in the field
until the generation of data products, which are used for scientific analysis. The raw radar
data as well as GPS positioning data is initially saved on a large raid set of SSD disks on the
acquisition server. A backup is created after every flight, either on a second set of SSD disks or
on HDD disks. A first so-called glook processing is applied to check the quality and generate first
radargrams. Complete SAR processing in the field is usually too time consuming and requires
further computational resources.

After a field season, the AWI aircraft team stores all GPS/INS and metadata as well as the
data from other instruments (e.g. Laserscanner data) in the DMS archive. UWB raw radar data
can be transferred to the AWI servers via the Ground 3 server. A compressed version of the raw
data is transferred to the AWI HSM server and stored at the WORM (write once read many)
file system. This has the advantage that the raw data is highly protected and cannot be deleted
easily. The uncompressed raw data is transferred to the HPC (High Performance Computation)
server Ollie for full data processing.

The option for parallel processing of the radar data reduces the time needed to generate
results. For the processing, we use the CReSIS Toolbox (CReSIS-Toolbox, 2019), developed by
the team of John Paden from the Centre for Remote Sensing of Ice Sheets at the University
of Kansas. The toolbox generates various types of high-resolution radargrams in the form of
matfiles (hdf5 format). We can consider three typical types of results:

1. The qlook data product, which is an efficiently produced output and only performs
stacking (averaging followed by decimation) in the along-track dimension without any
kind of migration/focusing in the along-track.

2. The SAR data product uses fk-migration to focus scattered energy back to their reflection
origin (Leuschen et al., 2000).
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Figure 1.9: Schematic AWI UWB radar data acquisition, data processing and backup storage workflow.

3. With the special data product I summarise any data products which are created with
a more complex approach and deviate from the two standard products (gqlook and SAR
with standard settings). This could be the combination of radargrams from several sub-
apertures or results from the 3D imaging processing of the bed topography.

After generating radar data products with the CReSIS Toolbox, I apply two different workflows.
The first converts the matfiles in several data formats with an IDL converter, written by Veit
Helm (AWI). All files generated in this step are transferred to the data archive on the AWI HSM
server (see Figure 1.9). In addition, I save all relevant outputs from the CReSIS Toolbox on this
server. A part of the converted files can be used for the import of the radar data into the ECHOS
database. A set of helper scripts (by Daniel Steinhage, AWI) can be used to create a script-based
automated import to ECHOS. Once the data is imported in ECHOS, it is possible to trace layers,
filter or manipulate the radar data.

For the second workflow, I convert the radar data (which are originally available in the
TWT domain) to elevation with Python scripts. For this step, it is required that the ice surface
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reflection is available and correct. After that, I convert the data to the SEGY format to import
the files to the Move software. Move is afterwards used to generate 3D surfaces of englacial

structures.
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1.5 Methods for radar data analysis

In this section, I introduce the methods I apply and describe how they are used to gain infor-
mation on ice-sheet motion. The focus lies on their general description and how I use them to
answer my research questions. For an in-depth description, I refer to the manuscripts in which
they are used, as well as to other literature.

Methods

1. Analysis of the geometry/geomorphology of the bed
2. Analysis of reflection patterns and intensities at the bed
3. Analysis of subglacial water transport and ice mass flux

4. Two- and three-dimensional analysis of radar stratigraphy

1. Analysis of the geometry/geomorphology of the ice-sheet bed

The base of a glacier is the most difficult part of an ice sheet to access. At the same time, it
contains many of the most important parameters to understand ice flow, such as the geological
type of the bed, its ability to deform, the temperature regime and the availability of subglacial
water. Next to seismic surveys and in-situ information acquired by drilling through the ice,
radar surveys are the most effective way to infer the physical properties of the base.

We use the reflection of the ice surface and ice-bed interface in our radar data to calculate the
ice thickness and the elevation of the bed topography. As a result, we obtain the bed topography
along the flight path of our instrument. I use this purely geometric information to:

(A) Create and analyse a digital elevation model (DEM) of bed topography elevation (see
Paper I, III). The bedrock topography is an essential boundary condition for numerical
modelling studies of the Greenland and Antarctic Ice Sheet (Bamber et al., 2001). Further-
more, it provides essential information on the large-scale morphology of the bed. Airborne
radar data provide bed elevation measurements directly beneath the flight trajectory.
Hence, depending on the flight line coverage, major data gaps remain. Therefore, we
extrapolate the point measurements to a two-dimensional DEM. The actual resolution
depends on the measurement density, which can introduce errors (Morlighem et al., 2019).

(B) Analyse the roughness of the bed topography (see Paper II, III and Figure 1.10 a), which
is a geomorphological parametrisation of the undulations of the bed beneath an ice mass
(Lindbéck and Pettersson, 2015). It can be determined via statistical analysis of vertical
variation in along-track bed topography (e.g. Siegert et al., 2005; Cooper et al., 2019).
Basal roughness has become an indicator of subglacial conditions for past ice-flow activity
and potential control for current ice-sheet dynamics (Rippin et al., 2014). For this study,
we employ a spectral method to analyse the vertical and horizontal roughness with the
application of fast Furier transforms (FFT; Hubbard et al. 2000).

(C) Analyse specific subglacial structures, such as subglacial valleys (Paper III and Figure
1.10b). Knowledge of their location, extend, and geometry is important to determine the
developmental stage for a glacial valley (Hirano and Aniya, 1988). The developmental
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stage in combination with the glaciological and geological context helps to investigate the
ice-sheet dynamic history of glaciated and previously glaciated landscapes.
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Figure 1.10: Diagram that explains the methods used in this thesis for the analysis of the basal properties. Panel (a) shows
the basal roughness derived by the spectral analysis of a detrended bed profile in a moving window. Two parameters characterise
the roughness (i) ¢ describes the vertical roughness with the dominating amplitude in the MW (moving window), (ii) 77 provides
information about the horizontal roughness with the dominating wavelength. Both parameters are dimensionless and are a relative
measures of roughness parallel to the survey line. Examples for different topography settings are shown in the lower part of panel
a and are adapted from Li et al. (2010). The sketch in panel (b) indicates the deviation of parameters to describe the geometry
of subglacial valleys. Panel (c) shows the waveform scattering derived roughness, which is the ratio between the peak power and
integrated power of the bed reflection. High abruptness values indicate a specular reflection, which is interpreted as a smooth
bed and low values diffuse scattering, indicating a rough bed. The abruptness parameter is a measure for basal roughness on a
finer scale as the spectral roughness approach and provides mainly information for the roughness vertical to the survey line. The
principle for basal water routing is shown in (d) and the analysis of mass flux through flux gates at the NEGIS in (e).

2. Analysis of reflection patterns and intensities of the bed

Next to the analysis of the location of the bed elevation, we can obtain valuable information
by analysing the waveform characteristics of the bed reflection as well as off-nadir originating
signals.

(A) Bed return power (BRP), which is defined as the reflected (total) energy from the ice-bed
interface (Paper II). The analysis of the returned power from the bed can reveal information
about the basal conditions (e.g. dry or wet conditions and lithological contrasts). However,
retrieving the bed conditions requires the correction of englacial energy losses along the
propagation path of the radar wave (Matsuoka et al., 2010).
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(B) Roughness derived from waveform scattering (Paper II) describes the relative spread
of the bed-echo waveform return (Cooper et al., 2019). The characteristics of the return
signal are related to the electromagnetic scattering from the ice-bed interface and therefore
provides information about the roughness of the illuminated area (Oswald and Gogineni,
2008; Jordan et al., 2017). Sharp return signals (high abruptness) are in general associated
with specular reflections from a smooth interface and diffuse scattered signals (low abrupt-
ness) with a rougher interface (see Figure 1.10 c). An important piece of information in
this context is the shape of the emitted radar beam. Together with the direction of the
roughness of the bed, it is useful to determine the main direction from which we expect
scattering reflections.

(C) Off-nadir bed reflections (Paper I). If the shape and width of the radar transmission
beam is known, we can use this information to interpret off-nadir reflections. It has to
be noted that the direction of signals from along-track will reduce after SAR processing.
Hence for the UWB radar system, most off-nadir scatter will arise from cross-track. This
information enables us to make further interpretations from, e.g. intersecting radar profiles
or continuous off-nadir reflections. Moreover, cross-track off-nadir reflections from the
ice-sheet bed can be used to reconstruct strips of ~5 km bed topography in high resolution
along the flight path. This method is not part of the manuscripts presented here and still
under development. An extended description of this method is to be found in Appendix
A and B.
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Figure 1.11: Schematic workflow of 3D surface reconstruction from IRHs. (a) shows radargrams tralsverse to ice flow
imported in MOVE. The green lines in the upper part of (b) are traced IRHs of different radargrams and the yellow lines the
segments used for interpolation. In the lower part we see the single surfaces created by interpolation. Panel (c) shows the
fully reconstructed 3D surface from one layer in the radargrams shown in (a).

3. Analysis of subglacial water transport and ice mass flux

Meltwater is constantly generated beneath the Antarctic and Greenland Ice Sheet and has a
strong influence on the resistance at the ice-sheet base (i.e. basal drag) and, thus, speed of ice
flow. Basal water flow routing (Paper II, IV) indicates where water at the glacier bed would
flow according to the gradients of the hydraulic potential, which depends on the bed topography
and the overlying ice column. The calculation of the basal water flow routing scheme primarily
calculates the upstream accumulation areas (Figure 1.10 d) and is described in detail by, e.g. Le
Brocq et al. (2006). Hence, this method does neither represent an observation of the occurrence of
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subglacial water, nor does it provide information on quantities of volume or flux. Nonetheless,
we can use this information to make extended interpretations of the subglacial environment.

In Paper II we calculate the ice mass flux through the trunk and the shear margins of the
NEGIS (Figure 1.10 e). The estimation of ice flux through a flow-cross-sectional area (flux gate)
depends on the ice surface velocity and an assumption on the vertical ice density and velocity
profile. The vertical velocity profile is a valuable parameter and difficult to derive without
borehole observations. At the NEGIS, we analyse the thickness evolution of internal layer
patches parallel to ice flow and find indications for a decrease of the ice-flow velocity near the
ice base, where the bed is rougher (see Figure F.4). Hence, ice flux is not directly a parameter
that describes the properties of the bed. However, it relates our findings at the ice base with
the ice dynamics of the ice stream. For the ice mass flux calculation, we follow the approach
described in Neckel et al. (2012).

4. Two- and three-dimensional analysis of radar stratigraphy

For a three dimensional spatial analysis of internal layers, we apply the method of Bons et al.
(2016) and construct 3D surfaces with the model building software MOVE™,  Elevation-
converted radar data can be imported into MOVE in the SEGY format (Figure 1.11 a). Internal
layers, which are visible in all radargrams, can be traced manually and thereafter divided
into segments, that show a similar geometry as a segment in an adjacent radargram. The line
segments are then interpolated linearly (see Figure 1.11b). An example of a fully reconstructed
3D surface is shown in Figure 1.11 c. The complete workflow starting with radar data acquisition
until the scientific analysis of the 3D surfaces is shown in Figure 1.12. Detailed information on
the method and horizons created with this method can be found in Papers VI, VII and VIIL
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Figure 1.12: Full workflow for 3D surface construction of internal horizons on the basis of radar data (see
Papers VI, VIl and VIII).
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1.6 Study sites and regional overview

The radar data I use in my thesis were obtained from two different regions on the GrIS and one
location on the AIS:

1. Upstream region of the 79NG (FINEGIS; Figure 1.13b). The data in this region are included
in Paper VII and VIII.

2. The onset region of the North East Greenland Ice Stream (EGRIP-NOR-2018; Figure 1.13 c).
The data of this survey are included in Paper I, Il and V - VIIIL.

3. The onset region of the Jutulstraumen Glacier drainage basin in western Dronning Maud
Land, Antarctica (JuRaS; Figure 1.14b and d). This data set is included in Paper IIl and IV.
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Figure 1.13: Overview of the locations of the two radar survey in Greenland. Panel (a) shows the surface velocity in
ma~! on a logarithmic scale (Joughin et al., 2017). The deep drill sites are outlined with yellow circles, the NEGIS and its
outled glaciers are indicated with black arrows and the survey area of the (b) FINEGIS survey in northern Greenland and (c)
the EGRIP-NOR-2018 survey at the onset of the NEGIS (centred at the EGRIP drill site) are indicated with red rectangles.
The ice surface velocities in panel (b) and (c) are shown on a linear scale.

1. Upstream region of the 79NG

The survey region is located in northern Greenland and extends from 79°N to 80°N and from
32°W to 40°W over an area of ~ 7000 km? (Figure 1.13b). The survey lines are aligned parallel
to each other oriented at a bearing angle of 10° (true North) with a spacing of 7.5 km and an
average length of ~ 50 -60 km. Ice thickness in our survey region varies between ~ 1500 m to
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~ 2250 m, is largest in the Southwest and becomes thinner towards East-Northeast. The bed
topography varies between ~ —100 m and 300 m elevation but shows no clear trend in the
immediate surrounding of our survey grid. Ice-flow velocity is almost zero in the western part
of our survey area at the ice divide and increases up to 15 ma~! in the East (Figure 1.13b). The
horizontal gradient in surface velocity is in general very small and ranges between 0 and 0.1 %.

2. Onset region of the NEGIS

The NEGIS is a prominent feature in northern Greenland and drains ~12 % of the ice mass of the
GrIS Rignot and Mouginot (2012). The ice stream is more than 600 km long and extends almost
up to the ice divide. Ice surface flow velocities range from 10ma~! at its onset to more than
2000ma! at the grounding line of the marine-terminating glaciers (Mouginot et al., 2017). The
ice entering the NEGIS is passing through the well-developed shear margins (Fahnestock, 2001).
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Figure 1.14: Overview of the locations of the two radar survey in Antarctica. Panel (a) and (b) shows the bed topography
elevation from Morlighem et al. (2019) and panel (c) and (d) ice-flow velocity from Mouginot et al. (2019).

8233 km of airborne radar data were recorded on profiles parallel and transverse to the
direction of ice flow (Figure 1.13c). The survey grid is centred at the drill site of the East
Greenland Ice-Core Project (EGRIP) and reaches up to 150 km upstream and downstream of the
drill site. The survey lines cover the fast-flowing central part of the ice stream, the shear margins
as well as the slow-flowing area outside of the ice stream. Survey lines oriented transverse to ice
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flow have a spacing of 5 km in the centre of the survey area and 10 km further upstream and
downstream. Parallel to flow profiles follow the ice surface flow paths, which were calculated
on the basis of the current surface velocity field.

3. Jutulstraumen drainage basin

The Antarctic Jutulstraumen Glacier (JG) is located within a prominent graben system, which
separates the geologic provinces of DML. The JG is the largest glacier in DML draining an area
of approximately 100 000 km? through the 40 —50 km wide Jutulstraumen Graben (Figure 1.14b).
The Graben cuts deep into the Maud Belt through the DML escarpment and reaches down to 1.6
km below present sea level (Fretwell et al., 2013). Ice flow accelerates to up to 760 m a~! at the
grounding line where the JG feeds the Fimbul Ice Shelf (Figure 1.14 d). This part of the DML
has been extensively mapped by RES, gravity and magnetic surveys (e.g. Steinhage et al., 2001;
Riedel et al., 2012). The survey lines of the UWB survey are located at the onset of JG where ice
flow accelerates from 5 to 50 m a™! (Fig. 1.14d). The survey lines are divided into two sets and
oriented approximately perpendicular to ice flow.
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Summary of scientific contributions

PAPER I RESEARCH ARTICLE

Franke, S., Jansen, D. @, Binder, T. ¥, Dorr, N. @, Helm, V.¥, Paden, ]J. ¥, Steinhage
D. @ and Eisen, O. @ (2020). Bed topography and subglacial landforms in the onset
region of the Northeast Greenland Ice Stream. Annals of Glaciology, 61(81) 143-153.
https:/ /doi.org/10.1017 /a0g.2020.12

Published online by Cambridge University Press: 18 March 2020

Motivation The Northeast Greenland Ice Stream (NEGIS) is an integral component of the
Greenland Ice Sheet. Ice flow is governed by the geometry and properties of the
ice—bed interface, which modulates ice stream dynamics. Hence, the underlying
bed topography of the NEGIS is critical to understand and model NEGIS' ice
stream dynamics. In this paper, we improve the bed topography at the onset
of the NEGIS and investigates the geomorphological structures at the bed with
high-resolution airborne radar data.

Conclusion The data yields a new detailed model of ice-thickness distribution and basal
topography. We detect subglacial landforms, which we interpret to be caused by
erosional activity of the ice stream, potentially over several glacial-interglacial
cycles. Off-nadir reflections from the ice—bed interface in the centre of the ice
stream indicate a streamlined bed parallel to ice flow. Our new bed topography
model will help to improve the basal boundary conditions of NEGIS prescribed for
ice-flow models and thus foster an improved understanding of the ice-dynamic
setting.

Own Share My own contribution to this paper includes the processing of the radar data

70 % from scratch and | traced the bed reflection to calculate ice thickness and bed
topography elevation. Moreover, | wrote the paper and took part in the manuscript
design. However, | set my own share to 70 %, since the results | used for this
paper were preceded by years of preliminary work by Tobias Binder and John
Paden, as well as data acquisition in the field by Veit Helm and Daniela Jansen.

Research This manuscript investigates RQ 1. We find evidence of how the NEGIS has
Questions modified the bed by means of elongated subglacial landforms and local overdeep-
enings. The subglacial geomorphology exhibits both (i) recent structures that
are attributable to the activity of the NEGIS in its present form and (ii) features
that would have to have been at least partially entailed in a different ice-sheet
configuration. However, we argue that the NEGIS did probably not exist in the
current configuration for a very long time (e.g. multiple glacial cycles) due to the
absence of an erosional trough.
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PAPER 11 RESEARCH ARTICLE

Franke, S.", Jansen, D. @, Beyer S., Neckel, N. @, Binder, T., Paden, J.© and
Eisen, O.® (2020). Complex basal conditions and their influence on ice flow at the

onset of the Northeast Greenland Ice Stream. Journal of Geophysical Research: Earth
Surface, 126(3), e2020JF005689. https:/ /doi.org/10.1029/2020JF005689

Published by the American Geophysical Union: 9 March 2021

Motivation The motivation for this study is similar to the motivation of Paper |. We pick up
on the previous study and focus on the analysis of radar reflections to constrain
the ice—bed interface conditions and bulk properties of the subglacial environment.
There is still a limited understanding of the spatial variability of subglacial
properties in relation to ice flow, in particular to the onset region of the NEGIS. In
this paper, we rely on established bed property analysis methods in radioglaciology
and apply them on the EGRIP-NOR-2018 radar profiles orientated perpendicular
and along ice flow. Finally, we put the bed properties in the context of ice flow
and the geometry of the NEGIS and its onset.

Conclusion Our results indicate a change from a smooth to a rougher bed where the ice stream
widens, and a distinct roughness anisotropy, indicating a preferred orientation of
subglacial structures. In the upstream region, the excess ice mass flux through
the shear margins is balanced by ice-flow acceleration and along-flow stretching of
the ice. At the downstream part, the generally rougher bed topography correlates
with a decrease in flow acceleration and lateral variations in ice surface velocity.
Our findings support the hypothesis that the NEGIS is strongly interconnected to
the subglacial water system in its onset region, but also to the subglacial substrate
and morphology.

Own Share For this paper, | build up on the processing results of Paper | (processed radargrams

80 % and bed reflection picks). All results, with the exception of basal water routing
pathways and (partly) ice mass flux, were created by myself. | was mainly
responsible for the design of the study and entirely for the preparation of the

manuscript.
Research This manuscript investigates mainly RQ 1 and partly RQ2. We find several
Questions indications that the present configuration of the NEGIS in terms of its velocity

and extent is related to the properties at the ice—bed interface:

e The orientation of subglacial landforms, as well as the distribution and
anisotropy of basal roughness, is clearly shaped by the activity of the NEGIS.
We find a relation between the large-scale roughness at the bed, ice-flow
acceleration, mass flux and ice stream width (RQ1).

e A local increase in the basal layer thickness indicates that subglacial rough-
ness as also an effect on the internal radiostratigraphy and has most likely
an impact on the vertical velocity profile (RQ?2).
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PAPER III

RESEARCH ARTICLE

Franke, S.0, Eisermann, H., Jokat, W.©®, Eagles, G.®, Asseng, J., Miller, H.
, Helm, V.2, Eisen, O. @ and Jansen, D. @ (2021). Pre-Glacial to Present
Geomorphological Development of the Jutulstraumen Glacier Basin, Antarctica'. Earth
Surface Processes and Landforms, 1-18. https://doi.org/10.1002/esp.5203

Steinhage, D.

Published by John Wiley Sons Ltd.: 14 July 2021.

Motivation

Conclusion

Own Share
85 %

Research
Questions

The past ice dynamics of the Antarctic Ice Sheet is poorly constrained because
the thick ice cover masks the subglacial environment. Its geomorphological
characterization is important because the topography determines where ice builds
up, flows and how the ice sheet responds to external forcing. Here, we use an
improved radar system to image the bed topography with a fresh eye to investigate
the evolution of the subglacial morphology of the Jutulstraumen Glacier drainage
system in western Dronning Maud Land, Antarctica.

Our analysis of the bed topography, valley characteristics, and bed roughness leads
to the conclusion that much more of the alpine landscape that would have formed
prior to the Antarctic ice sheet is preserved than previously anticipated. We
identify various geomorphological patterns that can be related to different stages
and processes of subglacial erosion. Based on these patterns, we reconstruct the
temporal sequence by which ice flow modified the topography since the beginning
of the glaciation of Antarctica 34 Ma ago.

Furthermore, | performed all analysis and results in this study and interpreted
the data. The idea for the manuscript was elaborated together with Hannes
Eisermann and Wilfried Jokat. All parts of the manusrcipt, except the geological
background were written by myself and discussed and edited by all co-authors.

This manuscript investigates RQ 1. In contrast to the two previous studies, this
manuscript investigates the influence of long-term ice motion since the glaciation
of Antarctica. The analysis of subglacial valley geometries reveals how fluvial and
glacial erosion have modified the landscape during the last million years. Some
of the erosional activity must have taken part during a period of intermediate
ice cover. Moreover, we can discriminate presently glaciated regions where ice
flow eroded the ice base in the long term and regions where the ice preserved the
subglacial environment. Our results are beneficial to validate modelled ice flow
and subglacial erosion models.

| participated in the data acquisition field campaign and processed the radar data.

7

IThe title of the manuscript changed later during the review process to: "Preserved landscapes underneath the
Antarctic Ice Sheet reveal the geomorphological history of Jutulstraumen Basin"
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PAPER IV

RESEARCH LETTER

Neckel, N.T

, Franke, S."©, Helm, V.©, Drews, R.® and Jansen, D. (2021).

Evidence of cascading subglacial water flow at Jutulstraumen Glacier (Antarctica)
derived from DINSAR measurements and ICESat-2 altimetry.

* Niklas Neckel and Steven Franke contributed to this paper equally.

In review since 22 May 2021 at: Geophysical Research Letters

Motivation

Conclusion

Own Share
40 %

Research
Questions

Subglacial lakes and the movement of subglacial water play an important role in
the ice dynamics of the Antarctic Ice Sheet. Large quantities of basal meltwater
are transported from the interior of the Antarctic Ice Sheet to downstream areas
of faster ice flow reducing the frictional resistance at the glacier bed. In this
study, we derive short-term vertical ice surface elevation changes by means of
differential SAR interferometry in the onset region of the Jutulstraumen Glacier,
which we expect to be linked to the subglacial hydrological system.

Our results reveal short-term cascade-like events of subsidence and uplift of the
ice surface, which we interpret as a pressure response of drainage and filling of
subglacial water basins. This indicates a periodic transport of subglacial water
through an interconnected and efficient subglacial drainage system. The water
re-location events in this study are first observed in a slow-moving region 225 km
upstream of the grounding line. An examination of high-resolution ultra-wideband
radar data and the hydropotential gradient reveals that subglacial water is moving
downstream along a canyon-like system of local valleys. The water volumes and
lake outlines in this study are smaller in comparison to other studies. Furthermore,
we observe no horizontal velocity increase correlating with lake filling or drainage
events.

The major part of the remote sensing data analysis was performed by Niklas Neckel.
Moreover, Veit Helm contributed with ICESat-2 data products. However, the
study design, manuscript outline and interpretation of the results were elaborated
in equal parts by Niklas Neckel and myself. | participated in the radar data
acquisition field campaign and processed the data. All figures were created by
myself, and | wrote the manuscript together with Niklas Neckel.

This manuscript investigates RQ 1. We use the bed reflection signature for
multiple reasons to infer the subglacial hydrology system: (i) The improved
bed topography provides the constrains on the pathways on subglacial water
propagation and confirms that the locations of significant ice surface uplift and
subsidence correlate with locally closed topographic depressions. (ii) The intensity
of the bed reflection provides no clear evidence for the presence or absence of
subglacial water.
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PAPER V DATA DESCRIPTION ARTICLE

Franke, S. 2, Jansen, D. @, Binder, T.®, Paden, J. @, Dorr N. @, Gerber T. 2, Miller,
H. @, Dahl-Jensen, D. @, Helm V., Steinhage D. ¥, Weikusat, I. @, Wilhelm, F. ©© and
Eisen, O.® (2021). Airborne ultra-wideband radar sounding over the shear margins
and along flow lines at the onset region of the Northeast Greenland Ice Stream. Earth
System Science Data Discussion. https://doi.org/10.5194/essd-2021-91

In review since 31 March 2021 at: Earth System Science Data.

Motivation This manuscript is motivated by our interest in making the radar data used in
Paper |, Il, VI and VII available to the scientific community. We present various
data products and describe their characteristics and processing chain in detail.
The prospect that parts of the ice core can be rotated back into their correct
geographic direction (Westhoff et al., 2020) is a unique possibility for a systematic
analysis of ice crystal orientation fabric together with radar data.

Conclusion This radar data set provides essential observations of internal and bed reflections to
determine the spatial distribution of ice thickness, internal layering and reflectivity.
These observations constitute boundary conditions and elucidate the properties
and processes of the NEGIS.

Own Share | developed the outline for the manuscript and wrote the major part with contribu-

90 % tions from Nils Dérr and Tamara Gerber. Furthermore, | processed and compiled
the data products for publication and created all results and figures. To be trans-
parent, | would like to note that | am not including the data acquisition by Daniela
Jansen, John Paden and the Polar6 Team, as well as the years of preparatory
work by Tobias Binder in the scope of work here. These were completed for some
time, but it has to be acknowledged that the work on this manuscript builds on
their efforts.

Research Due to the fact that this is a data description paper, we do not answer any of
Questions the research questions. However, this manuscript presents SAR processed radar
data with a wider angular range, which helps to visualize the radar stratigraphy
of steeply inclined reflectors. Using this data greatly facilitates answering RQ 2,
since more of the internal layers are resolved than in the standard product.
Furthermore, the idea behind the manuscript and data release is to answer the
research questions in my thesis and more jointly with the scientific community.
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PAPER VI RESEARCH ARTICLE

Jansen, D. @2, Franke, S.2, Bauer, C. C., Binder, T. ©©, Dahl-Jensen, D. ©, de Riese, T. 2,
Eisen, O., Llorens, M-G. @2, Miller, H. ©2, Neckel, N. >, Paden, J. D., Sachau, T.
Weikusat, I. ©© Zhang, Y. and Bons, P. ©© (2021). Interior of the North East Greenland Ice
stream reveals that NEGIS-type ice streams may come and go.

Draft.

Motivation Localized ice streams drain large portions of the entire Greenland Ice Sheet. It
is therefore essential to understand their formation, behaviour, and temporal
variability, especially with respect to predicting future sea-level rise. The Northeast
Greenland Ice Stream (NEGIS) is by far the longest and largest ice stream in
Greenland. Its present ice dynamics are well constrained via remote sensing data.
However, it is unclear what processes triggered and control ice flow this far inland.
In this study, we present the first 3D analysis of stratigraphic layers from an
extensive airborne radar survey at the onset of the NEGIS and show how the
deformation history of the ice is recorded in the internal stratigraphy.

Conclusion The deformation history archived in the ice suggests that the folded layers within
the NEGIS system are initiated by convergence and subsequently sheared. By
using a novel method for dating folding sequences, we are able to show that
the shear margins at the onset of the NEGIS were established ~ 2500 years
ago, which markes the timing for the onset of fast flow. Our results lead to the
conclusion that, contrary to previous assumptions, the NEGIS has not been stable
in its present configuration throughout the Holocene. Our study further shows
that ice streams can appear and decay within relatively short periods of time,
which has a large impact on ice-sheet stability.

Own Share My share in this study includes the processing of radar data from the EGRIP-NOR-

25% 2018 campaign (see Paper V) and provided high-resolution radargrams to Paul
Bons for the application of the fold-dating scheme. | also created a standardized
workflow to efficiently import radar data into the 3D structural geology software
MOVE. Furthermore, | traced the stratigraphic layers in the radar data and created
the 3D model of the stratigraphic horizons with contributions by Daniela Jansen.

Research This paper addresses RQ 2. We use two key aspects of the radar stratigraphy
Questions to understand the temporal evolution of the NEGIS: (i) The 3D construction of
a stratigraphic horizon. Using this information, we can observe the advection
behaviour of existing folds in the NEGIS. (ii) By applying the fold dating method
in individual radar profiles, we can estimate when the folds were initially formed
and when their growth stopped. From the fact that the folds inside the present
shear zone and outside both started to grow at the same time and the folds inside
the shear zone stopped growing around 2500 years ago but continued to grow
outside the ice stream, we can reconstruct when the NEGIS started to flow in its
present configuration.
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PAPER VII

RESEARCH ARTICLE

Franke, S.”, Bons P. @, Westhoff J. ¥, Binder, T.©, Streng K., Helm V., Steinhage

D. @, Eisen, O.

, Paden, J. @, Weikusat I.© and Jansen, D. @ (2021). Indication of

ice-stream regime shift in Northereast Greenland.

Draft.

Motivation

Conclusion

Own Share
70 %

Research
Questions

Ice streams are known to exhibit complex spatiotemporal dynamics, which is
largely not well understood. A major challenge is the lack of observations on
the variability of the temporal dynamics of ice streams of the last thousands of
years on contemporary glaciated regions. Here we make use of the geometry
of the internal stratigraphy of the Greenland ice sheet, which yields valuable
constraints upon its temporal evolution. The stratigraphic record of isochronous
layers is shaped by the cumulative deformation sequence of initially surface parallel
radar reflectors. Decoding the formation history of these structures offers an
excellent possibility to reconstruct past ice movements and draw conclusions
about processes on the Earth’s surface. Here we use the radiostratigraphic layers
from newly acquired and existing radar data in northeastern Greenland to decipher
their deformation history.

Our results reveal a deformation sequence pointing to two paleo ice streams
reaching far inland into the Greenland ice sheet that nowadays show no ice
stream signature in the surface velocity. We propose that (1) a switch from
a convergent ice-flow regime to the present surface flow regime with parallel
streamlines, including a change in flow direction and (2) a former NEGIS-type
ice stream with sharp shear margins, are the most likely scenarios to create the
observed structures.

| wrote the main part of the paper and prepared the manuscript with contributions
from all co-authors. Furthermore, | processed the ultra-wideband radar data
and performed all analyses. All figures in the main document and supplement
were generated by myself except for Figure 3, which was generated by Julien
Westhoff. | adapted the concept of estimating the timing of the onset of upright
fold shearing from Paul Bons and Daniela Jansen and applied it to this data set.

This manuscript addresses RQ 2. We are able to relate the deformations in the
radar stratigraphy of two passive settings to deformation sequences found in two
different active ice-dynamic settings: the onset region of the NEGIS, with its sharp
shear margins and the convergent ice-flow regime at the onset of the Peterman
Glacier. The fold sequences allow further constraints on the approximate time
period where changes in the ice-dynamic setting occurred.
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PAPER VIII DATA DESCRIPTION ARTICLE

Franke, S.”, Bons P. D. @, Mundel F,, Sachau, T., Streng K., Weikusat I. ©©, Miller, H. ¥,
Binder, T. ¥, Helm V., Paden, J.®, Steinhage D. @, Dorr, N. @, Eisen, O. ¥, Jansen,
D.©® (2021). A 3D view on folded radar stratigraphy in northern Greenland.

Draft.

Motivation Englacial stratigraphic layers are interpreted as isochrones (i.e. layers deposited as
snow at the same time) and provide insight into the ice-sheet deformation history.
During the last decades, continuous progress in the quality and coverage of high-
resolution r