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Abstract

Crevasses play a key role in understanding a wide range of glaciological processes,
but the current understanding is mainly based on a few key studies. Recent years,
studies on crevasse formation have been motivated by the understanding of pro-
cesses of calving and the break up of ice shelves. Dynamics of glaciers can help us
to reconstruct long-term environmental changes and describe a glaciers response
to climate changes. In addition to the glaciological perspective, crevasses can be
major hazard to travelers. Glaciers are important travel routes on Svalbard, but
currently there are no systematic data on their distribution or their relationship to
glaciological variables.

From ground truth measurements of crevasse positions and crevasse widths on
Borebreen and Tunabreen, and manual mapping of crevasses in ArcMap, TerraSAR-X
images are confirmed to be a suitable tool for defining crevasse areas on glaciers.
However, there are some restrictions to the method based on the variations of
backscatter for different glacier surface conditions. This can lead to an underesti-
mation of the crevasse area extent. Delineation of the crevasse area limit line on 32
images in a 22-day cycle in the period from February 9% 2013 to April 1%t 2015, shows
that the terminal crevasse field of Tunabreen is migrating up-glacier during spring
and summer, and stabilizes during winter. This pattern coincides with the pattern of
retreat and still stand or advance of the glacier front during the same time period.

By using velocity maps and strain rate maps based on feature tracking from two
TerraSAR-X images in a 11-day cycle, it was aimed to find threshold velocity and
strain rate for crevasse opening. The velocity maps used only contain velocity
information in the lower part of the terminal crevasse field on Tunabreen, and no
velocity was detected within the upper part of the crevasse field. Values of the 1%
principal strain rate in the upper crevasse area and along the crevasse area limit
line could indicate a threshold strain rate for crevasse opening between 0.1 and 0.2
day~! x 1073. The resolution and quality of the data used is considered to be too low
to define and confirm this as a strain rate threshold for crevasse opening.

The velocity mapping produced by feature tracking of TerraSAR-X images only
detects velocity in about half the size of the mapped terminal crevasse field on
Tunabreen. When applying the method to the fast-flowing glacier Austre Torell-
breen, it is seen that the area of detected velocity is almost equal in extent to the
mapped crevasse area. In a safety perspective, crevasse maps based on TerraSAR-X
data give a more accurate indication of potential hazardous areas compared to
velocity maps.
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CHAPTER

INTRODUCTION

The deformation of glacier ice can form distinctive structures such as crevasses,
which may convey information about past and present patterns of strain that are
difficult or impossible to obtain by other means. Herzfeld et al. (2004) describes
crevasse patterns as “the writings in a glacier’s history book”. Fracturing is also a
key role player in a wide range of glaciological processes, including the formation of
deep moulins, calving and shearing of ice stream margins (Benn and Evans, [2010).
Furthermore, crevasses pose difficulties and dangers for mountaineers and glacier
travelers, and “[...] have long inspired tragic tales of travelers who unsuspect-
edly disappeared into their great depths [...]” (van der Veen, (1999b). Even though
crevasses play a key role in understanding a wide range of glaciological processes,
their behaviour and development have attracted relatively little attention from
glaciologists. The current understanding of crevasses is mainly based on a few key
studies, summarized in a review by van der Veen (1999b). Recent years, studies on
crevasse formation have been motivated by the understanding of the processes of
calving (Benn et al., 2007a) and the break up of ice shelves (Joughin and MacAyeal,
2005).

Crevasses are major hazards for travelers on Svalbard glaciers, but currently there
are no systematic data on their distribution or their relationship to glaciological vari-
ables. During the winter season, glaciers are important travel routes for both skiing
and snow mobiling, but the crevasse fields on the glaciers are not always mapped or
well known. Mapping of glaciers and their crevasse fields can be challenging because
of their remote location and inaccessibility during the summer season, and the fact
that they are often covered by snow in the winter.

This study will try to develop a method to identify terminal crevasse fields from
TerraSAR-X satellite data (X-band radar), with ground truthing from field observa-
tions. The seasonal variability of the terminal crevasse field will be compared to the
terminus fluctuations by mapping a complete annual cycle of radar images. The re-
lationship between the crevasse fields, glacier velocities and glacier surface strain



Chapter 1. Introduction

rates will also be investigated using velocity maps and strain rate maps derived from
speckle-tracking using 11-day repeat TerraSAR-X data. Synthetic Aperture Radar
(SAR) results in high-quality radar images independent on cloud cover and daylight.
Thanks to the high spatial and temporal resolution, radar images from the TerraSAR-
X satellite are a suitable tool for the observation and monitoring of the glacier surface
(Schubert et al., 2010; Schubert et al.,[2012).

1.1 Aims and objectives

From the challenges of crevasses, both in a safety perspective and from a glaciologi-
cal view, the motivation arose to apply recent remote sensing techniques to map and
analyze crevasse fields on selected glaciers. In addition, the relationship between
crevasse fields, velocity and surface strain rates is of interest, to better understand
how the crevasse fields develop. The chosen glaciers are Borebreen, Tunabreen and
Austre Torellbreen.

The primary aim of this study is to assess the suitability of TerraSAR-X images
in delineating crevasse fields and investigate how the terminal crevasse field is
propagating in a complete winter-to-winter annual cycle. Ground truth measure-
ments of crevasse positions and crevasse widths were carried out on Borebreen and
Tunabreen to try verifying if the crevasses measured on the glacier surface were
possible to map on the TerraSAR-X images, and vice versa. Additionally, mapped
TerraSAR-X images can be compared with field measurements to define how wide
a crevasse has to be to be picked up in the SAR images. By processing the ground
observation data and comparing this to the mapped crevasse fields from the satellite
images, it will hopefully be possible to verify the use of TerraSAR-X satellite images
as a reliable source when mapping crevasse fields. The findings can be used to better
understand glaciological variables in the development of crevasses and migration
of crevasse fields. In addition, it will be possible to say if the use of velocity maps
and/or crevasse maps based on TerraSAR-X images can be used as a public source
for safe glacier travel.

To achieve this aim, five research objectives have been formulated and will be inves-
tigated deeper in the following chapters:

1. Use of TerraSAR-X images to map crevasse fields on selected glaciers and com-
pare satellite data with ground data to verify the quality of the data

2. Define glacier front and terminal crevasse field fluctuations through at least
one complete annual cycle (winter-to-winter) on Tunabreen.

3. Investigate the relationship between surface strain rates, glacier velocity and
the fluctuations of mapped crevasse fields.

4. Determine if the opening of new crevasses can be related to a specific strain
rate threshold.

5. Determine if velocity maps or crevasse maps based on TerraSAR-X data can be
used to indicate areas of high risk that should be avoided by glacier travelers.
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1.2 Thesis structure

This thesis can be divided into four parts:

Part 1

Chapter 1 gives a short introduction into the state of
research, the motivation, the aim and research
objectives.

Chapter 2 is a summary of relevant background theory
needed to understand the following chapters.

Chapter 3 presents the study area of Svalbard as well as a
more detailed description of the selected glaciers
Borebreen, Tunabreen and Austre Torellbreen.

Chapter 4 presents the methods and data used in this
study.

Chapter 5 presents the results from the study.

Chapter 6 is an interpretation of the presented results and
connects the results to the aims and objectives
formulated in Chapter 1. The results are also
compared with other similar studies.

Chapter 7 concludes the study and gives an outlook on
what could have been improved and/or added in
future studies.







CHAPTER

THEORETICAL BACKGROUND

This chapter introduces glaciological concepts relevant to this thesis. The main focus
is on stress, strain, crevassing and fractures. In addition, some concepts of remote
sensing and radar images will also be presented.

2.1 Glacier dynamics

Glaciers are dynamic stores of water in constant change, and exchanges mass and
energy with the atmosphere, hydrosphere and other parts of the earth system. The
total glacier mass evolves through time depending on the balance between accumu-
lation and ablation, which in turn depend on climate and local topographic factors.
Dynamics of glaciers are the resulting ice processes caused by the interplay of the
physical mechanisms causing a glacier to move and forces resisting this movement.
Understanding the dynamics of glaciers also help us to reconstruct long-term envi-
ronmental changes from evidence of past and present glacier fluctuations, and de-
scribe a glaciers response to climate changes. (Benn and Evans, 2010).

2.1.1 Stress and strain

Glacier motion occurs in response to stresses arising from the weight of the ice.
Stress is a measure of how hard a material is being compressed, stretched or twisted
as a result of applied forces, and strain measures the amount of deformation that
occurs as the result of stress. Van der Veen (1999a) and Hooke (2005) provide guides
to analyze stress and strain in ice.

Stresses on a surface are divided into two different components: normal stress, act-
ing at right angles to the surface, and shear stress, acting parallel to the surface. The
stress on a surface consists of two equal and opposite tractions. In the case of normal
stresses, the two opposite tractions either press together across the surface (com-
pressive stress), or pull away from it (tensile stress). For shear stresses, the tractions
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are parallel but act in opposite directions. At the base of a glacier, the normal stress
acting on the bed is principally due to the weight of the overlying ice. If the bed is
horizontal, the normal stress exerted by any ice column with basal area ay, is:

Oxx = pig (H x ap)/ap, or;

2.1)
Oxx=pigH

where o, is the normal stress acting in the vertical (z) direction, p; is the density of
the ice, g is gravitational acceleration and H is the ice thickness.

Strain is the change in shape and dimensions of a material due to stress, and at some
critical level of stress, which varies between different material, the result will be per-
manent deformation or failure. Permanent deformation can take the form of brittle
failure or ductile deformation. The two fundamental types of strain are pure shear
and simple shear. Pure shear involves flattening and stretching of a material under
compressive and tensile deviatoric stresses. Simple shear involves deformation of
all the lines drawn through a material except those parallel to the shear plane. The
two types of strain and strain rates are explained in Figure[2.1} and more detailed de-
scribed in Section[2.1.2] The amount of strain experienced by a material is measured
by comparing its shape and size before and after deformation. The two ways of mea-
suring strain is strain rate and cumulative strain. Strain rate is the amount of strain
that occurs per unit time, whereas cumulative strain refers to the net amount of strain
that takes place in a given time interval, and depends on both the rate and duration
of strain. Strain rates are defined in terms of velocity gradients, or the relative motion
of different parts of a material. In pure shear the velocity gradient is measured along
the direction of motion, giving the strain rate in the x direction:

1)
by = o2 2.2)
ox

For simple shear, the velocity gradients are measured at right angles to the direction
of motion:

. _1(év bu
Exy = 5(54_@) 2.3)
The velocities # and v (motion in the x and y directions, respectively) are measured in
metres per year, giving the strain rate £ in units of metres per year per metre, written
as yr~!. Glacier motion occurs by strain within the ice or the bed, or by sliding at the
interface between the two. The relationship between stress and strain in glaciers and
their beds are therefore vital to understand the glacier dynamics and glacial geologic

processes.

2.1.2 Crevassing and fractures

The most obvious and hazardous feature of any glacier, and perhaps also the most
definitive, are the fractures in its surface. Crevasses are signs of the internal strain
rates that occur in the ice mass, and can be used as markers to measure ice velocity,
as indicators of basal topography and are important as pathways for englacial

8
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Figure 2.1: Strain rate definitions from Benn and Evans (2010). a) Pure shear
where the square is stretched and flattened, but not skewed. b) Strain rates
defined in terms of velocity gradients (velocity component u varies in the x di-
rection, and w in the y direction). c) Simple shear where the square is skewed,
but not stretched or flattened. d) Strain rate is defined in terms of the gradient
of the velocity componentu in the y direction, and win the x direction. Strain is
commonly a mixture of pure and simple shear, but can still be resolved in these
components.

drainage. Crevasse formation also plays a role in two processes of great importance
to glacier dynamics: the calving of icebergs and the penetration of surface water
to bed. Models of glaciers as a visco-elastic continuum material work well without
considering brittle failure and crevasse research has largely been neglected until the
recent interest in calving. Nye (1955) and Nye (1957) presented the first compre-
hensive model, and much of his work was largely based on work by Hopkins (1844).
Van der Veen (1999b) gives a good overview of much of the early crevassing literature.

Crevasses are formed when tensile or compressive stresses exceed the fracture
strength of the ice and its ability to deform plastically in response. They may mark
acceleration in the ice mass and is often seen in areas of bedrock steepening or
obstruction. Crevasses are normally oriented at right angles to the principal tensile
stress direction at formation. Later they may be rotated from the original position
by changes in glacier flow. This can also close some crevasses and open up others
perpendicular to the now prevailing flow direction (Paterson, 1994; van der Veen,
1999a). Crevasses will open up wherever the forces pulling ice apart exceed the
strength of the ice, triggering brittle failure. There are three basic ways for crevasses
to develop, these are also named as fracture modes (Figure[2.2):

1. Mode I fracture (opening mode) occurs as a result of tensile stresses pulling
the walls of the crack apart.
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2. Mode II fracture (sliding mode) occurs in response to shear stresses applied
parallel to the crack plane and the crack grows in the same direction as the
direction of shear.

3. Mode III fracture (tearing mode) also occurs in response to shear stresses, but
with crack growth at right angles to the direction of shear.

Mode 1: Mode II: Maode IlI:
tensile crack sliding tearing

Y

Figure 2.2: Schematic view of the three basic modes of fracturing from Benn
et al. (2007a). The first mode is the tensile crack, also named as the opening
mode. The second mode is the sliding mode, and the third is the tearing mode.

Crevasses may develop in two or more of the fracture modes simultaneously (mixed-
mode fracture), although most analysis are based on the assumption that fracturing
is entirely in mode I. The failure criteria for ice have been established from both
laboratory experiments and field data, with various and inconsistent results. Results
from laboratory experiments are expressed in terms of the applied stress at point
of failure (yield stress) or the fracture toughness (Pa m©%®). The tensile stresses on
glaciers are hard to measure directly, so failure criteria derived from field data are
common to express in terms of the threshold strain rate (m m™! yr™!) required for
the crevasse initiation (Benn et al., 2007a). Observed threshold strain rates for the
initiation of crevassing on glaciers span a wide range. Meier (1958) derived values of
around 0.01 yr~! in Greenland, and Hambrey and Muller (1978) recorded crevasses
in areas with strain rates as low as 0.004 yr‘1 on White Glacier, Canada. In the same
glacier, they did not record crevasses in areas with strain rates of 0.163 yr~!. Vaughan
(1993) reanalyzed published threshold strain rates, which indicated yield stresses
varying between 90 kPa and 320 kPa, a variety depending on factors such as ice
rheology, temperature, water content, density, crevasse spacing and the influence of
complex stress histories (Vaughan, 1993; van der Veen, |1999b; van der Veen, 1998a).

Below the surface of a glacier, any longitudinal tensile stresses that pull the ice apart
are at least partly offset by compressive stresses arising from the weight of the over-
lying ice, illustrated by Equation Such compressive stresses increase steeply
by depth, so the deeper a crevasse goes, the greater the chance that it will be high
enough to offset any tensile stress. Crevasse depth can be defined as the point where
the tensile stress tending to open the crevasse is exactly balanced by the compressive

10



2.1. Glacier dynamics

stress arising from the weight of the ice. This was used by Nye (1957) to derive the
following formula for crevasse depth d for any given surface strain rate:

1
2 &4\
d= (Eﬂ) 2.4)
pig\ A

where p; is ice density, g is gravitational acceleration, éy is the longitudinal strain
rate and A and n are the flow law parameters. Because ice overburden pressure
increase rapidly downwards, crevasses may exceed 25-30 meters in polar regions,
where ice is colder and stiffer (Paterson, 1994). Mottram and Benn (2009) found that
measured crevasse depths on Breidamerkurjokull, Iceland, were generally close to
those using equation Where crevasses contain water, ice overburden pressures
are opposed by water pressure (van der Veen, |1998a). Benn et al. (2007a) proposed
a modified form of the Nye crevasse depth model, incorporating the effect of water
pressure:

1
1 éxx n
d= o 2( A) +(pwgdw)] (2.5)
where d,, is the depth of water in the crevasse and p,, is the water pressure. The
crevasse will penetrate deeper when adding water, due to the water pressure acting
in the same direction as the longitudinal tensile stress that pulls the crevasse apart.
If sufficient water is available, the crevasse may be able to propagate through the
full thickness of a glacier, and this has implications for penetration of meltwater and
iceberg calving processes (Benn et al., 2007b).

Crevasse classification
Crevasses form at right angles to the principal tensile stress direction, as described

by Nye (1952) and Paterson (1994). Tensile stresses can arise from applied normal
stresses, shear stresses or a combination of the two classified crevasses in plan view
as chevron, transverse and splaying (as shown in Figure[2.3).

1. Chevron crevasses (Figure [2.3p) are described as linear fractures aligned
obliquely upvalley from the margins of a valley glacier towards the centreline.
They form in response to simple shear associated with drag at the valley walls.

2. Transverse crevasses (Figure 2.3p) are formed by extending flow on the cen-
tre line where shear stresses are zero or close to zero and the tensile principle
stress is 0y, thus the crevasses trend at right angles to the principal stress (in
the y-direction). At the edge of the glacier, shear stresses are exerted by the val-
ley walls, and in combination with o, cause the crevasses to make an angle of
more than 45° with the side of the glacier. These transverse crevasses are com-
mon behind the calving front of tidewater glaciers. When transverse crevasses
link up all the way across the front, they form arcuate crevasse patterns often
seen behind calving margins.

3. Splaying crevasses (Figure2.3c) form where valley glaciers are subject to com-
pressive flow, and the crevasses are roughly parallel to the flow direction to-
wards the centre and bend outwards to meet the margins at angles of less than
45°,

11
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Figure 2.3: Classification of crevasses in plan view, modified by Paterson (1994)
from Nye (1952). a) Chevron crevasses formed in response to simple shear as-
sociated with drag at the valley walls. b) Transverse crevasses formed by ex-
tending flow on the centre line, common behind calving fronts of tide water
glaciers. c) Splaying crevasses formed parallel to the flow direction.

Once formed, crevasses will be carried by glacier flow into areas where stress condi-
tions will differ from those which formed them. Crevasses at the margins of valley
glaciers and ice streams will tend to rotate because the part nearest the centre line
will have the highest velocity. Crevasse patterns can change dramatically at times of
changing stress regime, such as when flow is accelerating or decelerating through
time (Hambrey and Lawson, 2000). Old deformed crevasses may close, but remain
as visible bands of distinct ice or snow, and the orientations of deformed crevasses
can be used to infer patterns of ice velocity (Vornberger and Whillans, 1990).

12
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In classical theory (Nye, [1952; van der Veen, 1999b), crevasses are regarded as the
Mode I fractures (Figure that form normal to the direction of maximum exten-
sion. This is determined from the relative values of the three strain rate components.
Strain rates in the map plan can be defined in the terms of the surface velocity com-
ponents U; and Vg, parallel to the the x (longitudinal) and y (transverse) directions,
as seen in the following equations:

. 6Us
Exx = E (2.6)
. o Vs
gyy = 6_y (27)
é —1(%+6US) (2.8)
Wo2l6x 0 by '

When deformation consists of pure shear (Equations and [2.7), transverse
crevasses will form under longitudinal extension and vice versa. When all deforma-
tion is by simple shear (Equation [2.8), crevasses will be oriented at 45° to the direc-
tion of shear. Intermediate orientations will occur for different combinations of pure
and simple shear (Nye, 1952). Several studies, i.e. Vornberger and Whillans (1990),
have made use of this model to infer surface strain patterns and surface stresses from
crevasse orientations. However, most field measurements have found that crevasses
are not perfectly aligned with the principal stress axes (Whillans et al., |1993). This
can be argued too be a reflection of mixed mode failure, such as Mode II fracture su-
perimposed on Mode I fracture (van der Veen,|1999b; van der Veen, 1999a). Another
challenge when determining exact relationships between stress fields and crevasse
patterns is the advection and rotation of crevasses following their formation (Benn
et al.,2007a).

2.1.3 Calving glaciers

Calving events are a consequence of the propagation of fractures in response to
stress. When pre-existing or new fractures propagate sufficiently to isolate blocks
from the main glacier mass and then fall or float away from the terminus, calving
occurs. The location, magnitude and timing of calving events are preconditioned
by fracture propagation. The position and form of calving margins reflects the
distribution and orientation of former fractures (Benn et al., [2007a). To better
understand the calving processes, there are several important issues that have to
be addressed. This includes the criteria for fractures to propagate through ice, the
control of the rate of fracture propagation, and the control of the depth and the
orientation of fractures. These issues are discussed by Benn et al. (2007a), and are
also more detailed described in section[2.1.2] The first order controlling calving is the
strain rate arising from spatial variations in velocity, which determines the location
and depth of surface crevasses (Benn et al., 2007a).

Calving is an important component of the mass budget of many glacier systems, and
most of the calving glaciers are fastflowing and undergo sudden changes in speed

13
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and terminus position. The understanding of calving glaciers has been developed
slowly, due to the diversity of these glaciers. They commonly respond to environ-
mental changes in very different ways, in terms of timing, magnitude and even
the sign of terminus position changes. Advance-retreat cycles of calving glaciers
also tend to be asymmetrical, with protracted periods of slow advance alternating
with short-lived periods of rapid retreat (Meier and Post, 1987). The extent of
calving glaciers is of importance because their dynamic behaviour may be partially
de-coupled from climate, with factors other than variations in the equilibrium line
altitude (ELA) being major controls on the position, and rate of advance or retreat
of the calving termini (Benn et al., 2007a; Meier and Post, 1987). Calving glaciers
have a potential to contribute to global sea level rise because of their sensitivity
to climate changes (Meier and Post, 1987; Rignot et al., 2003). The advance and
retreat of calving glaciers involve several dynamic processes. Calving is influenced
by the velocity structure of the glacier, and the ice velocity is sensitive to changes in
terminus position and force balance (Benn et al., [2007b; Benn et al., 2007a; Meier
and Post, |1987).

Tensile stresses associated with along-flow and across-flow gradients in ice velocity
are commonly large enough to initiate crevasse formation on glaciers. On many calv-
ing glaciers, a combination of dominantly simple shear near the glacier margins and
longitudinal extension nearer the centre line creates distinctive arcuate crevasse pat-
terns, which can be mirrored by the form of embayments in the calving front (Benn
et al.,[2007a). This correspondence suggests that crevasses which have been opened
in response to velocity gradients at the glacier scale provide an important first-order
control on the position and geometry of calving margins (Powell, 1983). The role of
surface strain rates in preconditioning calving is illustrated by the effects of changing
strain patterns on surging glaciers (Dowdeswell, 1989).

2.1.4 Surging glaciers

Surging glaciers are glaciers switching between phases of rapid and slow flow on
time-scales of a few years to several decades. Surging glaciers are widespread on
Svalbard (Dowdeswell et al., |1991; Hagen et al., |1993; Liestel, 1969). They switch
between the period of slow flow known as the quiescent phase when ice builds up in
the reservoir area, and the surge or active phase when ice is rapidly transferred from
the reservoir area to the receiving area. In a non-surging glacier, there is a balance
between accumulation above the equilibrium line altitude (ELA) and the ice flux
into the ablation area. Hence, the glacier maintains a near steady-state longitudinal
profile. In a surge-type glacier, the ice flux is smaller than the accumulation (balance
flux). Thus, the surface gradient gradually increases, in turn causing the basal shear
stress to increase. When the shear stress reaches a critical (but unknown) value,
a surge can be triggered and sliding increases rapidly. The surge results in a large
ice flux from the higher to the lower part of the glacier, usually accompanied by a
rapid advance of the glacier front. Often, the glacier is also accompanied by a major
subglacial water and sediment flux, and by an increased iceberg production in the
case of tidewater glaciers (Hagen et al., [2003a). The surge events occur indepen-
dently of climatic variations, but the length of the quiescent period is affected by the
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climate. The morphological evidence of past glacier maximum extent is therefore
not necessarily directly linked to climatic conditions but rather to a surge advance
(Lefauconnier and Hagen, 1991).

Usually, an initial surge is described by up- and down-glacier propagation of
crevasses. This was observed on Bering Glacier by Herzfeld and Mayer (1997), and
the up-glacier propagation of fresh surge crevassing continued for at least 12 months
after a major water outburst followed by a decreased discharge throughout the fol-
lowing year. Flink et al. (2015) mapped crevasses on Tunabreen and concluded that
there was an up-glacier propagation of surface crevasses during its most recent surge
between 2002 and 2005.

2.2 Remote sensing in glaciology

Remote sensing techniques use surface crevasses as means of measuring the surface
velocity of the glacier by repeat sensing over a specific period of time and matching
the same surface features (Howat et al., 2005; Prescott et al.,|2003; Rignot and Kana-
garatnam, 2006). The techniques include aerial photogrammerty, feature tracking
and interferometry. Whillans et al. (1993) discovered the currently inactive ice stream
B in Antarctica where the crevasse traces in the shear zone were a clear indication
of fast flow in this region in the past. This study showed the use of remote sens-
ing as an important technique to study crevasses and other glaciological features.
Measuring glacier velocity and its change through time is an important application
to remote sensing in glaciology. One of the common methods is using repeat radar
images (SAR) to calculate the glacier velocity. Two pairs of images are used to cal-
culate ascending-pass and descending-pass interferograms. Velocity fields can then
be calculated. A combination of radar and optical feature tracking was used by Holt
et al. (2013) to investigate the speed-up and fracturing of George VI Ice Shelf in the
Antarctic Peninsula. Quincey et al. (2009) used cross-correlation feature tracking to
do velocity measurements on Baltoro Glacier, Pakistan.

2.2.1 Synthetic Aperture Radar

A synthetic aperture radar (SAR) is an airborne or spaceborne side-looking radar
system that generates high-resolution remote sensing imagery. In SAR imaging,
microwave pulses are transmitted by an antenna towards the Earths surface (Figure
[2.4a). The microwave energy scattered back to the spacecraft is measured (Figure
[2.4D). By using the radar principle, the SAR forms an image by utilizing the time delay
of the backscattered signals. The proportion of energy scattered back to the sensor
depends on factors like type of land cover, surface roughness, surface water content,
slopes and orientation of objects. The cloud penetration property of microwaves
makes it possible for a SAR to acquire all-weather images. Being an active remote
sensing device, it is also capable of night-time operation.

When interpreting SAR images, the backscatter intensity is important. High
backscatter intensity can be caused by a rough or wet surface, while low backscatter

intensity can be caused by a smooth or dry surface. High backscatter gives bright
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images, and low backscatter gives dark images. Very bright areas in the images
may appear due to corner reflection or double-bounce effect, when the radar pulse
bounces off a horizontal surface and then reflects from a vertical surface on the
target back to the sensor. An example of this could be the front of a tidewater glacier.

SAR Antenna
SAR Antenna

Incident
Radar
Pulse

Backscattered
Radar Pulse

Ground Targets ~~""" Ground Targets
(a) Microwave pulses transmit- (b) Backscattered radar pulses measured by the
ted by an antenna towards the antenna.

ground.

Figure 2.4: Figures illustrating (a) the transmitted pulses and (b) backscsatter
in SAR imaging. Illustrations from Liew (2015).

TerraSAR-X (TSX) is a German Earth observation satellite, built in the context of a
public-private partnership between the German Federal Ministry of Education and
Research, the German Aerospace Center and Astrium GmbH (Breit et al.,[2010). It was
launched on 15 June 2007, and the sensor has a nominal lifetime of 5 years, although
it is believed to last for at least 7 years. In 2015, it is still running and provides im-
ages. The payload of the satellite is an X-band SAR system with a 9.65 GHz centre fre-
quency, included an electronically steerable phased-array antenna and side-looking
imaging capability within an off-nadir pivoting range of approximately 20-55°. The
satellite has a near-polar dawn/dusk orbit at an altitude of 514 km. With its active
radar antenna it is able to produce image data with a spatial resolution in the order
of ~1 m, regardless of the weather conditions, cloud cover or absence of daylight.
The high spatial resolution and repeat cycle of 11 days, in combination with its ex-
tremely high geolocation accuracy (Schubert et al., 2010; Schubert et al., 2012) sets it
apart from other civil SAR sensors and opens its use as a feature-tracking data source
for glaciers. The stripmap (SM) image mode is the basic imaging mode, with a swath
width of ~30 km and pixel spacing of ~2-3 m on the ground.
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CHAPTER

STUDY AREA

In the following chapter, the geology, climate and present glacial environment of
Svalbard are introduced. In addition, the most important glaciological parameters
and characteristics of Borebreen, Tunabreen and Austre Torellbreen are presented.

3.1 Svalbard

The Svalbard archipelago is located in the High Arctic between 74° and 81° north-
ern latitude and 10° and 35° eastern longitude (Figure[3.1a). The islands lie between
the Fram Strait in the west and the Barents Sea in the east. To the north is the Arc-
tic Ocean. The archipelago comprises four main islands, and the total area is about
61 020 km?. The largest island is Spitsbergen with an area of 39 044 km?. As seen
on Figure 60% of the archipelago is ice covered (Hagen et al., [1993) and the
largest glacier is the ice cap of Austfonna located on the second largest island Nor-
daustlandet. In general, the landscape is dominated by rugged mountains with steep
flanks, but somewhere also by plateau-type terrain (Harland, 1998). The mountain
peaks are typically around 1000 m, and the highest peak, Newtontoppen (1713 m),
is located in north-eastern Spitsbergen. Deep fjords dominate the landscape on the
northern and western part, and tidewater glaciers can be found all along the coast
of the island. Along the western and northern coast characteristic strandflats can be
found.

3.1.1 Climatic setting

The climate on Svalbard is relatively mild and dry compared to other locations at
the same latitude. The West Spitsbergen Current, a branch of the North Atlantic
Current, carries warm Atlantic Water into the Arctic Ocean past the West Coast of
Spitsbergen. This keeps the waters west and north of Spitsbergen ice free for most of
the year (Beszczynska-Moller et al., 2012; Mosby, |1962). Svalbard is also situated in
the meeting place in the vicinity for the polar front from the north, and the mild, wet
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sea air from the south. This creates extreme weather and temperature fluctuations,
especially in the winter (Hagen et al., 1993).

BARENTS SEA

IO g O I R YO R

(a) (b)

Figure 3.1: (a) Svalbards location in the Arctic Ocean, highlighted in a red circle.
From The International Bathymetric Chart of the Arctic Ocean (IBCAO) Version
3.0 (Jakobsson et al.,[2012). (b) Overview map of Svalbard, showing the surface
material. Glaciers and ice caps are indicated by white areas (Norwegian Polar

Institute, .

Figure 3.2: The estimated equlibirum line altitude (ELA) on Svalbard glaciers
given as 100 meter contour intervals. Modified from Hagen et al. (2003b) by

Ingélfsson (2011).
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TABLE 3.1: Average annual and seasonal temperatures and precipitation totals
during 1961-1990 and 1981-2010 (adapted from Forland et al. (2011))

Svalbard Airport 1961-1990 1981-2010

Annual Winter Spring Summer Autumn | Annual Winter Spring Summer Autumn
Temp. [C] -6.7 -151  -10.8 4.2 -5.2 -4.6 -11.7 -8.3 5.2 -3.5
Prec. [mm] 190 52 40 51 49 191 55 31 47 58

Svalbard has one of the longest high-latitude meteorological records on Earth, and
the first weather station was established in Gronfjorden in 1911 (Nordli, |2010). Later,
the weather station at Svalbard Airport has provided records for both temperature
and precipitation. Table shows average annual and seasonal temperatures and
precipitation totals during 1961-1990 and 1981-2010. In the Standard Normal Period
1961-1990 (WMO 1989) the average annual air temperature at Svalbard Airport
was -6.7 °C, whereas in the most recent Normal Period 1981-2010 (WMO 1989) the
average annual air temperature increased by 2.1 °C to -4.6 °C. The strongest increase
has been in the average winter temperature by 3.4 °C (Forland et al., 2011).

Svalbard is described as a polar desert, which means the precipitation is normally
low. In central Spitsbergen precipitation at sea level is about 200 mm per year, while
the western coast have about 400 mm of precipitation per year. Higher precipitation
is experienced over glaciers due to orographic effects, but they seldom exceed 2-3
meters of snow per year (Hagen et al., 1993). The record from Svalbard Airport in Ta-
ble[3.1]shows a small decrease in the average spring and summer precipitation com-
pared to the Standard normal period 1961-1990 (WMO1989). In contrast, a small in-
crease for the autumn and winter period can be observed as well. The harsh weather
conditions including drifting and blowing snow due to high wind speeds often com-
plicate the precipitation measurements in the Arctic (Forland et al., 2011).

3.1.2 Present glacial and periglacial environment

About 59% (35 528 km?) of Svalbard is covered by glaciers and ice caps (Nuth et al.,
2015). Cirque and valley glaciers are mostly present in the high alpine mountain
regions in the western parts of Spitsbergen, and several large ice caps are located in
the flatter areas of eastern Spitsbergen, Edgeaya, Barentsoya and Nordaustlandet.
There are also some piedmont-type glaciers resting on the strandflats of Prins Karls
Forland. Most dominant by area are the Spitsbergen type of glacier: large, continu-
ous glacier complexes divided into individual ice streams by mountain ridges and
nunataks, usually terminating in the fjords (Hagen et al.,|1993). The majority of the
glaciers are polythermal (Hagen and Seetrang,|1991), with parts frozen to the ground
in the ablation area and ice at the pressure melting point in the thicker accumulation
area. A large number of the smaller cirque glaciers are entirely cold and frozen to the
ground, while the warm-based glaciers are probably completely absent due to the
presence of continuous permafrost (Hansen, |2003). Due to the cold climate with low
temperatures and the small amount of precipitation, the glaciers on Svalbard display
low flow rates (Hagen et al.,|2003a). Generally, the glaciers ending on land flow much
slower compared to calving tidewater glaciers. The fastest glacier on Svalbard is
Kronebreen, with a mean annual velocity in the central part of the front of 2 m d!
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(K&aab et al., |2005; Lefauconnier et al.,|[1994; Melvold, 1992).

The equilibrium line altitude (ELA) distribution over the Svalbard archipelago is
a good indicator of the climatic conditions, as temperature and thereby ablation,
varies less than precipitation from one region to another. Figure modified by
Ing6lfsson (2011) from Hagen et al. (2003b) shows the pattern of the ELA on Svalbard
glaciers, and reflects the precipitation pattern. Most of the precipitation is brought
by south-easterly winds and thus lowers the ELA to about 200 m a.s.l in south-
eastern Svalbard. In contrast, the ELA is around 800 m a.s.] in the central to northern
region. However, it is important to note that the glaciers are not in balance with
the existing climate, and that the actual ELA is at present significantly higher than
shown in Figure[3.2] The available mass balance measurements are relatively sparse,
but all the data measured shows a generally negative trend and no changing trend
or increased melting has been observed over the recent decades (Hagen et al.,[2003b).

3.2 Borebreen

Borebreen is a tidewater glacier draining into Borebukta, an inlet on the north side of
Isfjorden on Spitsbergen (Figure[3.3). The glacier is approximately 22 km long and has
a drainage area of 120 km? (Hagen et al., 1993). The position of the terminus of the
glacier has been mapped for several intervals since its initial observation by De Geer
(1910) from oblique and vertical aerial photographs acquired by the Norwegian Polar
Institute since the 1930s. The fjord is approximately 1 km wide and 50 m deep at the
present glacier front (Ottesen and Dowdeswell, |2006). Based on seafloor mapping
in front of Borebreen, Ottesen and Dowdeswell (2006) suggested Borebreen to be a
surge-type glacier.

3.3 Tunabreen

Tunabreen is situated almost in the centre of Spitsbergen, east of the largest settle-
ment Longyearbyen. Tunabreen drains from Filchnerfonna and Lomonosovfonna
ice caps, and is a 33 km long tidewater glacier calving into the head of Tempelfjorden,
the easternmost branch of Isfjorden. It is defined as a surge-type glacier, with surges
documented in 1930, 1970 (Hagen et al., 1993) and recently between 2002 and
2005 (Forwick et al., 2010). During its most recent surge in 2002-2005, Tunabreen
advanced about 2 km (Flink et al., 2015). It is the only glacier in Svalbard known to
have surged three times, producing a consistent return period of approximately 40
years. This rather regular 40-year surge cycle is the shortest known in Svalbard; many
of Svalbard’s glaciers have surge cycles of over one hundred years (Dowdeswell et al.,
1991). Since the last surge termination, Tunabreen has calved back to its present-day
position, and is now in its quiescent phase.

Radio echo-sounding records indicate that the glacier is polythermal (Bamber,
1987). The flow regimes of Tunabreen are indicated through structures exposed at

the surface of the glacier. Ice stratification and longitudinal foliation are clearly seen
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Figure 3.3: Overview map of the location of Borebreen (lower left) and

Tunabreen (right) in the Isfjorden area. The location of Austre Torellbreen is
shown in Figure[3.5| Basemap from Norwegian Polar Institute (2015b).
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in aerial photographs. This stratification, which originates in an orientation defined
by the margins of the flow boundaries in the accumulation zone, becomes folded
as the ice flows. Fold tightness increases down-glacier, evolving to isoclinal towards
the terminus (Fleming et al.,[2013). At the height of the most recent surge, the entire
length of Tunabreen exhibited intense surface crevassing. The crevasse pattern
was dominated by transverse crevasses, formed perpendicular to the longitudinal
foliation and glacier flow direction. Mapping of crevasses on Landsat satellite images
in Figure|3.4] by Flink et al. shows up-glacier propagation of crevasses during
the surge.

Tunabreen has a mean winter frontal velocity of 0.2 m d~!, and detectional motion
during the summer is confined to the frontal zone where high longitudinal stress gra-
dients induce outward stretching of the ice (Luckman et al,, [in review). Stretching
rates are proportional to ice cliff heights, which exhibits systematic seasonal varia-
tions in response to calving losses (Flink et al., 2015). The recent study by Luckman
et al. (in review), shows a modest advance during the winter and a stronger retreat
during the summer, and a net annual retreat of approx. 150 m.
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Figure 3.4: Crevasses mapped on Landsat satellite images, showing up-glacier
propagation of crevasses during the most recent surge of Tunabreen between

2002 and 2005. From Flink et al. (2015).
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Figure 3.5: The location of Austre Torellbreen along the south western coast of
Spitsbergen. Basemap from Norwegian Polar Institute (2015b).
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3.4 Austre Torellbreen

Austre Torellbreen is situated along the western coast of Spitsbergen (Figure
north west of the Polish research station in Hornsund. It is a 136.2 km? large
tidewater glacier calving into the bay Skoddebukta (Blaszczyk et al., 2009). Austre
Torellbreen is draining the accumulation plateau of Amundsenisen to the north
east (Hagen et al., [2005). Using GPR data, Navarro Valero et al. recorded
the maximum thickness of Austre Torellbreen to be 619+13 meters. In a study by
Blaszczyk et al. (2009), it is defined as a fast-flowing glacier with a calculated velocity
of 260 m yr~!. This is measured using feature-tracking techniques on a pair of ASTER
images from 2005 and 2006, as seen in Figure The estimated calving intensity
is calculated to be 0.1056 km? yr~!, and the annual retreat from 2005 to 2006 is
calculated to be ~75 meters (Blaszczyk et al.,[2009).

The crevasse area on Austre Torellbreen extends far up-glacier, in contrast to
the terminal crevasse fields on Borebreen and Tunabreen. This may indicate a
larger body of fast-flowing ice, with higher velocities extending further away from
the front area. Blaszczyk et al. measured a crevasse zone length of 2000 meters.

Figure 3.6: Annual flow velocities on the Austre Torellbreen tongue derived
from displacement of crevasses on a pair of ASTER images (2005 and 2006).
Black lines are the location of crevasses in 2005, white lines are the location of
crevasses in 2006 and blue line is the front position in 2005. From Blaszczyk

et al. .
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CHAPTER

DATA AND METHODS

This chapter describes the methods used to collect and process data presented in
this thesis. In addition it includes a section defining possible sources of errors and
uncertainties that may affect the accuracy and reliability of the data and methods
used.

As described in Chapter (1, this project aims to compare TerraSAR-X images with
ground truth measurements. Two glaciers in Svalbard were selected, Borebreen and
Tunabreen. The crevasses found along the periphery of the terminal crevasse field
were mapped and measured in the field (Section[4.1). These data were compared to
manual crevasse mapping performed on TSX images acquired within a few days be-
fore or after the fieldwork (Section[4.2). The limit of the terminal crevasse field and
the glacier front position were mapped on Tunabreen to work out a complete annual
cycle of terminal crevasse field migration. This could further be used to investigate
the evolution of the crevasse field compared to the velocity and strain rates in this
area of the glacier. In addition, the crevasse area of Austre Torellbreen was mapped
and compared to a velocity map, to confirm or disprove the results from Tunabreen.

4.1 Crevasse mapping in the field

The fieldwork consisted of measuring crevasse positions and widths on two tidewa-
ter glaciers in Svalbard. Borebreen and Tunabreen were chosen as target glaciers for
the ground truth measurements. Both are located in the Isfjorden area, and their
location, morphology and past dynamics are described in more detail in Section
and Section 3.3l The lower 1400 and 1700 metres on Borebreen and Tunabreen
respectively, present an extensive crevasse field due to calving and longitudinal
extension. This represents a very suitable field area for this study. The fieldwork was
carried out at the peak of summer to avoid any snow on the glacier surface. Field
measurements were focused on the outer margin of the crevasse field because of
the accessibility of the glaciers and the safety aspect of the work. In preparation
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TABLE 4.1: GPS survey parameters including the settings used on the Leica

RX1210 unit.
GPS survey parameters
Rover unit Leica RX1210
Antenna Leica ATX1230
Antenna height 1.0m
Coordinate system WGS84
Coordinate type Geodetic
Cut-off angle 13°
GNSS type GPS
Logging type Static and moving
Logging rate 1.0s

(both for rover and base station)

to fieldwork, a TerraSAR-X image of each glacier was mapped in ArcMap. The
mapped crevasses were exported as tracks and transferred to a hand held Garmin
GPS unit. This was done so that the area where there was no crevasses visible on the
TerraSAR-X images could be investigated closer in the field.

The fieldwork was carried out on Borebreen July 18™ 2014 and on Tunabreen August
1%t 2014. Borebreen was accessed on the north east side of the glacier, and the mea-
surements were done by walking across the glacier in a distance of approximately
3700 m about 1300 m up-glacier from the front. The observed crevasses in this
area of the glacier were quite small and with some space in between, which made it
possible to cover a large area of crevasse measurements. Tunabreen was accessed on
the south west side, passing some of the remaining surge moraines. The glacier was
heavily crevassed in the front, and had to be entered about 1600 m up-glacier from
the front. The transverse crevasses in this area were elongated and wide, and some
of them were impossible to cross without more advanced safety equipment. This
made it hard to cover a large area with mapping, hence the mapping on Tunabreen
was mainly done in the upper part of the crevasse field on the south west edge of the
glacier.

Global Positioning System (GPS) was used to measure the position of crevasses on
the surface of the glacier. GPS relies on a constellation of satellites that constantly
broadcast a time signal. This signal is received using an antenna and a rover unit.
The time for a signal to be sent and received is measured to allow the ground
receiver to calculate its own position. For enhanced accuracy, a base station is used
to measure the position of the satellites to work out how much difference there is
between their predicted and actual positions. This information is used to correct
the position data collected by the rover, in this case by post-processing the data.
Base station data was provided by Kartverket from the base station in Longyearbyen
(78°13’43.77230” N, 15°23’50.31623” E, WGS84).

The equipment used for doing the GPS measurements on the selected glaciers was a
Leica RX1210 unit and a Leica ATX1230 antenna (Figure[4.1) mounted on a 1 m pole.
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The GPS survey settings are presented in Table The start, middle and end point
of each crevasse was recorded, in addition to a width measurement at each point.
For every point measured, the GPS antenna was set to log for at least 10 seconds at
the specific point on the glacier surface (Figure[4.2). This was to make sure that each
point was occupied for a minimum time of double both the logging rate (1.0 s) and
the interval rate of the base station data (1.0 s). Every position measurement was
saved on the Leica rover with an individual point ID.

Crevasse width measurements were done using a measuring tape. The crevasse
width was measured at the same point as the recorded position. The width measure-
ments are done to the nearest 5 cm. Some of the crevasses were too wide to cross,
making it impossible to get an accurate width measurement. These crevasses are
referred to as >150 cm wide, and this is commented on in Table[5.1]and Table 5.2 for
Tunabreen and Borebreen respectively. Measurements were conducted in the same
way on both glaciers.

When processing the crevasse width data, each crevasse is assigned with the maxi-
mum crevasse width measured on the specific crevasse. This width is used to classify
the crevasse into one of four different classes: <50 cm (class 1), 50-100 cm (class 2),
101-150 cm (class 3) and >150 cm (class 4). The crevasse position on the crevasse
map includes all the recorded positions and the maximum crevasse width for each
crevasse. This means that the crevasse may not be as large as the given size at the
specific position, but the given size reflects the maximum size of the crevasse.

Figure 4.1: A Leica RX1250 (right) mounted with a Leica ATX1230 antenna (left)
was used for positioning on the glacier. Photo: Leica Geosystems.

The raw survey data and the base station data were imported to the Leica Geo
Office software version 4.0 (Leica Geosystems AG). The processing parameters were
configured according to the survey parameters (Table 4.1), and the processing
intervals were selected. This includes both the rover intervals and the base station
intervals from the time the survey started until the final measurement. The Leica Geo
Office software automatically processes the selected data, and the output gives the
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Figure 4.2: Measuring the end point of a crevasse on Tunabreen. Photo: Doug
Benn, 2014.

corrected GPS positions with a more accurate position compared to raw GPS data.
A study of differential GPS (DGPS) accuracy in Portugal by Monteiro et al.
suggests a degradation of 0.22 m per 100 km. The distance from the base station
in Longyearbyen to Borebreen and Tunabreen is 40 km and 50 km, respectively.
The output from the post processing in Leica Geo Office was in latitude-longitude
coordinates, and was converted to UTM coordinates. The coordinates could then
easily be imported to the UTM zone 33 north coordinate system used by ArcMap.
Results of crevasse mapping in the field is presented in Section|5.1

4.2 Crevasse mapping with SAR images in ArcMap

The mapping of the crevasse fields was carried out using TerraSAR-X (TSX) satellite
radar images. The advantage of using radar images compared to optical images is
the fact that microwaves are independent on weather conditions and the availability
of daylight. The latter is a large advantage for the location of Svalbard, where there is
almost five months of polar night during the year. In addition, the TSX satellite has a
near-polar orbit resulting in a good coverage of the polar areas. The images selected
in this study are provided and processed by professor Adrian Luckman (Swansea
University/UNIS). They are all co-registered to the first image in the sequence to less
than a pixel, and orthorectified using a digital elevation model (DEM). In addition,
an intensity image is created from the single-look-complex data. They are also
decibel scaled and converted to geotiffs (Luckman, personal communication, 2015).

The images used for this study are the TSX stripmap mode images. The stripmap
mode (SM) is the basic imaging mode with a resolution up to 2-3 meters. Parameters

for the TSX satellite and the specific stripmap mode images are listed in Table
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TABLE 4.2: Parameters for the TerraSAR-X satellite and for the stripmap mode
(SM) images used in this study. From German Aerospace Center (DLR).

Orbit and attitude parameters

Orbit height 514 km
Revistit time (orbit prepeat cycle) 11 days
Inclination 97.44°
Radar frequency 9.65 Gigahertz

Stripmap mode parameters

Swath width 31.588 km
Minimum incidence angle 31.756°
Maximum incidence angle 34.564°

Number of elevation beams 27
Ground range resolution 1.70 m to 3.49 m

(at 45° to 20° incidence angle)

It was not known in advance if the crevasse mapping would be possible to do
based on the TSX images, because of the 2-3 meters resolution given by the German
Aero Space Centre (DLR). Some crevasses are smaller than the sample spacing of
the stripmap images. The images come in cycles of 11 days, but the images used
are from every 22 days (every second image in the cycle is used). The reason for
mapping every second image in the 11-days cycle is limited available time to carry
out the manually mapping. By mapping the images in a 22-days cycle, a longer time
period could be covered. The images used in the crevasse area limit and front line
mapping of Tunabreen described in Section are from February 9™ 2013 to April
1%t 2015. The images used for the crevasse maps based on field measurements from
Borebreen and Tunabreen are from August 23™ 2014 and July 11 2014, respectively.
The image used for the mapping of the crevasse field on Austre Torellbreen is from
February 13% 2013.

The mapping of crevasse features on the TSX images was done manually, and no
automatic classification method was used. As illustrated in Figure and Figure
in Chapter [5} it is easy to discriminate between crevassed and non-crevassed
areas on the glacier surface. Zones with crevasses appear as a succession of shadows
and bright lines. The darkness or brightness is decided by the backscatter from
the glacier surface, depending on the snow cover, water content and temperature
conditions. Dry snow and rough ice will give bright backscatter values, while wet
snow and ice will give dark backscatter values. The backscatter will be different from
image to image because of the change in conditions during the 11-day period. This
is why it is hard to use automatic classification methods for the crevasse mapping.
The manual mapping of crevasses on the TSX images is based on linear features in
combination with backscatter changes. The mapping was focused on the terminal
crevasse field. Meltwater channels were avoided by focusing on the transverse lines
in the images.

The TerraSAR-X images were imported to ArcMap version 10.1 (Esri 2012), and pro-
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jected into the WGS84 UTM zone 33 north (Figure[4.3). A shapefile was created with
the same projection, and crevasses were marked manually using the editor-tool to
draw blue polylines along the crevasses on the glacier (Figure [4.4). In addition, the
measured coordinates from the field survey were added as attribute points on the
crevasse map (Figure[4.5). The points were given four different colors depending on
their assigned class of maximum crevasse width measured in field; <50 cm (class 1),
50-100 cm (class 2), 101-150 cm (class 3) and >150 cm (class 4) (Figure[d.6). Results of
the crevasse mapping and corresponding field measurements are presented in Sec-

tion[5.1]

4.2.1 Crevasse area limit and front line mapping

Mapping the terminal crevasse field of tidewater glaciers enable a further investiga-
tion of glacier dynamics and how the development of crevasses are linked to strain
rates and glacier velocity. In addition to try to assess the method of using TSX images
to map crevasses on glaciers, another important aim of this thesis is to investigate
the relationship between the glacier front position and the crevasse area limit in a
complete annual cycle. To do this a total of 32 TSX images of Tunabreen were used.
The extent of the terminal crevasse field on each image was delineated as well as
defining the glacier front position. The limit of the crevasse area was marked in
a new shapefile, using a red polyline drawn from the glacier front around all the
marked crevasses ending up at the glacier front in an u-shape. This limit is defined
by the end point of the outer crevasses marked in the crevasse area (Figure[4.7). The
glacier front position was marked in a separate shapefile as a green polyline (Figure
[4.7). Both the crevasse area limit line and the front position line were converted to
XY coordinates (WGS84, UTM zone 33 north) using the data management tool in
ArcMap. The XY coordinates correspond to the exact line, not only the beginning
and the end of the polylines. The XY coordinates were exported as two separate text
files for each image; one for the glacier front position line and one for the crevasse
area limit line (Figure[4.8). Two of the mapped images are presented and described
more in detail in Section To visualize the results from the crevasse area limit
line and glacier front line mapping, the XY coordinates of both the crevasse area
limit line and the front line were plotted in a UTM plot using MATLAB version 2010a
(Mathworks). This resulted in a UTM plot presented in Section[5.2]

A transect line was drawn in order to plot a time/distance diagram of the front posi-
tion and crevasse area limit variations. The line was drawn as a straight line from a
point in the fjord in front of the glacier to a point on the glacier surface behind the
crevasse area limit. The transect line was drawn perpendicular to the crevasse orien-
tations in the area of the glacier where the velocities are the highest throughout the
year, defined from the velocity maps presented in Figure The distances from the
start point of the line to the glacier front and from the start point to the crevasse area
limit line are measured in each image in ArcMap using the measuring tool. The dis-
tance measurements are plotted in a time/distance diagram using MATLAB version
2010a (Mathworks). The time/distance diagram is presented in Section
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To compare the results from the mapping of the crevasse field on Tunabreen, one
TSX image from Austre Torellbreen was also mapped in ArcMap. This included map-
ping of crevasses, crevasse area limit line and front line as previously described. The
results of this mapping is presented in Section5.3]

4.2.2 Velocity and strain rate maps

In addition to investigating the relationship between the terminal crevasse area limit
and the front line positions, velocity and strain rate maps have been compared to
the mapped terminal crevasse field on Tunabreen. The strain rate and velocity maps
are based on feature tracking from two TSX images in a 11-day cycle, provided by
professor Adrian Luckman (Swansea University/UNIS) in spring 2015. The summer
TSX images are too noisy for feature tracking. For this reason winter TSX images
have been chosen to calculate the 1% principal strain rate and velocity of the front
area on Tunabreen (Luckman, personal communication 2015).

The strain rate maps and velocity maps used in this study are from three different
11-day cycles: February 9™ to 20" 2013, October 10™ to 20™ 2013 and December 3™
to 14™ 2013. The 1°¢ principal strain rates along a transect from the glacier front to
the crevasse area limit line is extracted and presented in one strain rate plot for each
strain rate map. The transect line used for this is the same transect line used in the
UTM plot and the time/distance diagram as described in the previous subsection.
The strain maps were imported into ArcMap and georeferenced to WGS84 UTM
zone 33 north. The transect line was added as a shapefile. Every pixel along the
transect line containing a calculated strain rate value (given as a color) was marked
as a point. The extracted strain rate value and the corresponding distance from the
glacier front line to the specific point along the transect were noted in a text file.
The strain rate at each specific point along the transect was plotted in a strain rate
plot using MATLAB (Mathworks, 2010a). The same procedure was performed to the
velocity maps as well. The plots of strain rates and velocities along the transect line
from the glacier front to the crevasse area limit line are presented in Section|5.3]

The calculated velocities on Tunabreen are limited to the glacier front area. The
calculated strain rates extend in an area further up-glacier, and covers large parts of
the mapped crevasse field. Based on this, strain rates along the crevasse area limit
line were extracted and added as square points along the line in ArcMap. The strain
rate maps showing the calculated strain rate along the crevasse area limit line are
presented in Section5.3]

A velocity map is also compared to the mapped crevasse field on Austre Torellbreen.
As for Tunabreen, this velocity map was provided by professor Adrian Luckman
(Swansea University/UNIS) in spring 2015. The velocity map is based on feature
tracking from two TSX images in a 11-day cycle from February 13" to 24" 2013, and
is presented in Section 5.3
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4.3 Errors and uncertainties

4.3.1 GPS measurements

Errors in calculating GPS position can come from a number of sources, including at-
mospheric interference, topographic shading, low satellite azimuths, long baseline
and human error in instrument settings and physical placement. The cut-off angle
for satellite azimuth was set to 13° to avoid excessive atmospheric interference af-
fecting precision of received signals. This may have reduced the number of satellites,
but there were still a adequate number of satellites at any one time when taking po-
sitions in the field. The baselines between the base station in Longyearbyen and the
field sites were 40 km and 50 km, for Borebreen and Tunabreen respectively. The
study by Monteiro et al. (2005) suggests a degradation of 0.22 m per 100 km away
from base station. This will give a degradation of 0.088 m for the field site on Bore-
breen and 0.11 m for the field site on Tunabreen. The quality of positions calculated
by the manufacturer (Leica Geosystems) is given as a horizontal accuracy of 5 mm +
0.5 ppm for static surveys like the one performed in this study. This accuracy is likely
to be extremely optimistic given all the listed sources of errors. Given that the degra-
dation is 0.088 m and 0.11 m for the two field sites, it is more reasonable to work with
an estimated error of +£0.1 m for all positions recorded in this study.

4.3.2 Mapping of TerraSAR-X images

As described in section[4.2} the TSX images used are geotiffs which are co-registered
to about a fraction of a pixel. This means that the image-to-image geometric
consistency is good, but the lack of a good quality DEM from both Borebreen and
Tunabreen areas leads to a less accurate correspondence to ground coordinates.
Based on this, there will be a deviation between the measured coordinates of the
crevasses on the glacier surface and the coordinates of the crevasses recognized on
the TSX image. This deviation is not known, and will vary from one point to another.
This means that the position of the crevasse measured in the field will probably not
perfectly match the position of the crevasses mapped on the TSX images. To improve
this, a better DEM for the area is required.

The accuracy of the manually mapping of crevasses on the TSX images may be
affected by the temperature and surface conditions on the glacier. Where the
surface temperature goes above the melting point, and especially when there is snow
around, the backscatter drops very quickly. This will give a dark or black image,
which in turn leads to difficulties to interpret crevasses in the summer months.
Where snow fills or covers the crevasses, it may be transparent to the radar if it is very
cold. This will give bright or white images where crevasses are hard to separate from
the surrounding glacier surface. The very dark or very bright images seem to blur
the smallest crevasses which are found in the outer parts of the terminal crevasse
fields. When defining the crevasse area limit, this will give a smaller crevasse area
with a limit line closer to the front line, which can be seen on some of the summer
and winter images (examples presented in Section|5.2).
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The strong white reflector near the front position of the glacier observed on some
of the images, is not defining the actual front position. This reflector is probably a
result of different surfaces connected to the ice cliffs at the ice front and the water in
front of the glacier. The glacier front position is defined as the limit where the dark
area (water) meets the more scattered bright area (glacier ice and snow). This limit is
quite clear and can easily be identified on all the mapped images.

The lines of high strain in the winter strain maps are associated with the discontinu-
ity problem in the feature tracking algorithm. This happens when the displacement
jumps between integer numbers of pixels. It is possible to improve this with extra
processing, but this is not done for the strain maps used in this study due to time
constraints.
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CHAPTER

RESULTS

The following chapter presents the results from the field measurements and the man-
ual crevasse mapping of the TerraSAR-X images in ArcMap. Strain rate maps and
velocity maps from Tunabreen are presented and compared to the data from the
crevasse mapping. In addition, a crevasse map and a velocity map from Austre Torell-
breen are presented.

5.1 Ground truth measurements

The following section describes the results of the ground truth measurements from
the fieldwork done on Tunabreen and Borebreen. The position measurements and
the maximum width of each crevasse are presented in Table and Table [5.2] for
Tunabreen and Borebreen respectively. Included in the tables are the classifications
of each crevasse measured as described in Section In addition, crevasse maps of
Tunabreen and Borebreen are presented in Figure|5.1|and Figure The figures are
based on the positions and maximum width measurements of the crevasses done
on both glaciers, as well as the crevasses mapped in ArcMap. The mapped crevasses
in ArcMap appear as blue lines, and the field measurements are presented as circle
points with different colours depending on their assigned width class. The classes
and corresponding colours are presented in the legends on the maps. Position and
width measurements of the crevasses are taken at two or more points. During post
processing of the data, the maximum width measurement was assigned to all the
positions of the crevasse as described in Section[4.1] This gives two or more points in
the crevasse map showing the position and maximum width of each crevasse.

The crevasse survey data from Tunabreen in Table 5.1 shows the distribution of the
maximum width measurements based on the four defined classes as described in
Section The crevasse map of Tunabreen seen in Figure |5.1| shows the limited
area where the ground measurements were possible to conduct during the day of
fieldwork. The area is restricted to the upper western part of the crevasse area. The
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TABLE 5.1: Table presenting the results of the crevasse survey done at
Tunabreen Friday August 1% 2014. Each crevasse is given a maximum width in
centimeters, which is the largest width measured at any point of the crevasse.
The maximum width defines its assigned class. Every measured position is
specified as a start, middle or end point of a crevasse. The position measure-
ments are given in UTM coordinates (WGS84, UTM zone 33 north). Where the
crevasse is too wide to cross to get an accurate width measurement or merges
with other crevasses, this is commented as "Wide" or "Merge", respectively.

Tunabreen crevasse survey (Friday August 15! 2014)

Crevasse Maxwidth Class Point Description Easting Northing Comments
no. [cm] no.
1 100 2 1 Start 552782.425 8711229.778
2 Middle 552840.043 8711257.367
3 End 552868.961 8711271.084
2 55 2 4 Start 552870.218 8711295.025
5 End 552903.075 8711306.779
3 55 2 6 Start 552911.714 8711308.699
7 End 552934.879 8711317.933
4 50 2 8 Start 552955.149 8711321.895
9 End 552963.433 8711326.548
5 40 1 10 Start 552961.370 8711326.484
11 End 552963.393 8711328.392
6 100 2 12 Start 552963.186 8711327.923
13 End 552984.971 8711336.797
7 60 2 14 Start 552980.284 8711333.926
15 End 553001.628 8711343.914
8 65 2 16 Start 552998.393 8711342.654
17 End 553021.041 8711353.621
9 40 1 18 Start 553032.138 8711374.229
19 End 553047.449 8711379.216
10 80 2 20 Start 553045.707 8711375.797
21 End 553071.424 8711386.763
11 65 2 22 Start 553070.828 8711384.192
23 End 553087.526 8711391.864
12 >150 4 24 Start 553172.833 8711372.680 Wide
25 End 553078.354 8711347.413 Wide
13 >150 4 26 Start 553081.500 8711348.277 Wide
27 End 553024.737 8711326.815 Wide
14 >150 4 28 Start 553023.761 8711249.346 Wide
29 End 552979.115 8711228.182 Merge
15 70 2 29 Start 552979.115 8711228.182 Merge
30 End 552922.795 8711205.285
16 65 2 31 Start 552926.467 8711206.495
32 End 552895.920 8711194.588
17 120 3 33 Start 552918.099 8711155.117
34 End 552879.913 8711141.858
18 110 3 35 Start 552882.360 8711142.738
36 End 552856.969 8711131.161
19 140 3 37 Start 552859.324 8711068.092
38 End 552834.287 8711058.273
20 >150 4 39 Middle 552839.595 8711043.103 Wide
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TABLE 5.2: Crevasse survey at Borebreen Friday July 18" 2014.

detailed caption.

Borebreen crevasse survey (Friday July 18" 2014)

See table for

Crevasse Maxwidth Class Point Description Easting Northing Comments
no. [cm] no.
1 75 1 Start 479261.293 8706874.293 Merge
2 Start 479262.622 8706869.697 Merge
3 End 479222.678 8706853.007
2 75 4 Start 479221.986 8706858.779
5 End 479176.348 8706837.057
3 110 6 Start 479179.998 8706847.447
7 End 479144.900 8706831.070
4 50 8 Start 479151.967 8706850.495 Merge
9 End 479140.663 8706844.178
5 370 10 Start 479165.449 8706886.808
11 Middle 479052.470 8706825.696
12 Middle 478971.982 8706763.661
13 End 478891.346 8706681.377
6 120 14 Start 478834.867 8706690.011
15 End 478814.893 8706669.342
7 20 16 Start 478772.605 8706749.018
17 End 478747.931 8706733.145
8 30 18 Start 478741.085 8706733.310
19 End 478721.293 8706722.488
9 40 20 Start 478636.137 8706805.534
21 Middle 478521.685 8706723.815
22 End 478510.035 8706715.125
10 140 23 Start 478400.355 8706645.340
24 End 478377.559 8706627.517
11 100 24 Start 478377.559 8706627.517
25 End 478345.808 8706603.669
12 80 26 Start 478343.766 8706592.275
27 Middle 478316.260 8706570.164
28 End 478305.222 8706560.711
13 60 29 Start 478308.387 8706566.473
30 End 478257.683 8706528.251
14 85 31 Start 478235.579 8706485.681
32 End 478164.817 8706413.615
15 55 33 Start 478160.544 8706398.516
34 End 478053.861 8706287.599
16 20 35 Start 477873.733 8706081.737
36 Middle 477830.076  8706024.565
37 End 477781.673 8705967.131
17 20 40 Start 477619.411 8705279.324
41 End 477592.902 8705154.686
18 130 41 Start 477592.902 8705154.686
42 End 477587.150 8705031.640
19 140 44 Start 477569.156 8704869.937
45 End 477571.332 8704803.044
20 90 46 Start 477569.211 8704808.316
47 End 477571.757 8704781.084
21 120 48 Start 477574.031 8704782.363
49 End 477600.117 8704604.423
22 125 50 Start 477594.062 8704561.173
51 End 477604.379 8704471.212
23 200 52 Start 477642.656 8704378.464 Merge
53 End 477641.662 8704477.377
24 140 54 Start 477666.739 8704417.172
55 End 477662.739  8704506.959
25 135 56 Start 477663.411 8704509.687
57 End 477659.980 8704558.323
26 110 58 Middle 477672.553 8704643.168
59 End 477650.457 8704889.039
27 60 60 Start 477995.925 8705744.407
61 End 478047.986 8705822.230
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Figure 5.1: Crevasse map of Tunabreen based on a TerraSAR-X image dated July
11 2014. The mapped crevasses are marked as blue lines, and the maximum
widths for each crevasse measured in field is indicated by coloured points de-
fined by four different classes as described in the legend.
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Figure 5.2: Crevasse map of Borebreen based on a TerraSAR-X image dated Au-
gust 23" 2014. See Figure|5.1|for detailed caption.
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widest crevasses (>150 cm, red points) are mainly located in the inner/lower part of
the investigated area, and the narrower ones (<50 cm, green points) are located in
the upper, outer part of the mapped crevasse area. As seen on the crevasse map in
Figure and in Table the majority of the measured crevasses on Tunabreen
have a width between 51-100 cm (class 2). All the crevasses measured are located
within the mapped crevasse field.

The crevasse survey data from Borebreen in Table [5.2| shows the distribution of the
maximum width measurements based on the defined classes described in Section
The crevasse map of Borebreen in Figure[5.2] shows the distribution of the mea-
sured crevasses. The two largest measured crevasses (>150 cm, red points) are lo-
cated in the lower part of the investigated area; one in the southwestern part and one
in the northeastern part. The other measurements are more scattered in the upper
part of the mapped area but with two large clusters closer to the edges of the glacier.
The central area of the glacier has parts with no mapped or measured crevasses at
all. The narrowest measured crevasses (<50 cm, green points) are found in the upper
part of the crevasse area. Some of the narrowest crevasses in class 1 and 2 (green and
yellow points) can not be related to specific mapped crevasses on the TSX image. All
the crevasses measured in the field are located within the mapped crevasse field.

5.2 Crevasse limit and front position mapping

The manual mapping of TerraSAR-X images in ArcMap resulted in 32 crevasse maps
of Tunabreen in a 22-days cycle from February 9% 2013 to April 15t 2015. Two
examples of the terminal field crevasse limit maps are presented in pairs with the
raw TSX image in Figure [5.3| and Figure These figures show the difference in
summer and winter images in terms of backscatter. The raw TSX image from May
5t 2013 in Figure is very dark because of low backscatter. This happens when
a lot of the microwaves are absorbed by the glacier surface, which in this case may
be covered by wet snow or ice. The low backscatter makes it hard to identify features
like crevasses, and the mapped terminal crevasse field line in Figure may not
represent the actual crevasse limit. The raw TSX image from January 1% 2014 in
Figure[5.4alis bright and contains more details compared to the summer image. This
is because of high backscatter due to dry conditions on the glacier surface, and the
crevasses are easily identified in a larger area up-glacier from the front. The mapped
terminal crevasse field line on the winter image in Figure is more extensive
compared to the mapped crevasse area limit line on the summer image in Figure

5.3bl

The crevasse field limit line and glacier front position from all the 32 mapped TSX
images, as well as the transect line, is plotted in the UTM plot in Figure The
corresponding crevasse field limit line and front position from the same date is
presented in equal colours. The dates and the associated colours are presented in
the legend. The general trend during the entire period from midwinter 2013 towards
spring 2015 is a retreating glacier front and a crevasse field propagating up-glacier.
There are two clear periods of front line retreat, one from June to October in 2013,
and an even more distinct one from July to October in 2014. The crevasse field limit
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(a) Original TSX image.
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(b) TSX image including mapped crevasses, crevasse limit line, front position
and transect line.

Figure 5.3: Raw TSX image (a) and mapped TSX of Tunabreen (b) from May
5% 2013. The TSX image is very dark, and features like crevasses are hard to
identify compared to the summer image in Figure This is caused by low
backscatter, when microwaves are absorbed by a wet surface. The mapped ter-
minal crevasse field is smaller in the summer image in Figure[5.3b|compared to
the mapped terminal crevasse field in the winter image in Figure
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= Crevasse area limit
Front position
Mapped crevasses
Transect line

(b) TSX image including mapped crevasses, crevasse limit line, front position
and transect line.

Figure 5.4: Raw TSX image (a) and mapped TSX of Tunabreen (b) from January
1%t 2014. The high backscatter gives a brighter image in Figure and fea-
tures such as crevasses are easily identified in a greater extent compared to the
summer image Figure[5.3a] The mapped terminal crevasse field in the winter
image in Figure [5.4b]is larger compared to the mapped terminal crevasse field
in the summer image in Figure
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Figure 5.5: UTM plot including the crevasse limit lines and the front position
lines of Tunabreen from February 9™ 2013 to April 15t 2015. The dotted black
line indicates the transect line used to visualize the position of front position
and crevasse field limit line through time in Figure The crevasse limit lines
are coloured solid lines, and the front position is coloured dotted lines. The
dates and associated colours are presented in the legend. The UTM coordinates
(WGS84 zone 33 north) are given as Northing (y-axis) and Easting (x-axis).

line is more oscillating, but a clear up-glacier propagation can be seen from May to
August 2013 and from May to November 2014. This is corresponding to the front
position retreat, but the crevasse field is starting to propagate up-glacier before the
front position starts retreating. In addition to the observed retreat periods, three
periods of still-stand or minor advance of the front position can be seen on the plot
in Figure From February to May 2013, the front position is almost stationary and
advances slightly towards the end of the period. In the two periods from October
2013 to May 2014 and from October 2014 to April 2015, the same trend can be seen.
When looking at the crevasse area limit line, this is generally more oscillating and
minor changes are hard to extract from the plot.

To investigate closer the relationship between the front line position and the crevasse
area limit line, the UTM plot is divided into two separate periods; Winter 1 and Win-
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Figure 5.6: UTM plot including the crevasse area limit line and the front posi-
tion of Tunabreen from February 9 2013 to May 28" 2014. See Figure|5.5|for
detailed caption.
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Figure 5.7: UTM plot including the crevasse area limit line and the front posi-
tion of Tunabreen from September 28" 2013 to April 15 2015. See Figurefor
detailed caption.
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ter 2. Winter 1 is presented in Figure and comprises the period from February 9™
2013 to May 28" 2014. Winter 2 is presented in Figure and comprises the period
from September 28" 2013 to April 15 2015. Winter 1 (Figure confirms the trend
of front line still-stand during winter and a minor advance during spring, in addition
to a retreat during summer. When looking at the crevasse area limit line, this is
propagating up-glacier during spring and summer, and stabilizes during the winter
period. An important observation is that the crevasse area is larger in February 2014
compared to one year earlier, in February 2013. Winter 2 (Figure shows clearly
the distinct front line retreat during summer/fall 2014. In addition, the crevasse field
propagates down-glacier during spring, and up-glacier continuously during summer
and stabilizes during the winter period.
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Figure 5.8: Time-distance diagram of the crevasse area limit line and glacier
front position, made of a transect on the UTM plot in Figure[5.5] The colours of
the points reflect the date of the image as described in the legend in Figure[5.5|
The y-axis gives the distance in meter from a point in the fjord in front of the
glacier, and the x-axis gives the dates of the mapped TSX images.

Figure[5.8is a time/distance diagram based on the transect line in the UTM plot (Fig-
ure [5.5). The lower line represent the glacier front position line and the upper line
represent the crevasse area limit line. The y-axis gives the distance in metres from a
point in the fjord in front of the glacier, and the x-axis gives the dates of the mapped
TSX images. The colours represent the corresponding front line/crevasse area limit
line in Figure The diagram shows the evolution of the front line and crevasse
area limit line at one specific point through time, and support the observations in
the UTM plots (Figure and[5.7). The step-by-step movement of the front line
is clearly represented in this diagram. The up-glacier propagation of the crevasse
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area limit line during summer and the stabilization during the winter follow the front
line trend. For the presented period from February 9™ 2013 to April 1%t 2015, the
glacier front retreats 400 metres in total. The crevasse area limit line is propagat-
ing up-glacier by 450 metres. Dividing it into annual cycles, the retreat of the glacier
front is 200 metres the first summer (June to October 2013), and 450 metres the sec-
ond summer (July to October 2014). The crevasse area limit line does not follow the
exactly same cycle as the front line regarding up-glacier propagation. The up-glacier
propagation of the crevasse area limit in 2013 starts in May and ends in August, with
an increase of 500 metres up-glacier during this period. In 2014, it starts in May and
ends in November, with an increase of 300 metres.

5.3 Glacier velocities and strain rates

The selected velocity maps and 1% principal strain rate maps from Tunabreen used
in this study are presented in Figure[5.9|and Figure[5.10] They are from three separate
11-day cycles; February 9™ to 20! 2013, October 10™ to 20™ 2013 and December
3™ to 14™ 2013. This is specified in the caption under each subfigure. The velocity
maps display velocities between 0 and 1.0 m day™!, concentrated to the glacier front
area and the lower part of the crevasse area. Areas containing no calculated velocity
are presented as gray areas. The white areas represent areas with a velocity of more
than 1.0 m day~!. All the three strain rate maps display strain rates between -0.1
and 1.0 day™! x 1073, This is visualized by red to pink transverse lines of high strain
rate, particularly seen in Figure and Figure Grey to white areas are areas
where no strain rate have been calculated.

Three velocity plots from the three selected time periods are presented in Figure[5.11}
The values of calculated velocity vary from 0 to 1.0 m day™!. Values of more than 1.0
m day~! are displayed as white areas in the velocity maps. Maximum velocity values
are given as 1.0 m day™!. The trend in all the three plots is that the velocity is highest
near the front and decreases up-glacier. All the extracted velocities are found in the
lower part of the crevasse areas. There are no velocity measurements in the upper
half of the terminal crevasse areas.

The velocity plot in Figure from February 2013 contains 7 data points. The
highest velocity is found 150 meter up-glacier from the front at 0.4 m day !, before
it starts decreasing towards 0.1 m day~! 500 m up-glacier from the front. The upper
part of the crevasse area contains no values for glacier velocities. The velocity plot
in Figure from October 2013 contains 11 data points. The highest velocity is
found closest to the front, with a sudden decrease in velocity up-glacier. From 500
to 800 meters from the front, the velocity remains stable on 0.1 m day !. The upper
part of the crevasse area contains no values for glacier velocities. The velocity plot
in Figure[5.11c|from December 2013 shows the same trend as the two other velocity
plots. It contains 16 data points, and the highest velocity is 0.7 m day ™! at the front
line. The decreasing trend in velocity up-glacier is not as sudden as in Figure
and the area of extracted velocity is larger compared to the two other plots. At 800
meters up-glacier from the front, the velocity is 0.1 m day™!. As for the two other
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plots, the upper part of the crevasse area contains no values for glacier velocities.
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Figure 5.9: Velocity maps from Tunabreen based on TSX images provided by
professor Adrian Luckman (Swansea University). The velocity is from a 11-day
period, specific time intervals are given in the caption under each subfigure.
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Figure 5.10: Strain rate maps from Tunabreen based on TSX images provided
by professor Adrian Luckman (Swansea University). The 1% principal strain rate
is from a 11-day period, specific time intervals are given in the caption under
each subfigure.

Three strain rate plots from the three selected time periods are presented in Figure
Common for all the three strain rate plots are a varying strain rate, from 0.2 to
1.0 day™! x 1073, In addition, the strain rate ends up at 0.2 day~! x 1073 close to or
at the crevasse area limit line in two of the time periods. The strain rate plot from
February 2013 (Fig. has less data points compared to the two other plots. This
can also be seen from the strain rate map in Figure[5.10a} which contains larger areas
of non-calculated strain rates compared to the two other strain rate maps.

The strain rate plot in Figure from February 2013 contains 10 data points. All
the points are within the values of 0.1 to 1.0 day~! x 1073, and the highest strain rate
values are found in the lower half of the crevasse area. The upper half of the crevasse
area only contain values of strain rate from 0.1 to 0.4 day~! x 1073, The strain rate
closest to the crevasse area limit line is 0.4 day™! x 1073, The strain rate plot in Fig-
ure from October 2013 contains 20 data points, within the values of 0.2 to 1.0
day~! x 1073. There is no clear trend in increase or decrease of strain rate from the
front towards the crevasse area limit. The strain rate value at the crevasse area limit
line is 0.2 day™! x 1073. The strain rate plot from December in Figure contains
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Figure 5.11: The glacier velocity plotted along a transect from the glacier front
to the crevasse area limit. The strain rate is extracted from the velocity map in
Figure[5.9] The front line and crevasse limit line positions used is from mapped
TSX images from the same period as the velocity maps.
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Figure 5.12: The 1% principal strain rate plotted along a transect from the
glacier front to the crevasse area limit. The strain rate is extracted from the
strain rate maps in Figure[5.10} The front line and crevasse limit line positions
used is from mapped TSX images from the same period as the strain maps.
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Figure 5.13: The 1% principle strain rate plotted along the crevasse area limit
line as coloured squares. The strain rate is extracted from the corresponding
strain rate map in Figure The base layer image, front line position (green
line) and crevasse limit line position (blue line) used are from a mapped TSX
image from the date as listed in the subcaptions.
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18 data points within the values of 0.2 to 1.0 day™! x 1073, The highest strain rate
calculated is found in the lower part of the crevasse field. The strain rate increases
up-glacier towards the crevasse area limit, and the strain rate closest to the crevasse
area limit is 0.2 day ! x 1073,

In addition to the strain plots, strain rate maps containing strain rate extracted along
the crevasse area limit line are presented in Figure The crevasse area limit line
is blue, the glacier front line is green, and the strain rate values and corresponding
colors are defined in the legend. The highest strain rate found along the crevasse
area limit line is 1.0 day™! x 107 and higher (pink squares). Some parts along the
line have no calculated strain rate. The strain rate map from October 10™ to 20t
2013 in Figure has the largest amount of strain rate measurements along the
crevasse area limit line. The smallest amount of strain rate measurements is found
in the strain rate map from December 3™ to 14™ 2013 in Figure Common for
all three maps is that the dominating strain rate along the part of the crevasse area
limit line furthest away from the glacier front is 0.1 day™! x 1073 (green squares).

The crevasse area of Austre Torellbreen has been mapped, to compare with the
crevasse extent and velocities of Tunabreen. The TSX image used for mapping of
Austre Torellbreen is from February 13" 2013, and the crevasse map is presented in
Figure[5.15] As seen on this figure, the mapped crevasses (blue lines) on Austre Torell-
breen extends from the glacier front and about 6 kilometers up-glacier. The crevasse
area limit line (red line) is drawn from the glacier front (green line) to the area where
the glacier meets with the Vrangpeisbreen glacier in the southeast. To compare with
the crevasse map, a velocity map of Austre Torellbreen is presented in Figure
The velocity map is from the period February 13™ to 24™ 2013, and is displaying
velocities between 0 and 2.0 m day™!. Areas containing no calculated velocity are
presented as gray areas. The white areas represent areas with a velocity of more than
2.0 m day™!. The highest velocity is detected closest to the front of the glacier, rep-
resented by colours of pink to yellow and green (~0.8 to ~2.0 m day™!). Large parts
of the area with detected velocity are blue to green, given the velocities from ~0.1 to
~0.9 m day~!. The area of detected velocity extends from the glacier front to about 5
km up-glacier.
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Mapped crevasses
Front line position

Figure 5.14: Crevasse map of Austre Torellbreen from February 13" 2013. The
crevasse map only includes the area where velocity is detected, as seen in the
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Figure 5.15: Velocity map of Austre Torellbreen from February 13 to 24 2013.
Austre Torellbreen is the glacier in the lower left area, where velocity is detected.
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CHAPTER

DISCUSSION

In this, the results presented in Chapterwill be discussed. First, the results from the
field measurements will be compared to the manual mapping of the TSX images in
ArcMap. Secondly, the UTM plot and time/distance diagram and their relation will
be discussed. Finally, the velocity and strain rate plots will be compared to the results
from the terminal crevasse field mapping. In addition, the safety aspect of using TSX
images to map crevasse areas is included.

6.1 Field measurements and crevasse mapping in
ArcMap

The two glaciers used for ground measurements in this study, Borebreen and
Tunabreen, are both tidewater glaciers and defined as surge-type glaciers currently
in their quiescent phase. Their terminal crevasse fields have different characteristics
in terms of size, shape, crevasse width and crevasse density. The crevasses mea-
sured on Borebreen are generally narrower compared to the crevasses measured
on Tunabreen. In addition, the density of crevasses is higher in the upper, outer
part of the crevasse field on Tunabreen compared to Borebreen. On Tunabreen, the
widest crevasses (class 3 and 4) are mainly found along the limit line of the crevasse
field. On Borebreen, the widest crevasses are mostly situated well inside the mapped
crevasse area.

As seen on the crevasse map of Borebreen in Figure some areas within the
mapped crevasse field does not contain any crevasses. This is confirmed by the
field observations , and no crevasses are observed and measured in these areas. On
Tunabreen, there are also some areas within the mapped crevasse field that does
not contain any mapped crevasses. The field measurements show that there are
crevasses of class 2 and 3 in this area that does not appear on the TSX image. One
reason for this can be because of the deviation between the measured coordinates in
the field and the coordinates of the mapped crevasses on the TSX image explained in
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Section[4.3] Another reason could be that the resolution of the TSX stripmap image
is not sufficient to identify all possible crevasses. All the measured crevasses on both
glaciers are situated within the mapped terminal crevasse area.

The limitation of mapping crevasses on TSX images in ArcMap is mainly restricted
to two important factors; high and low backscatter caused by different temperature
and surface conditions. Low backscatter images are a result of wet snow or water on
the glacier surface during melt periods. These occur on the images from spring and
summer, and gives dark images. The low backscatter may prevent the identification
of the small and narrow crevasses in the upper and outer part of the terminal
crevasse field. This is exemplified in Figure In addition, the time/distance
diagram in Figure 5.8/ shows a drastic down-glacier shift of the limit of the crevasse
area during May 2013. This may be caused by low backscatter images reducing
the ability to identify smaller crevasses in the upper and outer part of the terminal
crevasse area. It is reasonable to believe that the crevasse area is slightly larger than
showed in Figure[5.8|at this time. High backscatter images are a result of dry surface
conditions and snow accumulation. When snow accumulates on the glacier during
the winter, this can lead to high backscatter and transparent images. Transparent
images can smooth out the crevasses, and lead to an interpreted crevasse field which
is less extensive than it actually is. The variable position of the crevasse area limit
line during winter in Figure may reflect this effect. The crevasse area limit line
is oscillating in a 100 meter interval during winter 2013/2014, and this trend can be
seen during winter 2014/2015 as well. This can indicate periods of heavy snowfall or
periods of low surface temperatures causing variable surface transparency and an
interpreted crevasse field of reduced size.

Based on the field measurements and the manual crevasse mapping in this study; it
can be concluded that the TSX images are a suitable tool for defining crevasse areas
on glaciers. The resolution of the used stripmap mode images and the less accu-
rate correspondence to ground coordinates gives the method a weakness in terms
of identifying all the small and narrow crevasses in the outer parts of a crevasse field.
The method is not confirmed to be accurate enough for individual crevasse mapping,
but is indeed suitable for defining terminal crevasse fields and other larger crevasse
areas. The area of measured crevasses on both glaciers only covers a part of the large
terminal crevasse area. The ground measurements are focused on the outer part of
the mapped crevasses and along the limit of the terminal crevasse area. This is where
the crevasses are narrower and this gives a good test of the accuracy of crevasse field
mapping using TSX images.

6.2 Fluctuations of front position and crevasse area
limit

The UTM plot of the crevasse area limit line and the front position line in Figure

gives a good visualization of the fluctuations during almost two winter-to-winter

cycles. The data shows that the retreat of the front line corresponds with an up-
glacier propagation of the crevasse field. This up-glacier propagation of the terminal
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crevasse field can be more easily detected in the two separate periods from Winter 1
in Figure[5.6/and Winter 2 in Figure As seen in the Winter 1 period in Figure
the crevasse area limit line is migrating up-glacier during spring, and its maximum
extent is found in late August. The crevasse area limit is stabilizing during fall and
winter, and minimize its extent compared to the late-summer extent. The position
of the crevasse area limit line is further up-glacier in February 2014 compared to its
position in February 2013. This can probably be related to a retreat of the glacier
during the summer season. The ice velocities typically increase towards the terminus
of a calving glacier, and this downstream increase in the velocity stretches the ice
(Benn et al.,2007a). This stretching can potentially open surface crevasses transverse
to flow, and in this way the crevasse area will propagate up-glacier in response to
a retreat of the glacier front. The terminal crevasse field will propagate up-glacier
as the front is calving back. This trend is also seen in the Winter 2 period in Figure
In Winter 2 a rapid retreat of the glacier front can be seen during summer 2014.
A trend of up-glacier migration of the crevasse area during the same time period
can be observed as well. The maximum extent of the terminal crevasse field during
Winter 2 is hard to extract from Figure as the crevasse area seems to keep its large
extent during the following winter. It does not decrease in extent as it did during fall
and winter in Winter 1.

The time/distance diagram in Figure[5.8|shows the trend of a crevasse field propagat-
ing up-glacier during spring and summer, and stabilizes during fall and winter. This
is followed by the glacier front, which tends to stand still or slightly advance during
winter and retreat distinctly during summer. As seen in the diagram, the crevasse
field starts to propagate before the front starts retreating. This can be interpreted
as a melt water signal when water pours into crevasses when melting starts in the
spring. As explained in Section by Equation from Benn et al. (2007a), a
crevasse will penetrate deeper and grow wider when adding water, due to the water
pressure acting in the same direction as the longitudinal tensile stress tending to
pull the crevasse apart. Narrow crevasses growing wider and larger along or outside
the mapped crevasse area are more likely to appear on the TSX images during this
period. Hence, the crevasse area grows larger.

The retreat of the front line during the period of investigation can be divided into two
sub-periods. From June to October 2013, the front retreats about 250 meters, before
it stabilizes and slightly advances throughout the fall and winter. A new retreat takes
place from July to October 2014, and the glacier calves back about 400 meters during
this period. This is twice as much as the retreat the previous year. This seasonal
pattern of a modestly advance during winter and strong retreat during summer
corresponds with the observations in the study of Tunabreen by Luckman et al. (in
review). Figure illustrate the frontal ablation rate and its two key components:
the rate of change of ice front position and the terminus speed. This data is derived
from the similar TerraSAR-X images as used in this study, but in a 11-day cycle giving
a higher temporal resolution. The blue line indicating the mean ice front position
and the orange line indicating the mean retreat line, show a front retreat during
summer and a modestly advance during winter. This trend is corresponding with
the trend observed in Figure In a study from 2012, Mansell et al. investigates
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the changes in the surge faces of four tidewater-terminating glaciers in northwest
Svalbard in a 20 year time series. An observed trend during the quiescence phase was
a seasonal oscillation in the calving front. During summer the terminus retreat rates
increased, and during winter the retreat rates were restricted or terminus advance
took place. The observations by Mansell et al. and Luckman et al.
are similar to the observations done in this study, and the three studies combined
can possibly confirm this trend as general for surge-type tidewater glaciers in their
quiescent phase.
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Figure 6.1: Data derived from a series of 11-day repeat TerraSAR-X images from
2013 and 2014 for Tunabreen to illustrate the frontal ablation rate and its two
key components: the rate of change of ice front position and the terminus
speed. Temperature and precipitation from the weather station in Longyear-
byen is shown, as well as ocean temperatures and sea ice concentrations. From
Luckman et al. (in review).

The crevasse area limit line is not following the exact trend as the front position line.
It is reasonable to believe that the extent of the crevasse area in May 2013 is slightly
larger than the illustrated position in Figure|5.8at this time. As previously discussed,
the low backscatter images from this period may prevent the identification of the
narrowest crevasses in the upper part of the terminal crevasse field because of high
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temperatures and high melt. The correct position of the crevasse area limit line will
probably be at around 1600 meters. This will give a up-glacier propagation from May
to August 2013 of 450 meters. During the following year, the crevasse area propa-
gates up-glacier with 300 meters from May to November 2014. It is important to note
that the time/distance diagram is only based on one transect line, and that the vari-
ations probably will be different if measurements were done at other transects on
the glacier. The numbers extracted from the diagram will only indicate a trend for
the general glacier behaviour, and cannot be used as exact numbers to calculate i.e.
glacier velocity.

6.3 Velocity and strain rate thresholds related to
crevasse formation

The velocity maps in Figure were used to extract the values of velocity in a
transect from the glacier front to the crevasse area limit as displayed in the velocity
plots in Figure The velocity maps and the velocity plots only contain velocity
information from the lower part of the terminal crevasse field. Luckman et al. (in
review) also confined the detectable motion to the frontal zone on Tunabreen,
where high longitudinal stress gradients induce outward stretching of the ice. By
comparing the three velocity plots, it can be observed that the area containing
velocity information is smallest in January 2013, and at this time the crevasse area
limit line is closest to the front as well (Figure[5.11a). The area containing velocity
information is largest in December 2013 when the crevasse area is the largest (Figure
5.11c). In addition, it can be observed that the area of velocity information only
covers the lower half of the crevasse area in all three plots. This can also be seen
in the velocity maps in Figure where the coloured areas of measured velocity
are confined to the areas close to the glacier front. It is reasonable to believe that
there are movement in areas further up-glacier, based on the information from
the crevasse maps and the field measurements. Field measurements and crevasse
mapping show that the extent of the crevasse field is larger than the area of measured
velocity in the calculated velocity maps in Figure This means that movement in
the upper part of the crevasse field is not detectable by using TSX images for feature
tracking.

By using velocity maps of poor quality, it is hard to extract strain rate correctly. In
Figure the strain rate maps indicates lines of high strain rate. As discussed in
Section[4.3] the lines of high strain in the winter strain maps are associated with the
discontinuity problem in the feature tracking algorithm. This can be seen in Figure
where strain rate values are scattered all along the transect line from the front
to the crevasse area limit in all the three plots. This means that the reliability of the
strain rate values used in the strain rate plots are considered to be low. In two of three
strain rate plots the strain rate along or close to the crevasse area limit line is found
to be 0.2 day~! x 1073, The values of 0.1 day~! x 1073 and 0.2 day~! x 1073 are also
common to find along the crevasse area limit line in Figure[5.13] This can indicate
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Figure 6.2: Illustrative figures of the difference in extent between the area of de-
tected velocity (red) and the area of mapped crevasses (blue) in three selected
time periods. The figures are based on crevasse maps from the listed dates and
the velocity maps presented in Figure



6.4. Crevasse mapping in a safety perspective

that the threshold strain rate for crevasse opening may be of 0.1 day ™! x 103 and 0.2
day~! x 1073 in this area of the glacier, but this is rather uncertain. The resolution of
the data used in this study is not high enough to confirm this value. The measured
strain rate can probably be a result of the opening of the crevasse, rather than a cause
for it to open.

6.4 Crevasse mapping in a safety perspective

Crevasses are major hazards for travelers on Svalbard glaciers, and as previously
mentioned, there is no systematic mapping of crevasse fields. This study has been
aiming to determine if crevasse maps or velocity maps based on TerraSAR-X images
can be used to indicate areas of high risk that should be avoided by glacier travelers.
After an incident involving a tractor falling into a crevasse on the western side of the
Ross Ice Shelf in Antarctica, the site was investigated by Whillans and Merry (2001).
They used near infrared band Landsat and SPOT images, and did not identify any
crevasses in the region where the tractor fell into a crevasse. The study concluded
that crevasses exist in zones with small deformation rates, and that they were not
detectable on the satellite images due to snow bridges. The TerraSAR-X microwave
images used in this study allow identification of crevasses almost independent on
physical conditions such as snow cover. It is shown that the TerraSAR-X images can
be very useful to detect crevasses in areas with snow cover and small deformation
rates, that is expected to be safe travel routes.

By mapping the terminal crevasse field of Tunabreen in two winter-to-winter cy-
cles, and comparing its extent to the velocity maps provided by Adrian Luckman
(Swansea University/UNIS) it is possible to tell if one or both of the methods will
be good indicators of high risk areas to avoid. The velocity maps in Figure [5.9|and
the velocity plots in Figure shows that in some parts of the terminal crevasse
area, no velocity is detected. To illustrate this better, the area of detected velocity is
compared to the mapped crevasse area. In Figure the area of detected velocity is
added to crevasse maps from the same time period. All the three subfigures clearly
indicate that the area of detected velocity does not have the similar extent as the
mapped crevasse area. The area of detected velocity only covers about half of the
area of mapped crevasses on Tunabreen.

By mapping the crevasse area of the fast-flowing Austre Torellbreen and compare
the crevasse area extent to the extent of the area of detected velocity, the result is
different. As seen on Figure the area of mapped crevasses are extending far
up-glacier, compared to the terminal crevasse field of Tunabreen and Borebreen. In
the velocity map in Figure[5.15, the area of detected velocity is quite large and covers
the lower half of the total glacier area. In Figure the area of detected velocity on
Austre Torellbreen is added to the crevasse map, and the crevasse area and velocity
area nearly have extent. The crevasse area is slightly larger compared to the area of
detected velocity.
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The two different glaciers give various results when comparing velocity maps to
crevasse area maps. The reason why the area of detected velocity is larger and more
accurate in Austre Torellbreen, could be because this glacier is a well defined region
of faster flowing ice, and will be more within the detection threshold. Usually on
calving glaciers, the strain rates and glacier speeds starts very low up-glacier, and
increases towards the front. This is seen on the velocity maps of Tunabreen in Figure
Austre Torellbreen is also a calving glacier, but if the ice here is moving faster in
a larger region, the velocity will probably be more easily detected in the TSX images.
From this, it is reasonable to exercise extreme caution when using velocity maps as
an indicator for crevassed areas. The method is found to only work in some areas. If
used, it should be taken into account that the crevassed area may be double the size
of the area of detected velocity.

: Area of detected velocity [ 425
a of mapped crevasses [/'::
Fro ion o

0 250 500 1000 Meter
[

Figure 6.3: The difference in extent between the area of detected velocity (red)
and the area of mapped crevasses (blue) on Austre Torellbreen in the period
from February 13™ to 24™ 2013. The figure is based on the crevasse map from
February 13™ 2013 in Figureand the corresponding velocity map in Figure

BE;
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CHAPTER

CONCLUSION

This work has tested the use of TerraSAR-X images as a reliable source for map-
ping glacier surface crevasses and defining crevasse areas. The data used for this
was ground truth measurements from Tunabreen July 18" and Borebreen August 1°
2014, compared to manual mapped TSX images from the same time period. The de-
velopment of the terminal crevasse field on Tunabreen has also been investigated
during almost two winter-to-winter cycles, using a series of images in a 22-day cycle
from February 9™ 2013 to April 1% 2015. Furthermore, strain rate maps from three
winter periods have been compared to the mapped crevasse images, to try extracting
the threshold strain rate for crevasse opening. In addition, velocity maps have been
compared to crevasse maps on both Tunabreen and Austre Torellbreen to see if ve-
locity maps can be used as an indication of possible crevasse areas and their extent.

7.1 Concluding statements

The following concluding statements from this study can be made, based on the aims
and objectives introduced in Chapter |1}

* The mapping of TSX images performs well compared with the ground ob-
servations made in the field. There are some restrictions, based on the fact
that the TSX images lack quality when the backscatter is too high or too low.
This happens most likely during periods of high melt in the spring/summer
and during periods of snowfall and low temperatures in the fall/winter. These
conditions can lead to an underestimation of the crevasse area extent.

e The terminal crevasse field migrates up-glacier during spring and summer,
and stabilizes during the winter. This pattern coincides with the pattern of
retreat and still stand or advance of the glacier front. The propagation of the
crevasse field seems to start before the retreat of the glacier front.
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e The strain rates extracted from strain rate maps produced by feature tracking
of TSX images are not accurate enough to identify threshold strain rate for
crevasse opening. It is not possible to define a threshold strain rate for crevasse
opening from the used data in this study.

* The velocity mapping produced by feature tracking of TSX images only detects
about half the size of the mapped terminal crevasse field on a surging glacier
in its quiescent phase. It corresponds better with the mapped crevasse field
on a fast-flowing glacier. The crevasses in the terminal crevasse field form
way below the detected velocity threshold. The use of velocity maps as an
indicator for crevassed areas work on some glaciers but not so well on others,
and extreme caution is needed. If used, it should be taken into consideration
that the crevassed area may be double the size of the area of detected velocity.

7.2 Improvements and future work

To further develop the method of mapping crevasses presented in this study, several
improvements could be done. By using TerraSAR-X images of higher resolution, like
the spotlight mode images giving a resolution up to 1 meter, smaller and narrower
crevasses can be identified. The scene size of the spotlight mode images are smaller,
but for limited areas like valley glaciers and glacier fronts this will give a more
accurate and precise result. In addition, by testing the method on several glaciers it
can be confirmed or not if the method is usable for various settings and conditions.

By developing an automatic classification method of crevasses in TerraSAR-X images,
large areas can be mapped in a short time. The manual mapping of crevasse areas
are time consuming, and an automatic method would be extremely useful for further
investigations of crevasse areas and their distribution and development .

This study has proven that the data from velocity maps and strain rate maps based on
feature tracking of TerraSAR-X images is not precise enough for detecting velocity in
the entire crevasse area and extracting threshold strain rates for crevasse opening. By
using strain meters, the opening of a crevasse can be measured over time. Field mea-
surements of strain rates across the terminal crevasse field on Tunabreen can give
a better insight into the crevasse formation and can be applied to the distribution
pattern found for the terminal crevasse field through the two winter-to-winter cycles.
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