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PREFACE
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Another word of gratitude goes to Miren Vizcaino for her supervision on the glaciological part, and who was
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Last, but certainly not least, plenty of thanks goes my girlfriend, family, friends, colleagues and fellow
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we drank. Without all your support, I would not have been able to complete this study.

Reinier Oost
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ABSTRACT

Observations show that the Greenland ice sheet is losing mass with accelerating pace. Ice discharge trough
outlet glaciers contributes approximately for half of the mass loss. However, the role of marine-terminating
outlet glaciers on the response of the Greenland ice sheet to climate change is relatively unknown. In recent
years, observations have shown dramatic changes in the velocity and front position in a number of marine-
terminating outlet glaciers, but a questions remains why some outlet glaciers are stable and others are not.
Consequently, predictions on the evolution of the Greenland ice sheet are uncertain until a realistic represen-
tation of marine-terminating outlet glaciers is possible. More specifically, significant uncertainty exists on the
link between climate forcing and marine-terminating outlet glacier behaviour. This link has been associated
to glaciers-specific factors, such as bedrock topography and fjord width, but more glaciers need to be studied.
Here we present a study that focussed on the response of different glaciers to a similar climate forcing, thereby
taking into account their topographic situation. SAR observations of seven marine-terminating glaciers in
the Uummannagq-bay (West-Greenland) are used to estimate terminus positions and glacier flow velocity.
The observations are acquired between 1991 - 2014 using ERS, Envisat and TerraSAR-X, thereby extending
the length of the state-of-the-art records. Terminus positions are manually digitized and an equivalent posi-
tion is determined on the glacier flowline, a significant improvement with respect to the box-method. Glacier
flow velocities are obtained using ICC offset tracking. The estimated offsets of ERS and Envisat image pairs
were noisy, but have been filtered using the along-track velocity profile that was accurately estimated with
TerraSAR-X image pairs.

The results showed that the outlet glaciers in this region have been stable during the 1990’s, and that the
warm winter of 2003 initiated retreat. Three glaciers (Lille Gletscher, Umiammakku Isbrae and Inngia Isbree)
have found to show terminus retreat, of which Lille Gletscher and Inngia Isbrae show long-term speed-up. All
other glaciers have a stable terminus position, and show no long-term acceleration. Surface air temperature
and sea surface temperature show an increasing trend since 1980, whereas the duration of high ice concen-
trations (sea-ice melange) becomes shorter each year. The retreat of Umiammakku Isbree and Inngia Isbrae
starts after the winter of 2003, in which surface air temperatures were exceptionally high and the period of
sea ice was short. The years after, this retreat continued even under normal climatic conditions. Inngia Isbreae
showed an ongoing retreat of approximately 6 km between 2003 and 2013, and its flow velocity is estimated
to tripled from 500 m/yr to 1500 m/yr. On the contrary, Umiammakku Isbrz ceased its 4 km retreat in 2010,
and did not show a increase in flow velocity. Next to long-term patterns, seasonal patterns are identified to
differ from glacier to glacier. The terminus position of Rink Isbrze shows a seasonal variation of 1 km, whereas
the terminus position of Stere Gletscher only fluctuates around 200 m.

The three retreating glaciers are located in a shallow fjord (< 300 m depth) with a reversed bedrock slope.
Their retreat into deeper waters initiated a positive feedback-loop leading to multi-year retreat. Glaciers lo-
cated in a deep fjord (Rink Isbree and Stare Gletscher) are exposed to warm Atlantic waters, and consequently
subject to submarine-melting, but our results show that their front position remained stable and their flow
velocity did not increase. The fact that the retreating glaciers are located in a shallow fjord, and exposed to
cold Polar water, could indicate that submarine-melting is not a major factor controlling glacier retreat. This
also indicates that the bedrock topography is important for a glaciers sensitivity to climate forcing. It is rec-
ommended that more effort is put into observations of the submarine-melting process and high resolution
bedrock topography and bathymetry, as the relative importance of submarine-melting with respect to the
surface mass balance and calving is still obscure. Nevertheless, our results suggest that there is an important
link between the fjord depth at the terminus location and the sensitivity to climate forcing.
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INTRODUCTION

Outlet glaciers, ice streams that drain ice sheets, are small but important features in the cryosphere, as it is
estimated that they are responsible for half of the ice loss of ice sheets (Bamber et al., 2007). The mass lost
by the ice sheets leads to sea level rise, and the Intergovernmental Panel of Climate Change (IPCC) estimated
that the total sea level rise by 0.25 to 1 m in the year 2100, of which 0.03 to 0.20 m is contributed by ice sheets.
Although ice sheets are not the main contributors to sea level rise, the Greenland Ice Sheet (GrIS) and Antarc-
tic Ice Sheet (AIS) contain a sea level equivalent of 7.4 m and 58.3 m (IPCC, 2013), respectively, if they would
completely melt into the ocean. Their role in sea level rise is suggested to become more dominating in a
warmer climate. Rignot et al. (2011) estimated that the combined mass loss of the GrIS and AIS was about
475 + 158 Gt/yr in 2006, and that the contribution of GrIS to this loss is accelerating with 21.9 + 1 Gt/yr?,
more than the AIS acceleration. More specifically, Enderlin et al. (2014) estimated that the GrIS loss due to
ice discharge rose from 389 + 5 Gt/yr in 2000 to 546 + 11 Gt/yr in 2010. The total contribution of the GrIS
to sea level rise is estimated at 0.46 mm/yr between 2000 and 2008 (Broeke et al., 2009). According to the
IPCC, (2013), there is high confidence that the GrIS mass balance has become more negative over the last two
decades, mainly due to increased surface melt and ice discharge.

The future mass balance of the ice sheets is predicted by numerical models. However, numerical models
have not been able to predict the current changes of the GrIS mass balance, implying that predictions of the
future are very uncertain (Bamber et al., 2007). Although new ice sheet models are suggested to allow a more
realistic simulation of the role of outlet glaciers, the understanding of their interactions with climate forcing
has not reached the level that a realistic coupling between climate models and ice sheet models can be es-
tablished. In order to have more reliable projections of ice sheet evolution, and consequently future sea-level
rise, the climate models should be improved with more realistic physical representation of the role that outlet
glaciers are going to have in the future (Straneo et al., 2013).

The influence of the climate on the evolution of marine-terminating outlet glaciers is different for each
individual glacier. More specifically, the relevant climate forcing parameters are ocean temperature, surface
air temperature and sea ice concentrations. The sensitivity of a glacier to these climate forcing parameters
is determined by glacier-specific factors, i.e., bedrock topography, terminus type (Carr et al., 2013a, Howat
et al., 2010, Moon et al., 2014, Moon et al., 2015). Due to the complexity of glaciological processes, such as
the influence of fjord geometry and bedrock on the sensitivity to climatic/oceanic forcing, the current mod-
els cannot explain the timing and magnitude of glacier changes (Bamber et al., 2007). Our understanding of
these processes is mainly based on extensive research on a small number of glaciers, such as the Jakobshavn
Isbrae, Helheim Glacier and Kangerdlugssuaq Glacier, but it is not known if these results can be extrapolated
on other Arctic glaciers and to what time-scale the observed changes apply (Carr et al., 2013a). There are three
directions of future research needed to understand these processes: 1) Spatial variability of the climatic and
oceanic forcing and their relative importance, 2) the influence of glacier-specific factors and 3) development
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of outlet glacier dynamics in numerical models based on observations (Carr et al., 2013a).

In light of these directions, we present a study that will focus on linking climatic forcing and glacier-
specific factors by observing the behaviour and evolution of 7 marine-terminating glaciers for more than 20
years and linked to climatic/oceanic forcing and their topographic situation. The observations are done using
space-based Synthetic Aperture Radar (SAR) images from ERS-1/2, Envisat and TerraSAR-X satellites. Using
these images glacier terminus positions and surface velocities are estimated to assess a glacier its stability
in terms of mass balance. The area of interest, the Uummannagq region (see Figure 1.1), is chosen because
all glaciers are within a shielded bay, hence the climatic/oceanic forcing on each glacier can be presumed
to be similar. This allows the glacier evolution to be compared with their specific geometry, i.e., fjord width,
bedrock. The air of this study is to increase the temporal and spatial scale of current observations, and to
extend the knowledge on the role of glacier-specific factors on climate forcing and to validate and improve
models.

Lo
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Figure 1.1: An overview of the Uummannaq Bay, located in West-Greenland. Red stars indicate the studied glaciers, gray stars indicate
glaciers left out of the study. The orange dots indicate weather stations.

1.1. PROBLEM STATEMENT, MOTIVATIONS AND OBJECTIVES

Outlet glaciers evolution is an important link between climate change and ice sheet mass balance, as they
are the frontiers of ice sheets that interact with the sea and air. Marine-terminating glaciers are key-elements
in the development of an ice sheet, but their evolution due to climate change is not sufficiently understood
to make realistic predictions. Although the parameters and mechanisms are identified that link glacier be-
haviour to climate change, current research has mainly focussed on a select group of, mainly large, glaciers
over short temporal scales. In order to understand the evolution of Marine-terminating glaciers, research
has to be expanded, both spatially and temporally, and focussed on the role of glacier-specific factors to the
sensitivity of climate forcing.
The main objective of this study is therefore to

observe and interpret how different marine-terminating glaciers are responding to a similar cli-
mate forcing.

For this purpose, surface flow velocity and terminus position estimates are made for 7 glaciers in the
Uummannagq-region for a long period (1991 - 2014) and associated to external forcing by sea surface temper-
ature, air surface temperature and sea ice fraction. The Uummannagq region is selected due to its location
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and topography. As the region is located in a bay with one connection to the sea, the conditions within this
region are likely to be the uniform, which enables a proper comparison between individual glaciers.

1.2. RESEARCH QUESTION

Based on the problem statement, motivations and objectives, a research question is formulated:
How do different marine-terminating outlet glaciers respond to a similar climate forcing?

As this question brings up different elements, the question is divided in sub-questions. First, the response
of the glaciers is estimated in terms of terminus position and flow velocity using SAR-images. Second, the
response is subdivided into seasonal and long-term evolution to understand how long-term evolution is ini-
tiated. Third, a relationship between climate forcing parameters and glacier evolution is made. And forth,
the differences between glaciers are evaluated based on their glacier-specific factors, such as fjord-width,
basal topography and terminus-type. The general research question is therefore subdivided into four sub-
questions:

J How to observe and interpret glacier behaviour using synthetic aperture radar?

J What seasonal and long-term evolution can be observed at the glaciers in the Uummannaq-
region?

J How does climate forcing influence the behaviour of glaciers in the Uummannagq-region?

J How do glacier-specific factors influence the behaviour of different glaciers in the Uummannag-
region?

1.3. OUTLINE

This thesis consists five chapters and one appendix. The current chapter is an introduction to the study. Here
the aim of the study is defined and a motivation is formulated. This is done in the perspective of the current
state-of-the-art understanding of marine-terminating outlet glaciers, and their relevance to ice sheets and
climate change.

Chapter 2 contains the scientific and technical background relevant for this study. The chapter starts with
a description of the glaciological concepts of marine-terminating outlet glaciers, followed by an overview of
Synthetic Aperture Radar (SAR) and how SAR can be used for glaciological observations. The concepts elab-
orated in this chapter serve as a basis for the rest of the thesis.

The algorithms, that were applied to translate SAR images into glacier behaviour, are elaborated in Chap-
ter 3. Here the SAR-processing and post-processing are covered. During the SAR processing, the images are
coregistrated and offsets are estimated. The post-processing follows after, in which equivalent flow velocities
are estimated and an equivalent terminus position is found.

In Chapter 4 the results of this study are presented and discussed. The chapter starts off with an overview
of the climatic evolution in the Uummannagq-area, followed by the glaciological evolution and the topo-
graphic situation. The interactions between the different components, climatic evolution, glaciological evo-
lution and topographic situation, are discussed in the synthesis. Next to this, based on the quality of the
results the used algorithms are also evaluated. Many results have been generated in this study, of which all
the detailed results can be found in Appendix A.

The thesis is concluded with Chapter 5. Here one can find the conclusions that try to answer the research
question and its sub-questions. In addition, recommendations are given for future studies.






TECHNICAL AND SCIENTIFIC BACKGROUND

In this chapter the technical and scientific background, relevant for this study;, is elaborated. First, the science
behind glaciers and the climate system are considered in Section 2.1, followed by a description of SAR remote
sensing in Section 2.2. In Section 2.3 the principles of radar remote sensing of the cryosphere are discussed
and in Section 2.4 the external data is described.

2.1. GLACIERS AND THE CLIMATE

Glaciers can be found mainly in the polar and mountainous regions. Glaciers found in mountainous regions
are commonly draining from an ice-cap, which are generally found at high elevations where conditions are
cold enough. On exteriors of the Greenland Ice Sheet (GrIS) and Antarctic Ice Sheet (AIS), ice streams are
draining ice to the oceans. According to the IPCC, these ice streams are 'outlet glaciers’ and they are an
integral part of the ice sheet (IPCC, 2013). However, in literature the term ’"outlet glacier’ is also used for ice
streams draining ice caps or ice fields (Carr et al., 2013a). In this thesis we are studying outlet glaciers that are
connected to the GrIS and, for convenience, we also refer to them as glaciers.

In this section the glaciological principles are discussed. First in Section 2.1.1 the glaciological concepts
are discussed, followed by a more detailed elaboration of marine-terminating glaciers in Section 2.1.2 and a
description of the regional aspects in Section 2.1.3.

2.1.1. GLACIOLOGICAL CONCEPTS

For a glacier to form, it is required that there is sufficient accumulation (snowfall) to form a compacted ice
mass which will, under the pressure of its own weight, start to move downward. The glacier is in equilibrium
if the ablation (melting, sublimation) is equal to the accumulation. The total Surface Mass Balance (SMB), in
kg per year, defined as B, is therefore defined as:

Bs = f bdxdy 2.1)

area

where b is the specific balance rate in kg per m? per year, and it differs along the glacier coordinates x and y.
A positive b means accumulation, a negative b means ablation. b is mainly influenced by temperature, which
is dependent on altitude (when considering a yearly average). The equilibrium line E is defined to be a line at
which b = 0, see Figure 2.1. The area above the line is the accumulation area (mass gain), and the area below
this line is the ablation area (mass loss). As altitude is the most important factor of the equilibrium line, the
Equilibrium Line Altitude (ELA) is introduced. The ELA is a representation of the climatic conditions. If the
climate becomes warmer, the ELA moves up, if the climate cools down, the ELA moves down. In both cases,
the glacier will either decrease or increase it’s ablation area (Van der Veen, 2013).



6 2. TECHNICAL AND SCIENTIFIC BACKGROUND

Zone of
accumulation
Calving

Iceberg

Zone of
g ablation

Flow trajectory

Meltwater pool
Terminus ~ On glacier
Meltwater Meltwater (toe)

stream tunnel

Figure 2.1: An overview of the accumulation and ablation area of a glacier. The equilibrium line is located at an altitude where accumu-
lation is equal to ablation (melting and sublimation). Apart from ablation, a glacier can lose mass trough calving (Marshak, ).

Apart from the ablation, a glacier can also lose mass by ice discharge to the ocean through iceberg calving
and melt from ocean heat flux. The total Mass Balance (MB) is then defined as:

B;+C=0 (2.2)

where C denotes the mass loss by calving (in kg per year). In the case of outlet glaciers, the accumulation zone
is much larger than the ablation zone and it also extents to high altitudes (3 km). Hence, with small accumu-
lation rates the ice-sheet can still be in equilibrium condition (Van der Veen, 2013). Moreover, the SMB of the
Gr1S and AIS is positive (more accumulation than ablation) and their mass loss is due ice discharge through
calving and submarine melting.

Glacier flow is driven by gravity. Ice at higher elevations is pulled down, and follows the topography.
The motion of the ice is countered by friction with bedrock, both at the base and at the sides, and by the
longitudinal stress. (Van der Veen, 2013) described a glacier force budget:
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Here the right-hand term is the driving stress, defined by ice thickness H, glacier width W, ice density p,
slope % and gravity g. This driving stress is balanced by resistive forces. The first left-hand side term denotes
the effect of the longitudinal stress gradient, that is a derivative of the average longitudinal stress 7. In case
of a free floating ice shelf this is the only term to counter the driving stress as there is no friction. The friction
at the sides is represented by the second left-hand term, where 7,1 and 7> denote the contributions from
both sides. The basal friction is represented by the third left-hand term, and this is, in many cases, the most
important force to counter the driving stress (Van der Veen, 2013).

Based on this force balance, it is expected that if the right-hand side is larger than the left-hand side, a
glacier will accelerate until an equilibrium state is found again. Assuming that the driving stress from an ice-
sheet is stable, it is likely that variations in glacier flow are caused by changes of the parameters on the left
side. When the friction parameters become lower due to lubrication (i.e., frictional heating, meltwater), the
glacier is also likely to accelerate. Next to this, a glacier that becomes narrower or thinner will accelerate until
the friction parameters are high enough to resist the driving stress.

2.1.2. MARINE-TERMINATING GLACIERS

Three types of glaciers can be found on the Greenland ice sheet (GrIS): land, marine and ice shelf-terminating
glaciers. They are different due to the extent of their front position, that is defined as glacier terminus. The
first type has a terminus located on land, the second has a terminus located in the ocean (either floating or
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Figure 2.2: Calving events and a meltwater plume as observed from space using a SAR. A shows the waves coming from a recent calving
event. B shows a meltwater plume that rises all the way up to the surface and clears the ice.

grounded) and the latter ends up in an ice shelf (floating). A marine-terminating glacier is also referred to as
tidewater-glacier or calving glacier. Moreover, the different types of glaciers interact differently with external
forcing, i.e., climate change. The glaciological concepts introduced in Section 2.1.1 can be applied on all
glaciers, but this study focusses on marine-terminating outlet glaciers. For this study, we will focus on the
concepts that are important for marine-terminating outlet glaciers, specifically the role of calving, external
forcing and glacier-specific factors.

The vast majority of glaciers on the GrIS are marine-terminating (Moon et al., 2012). The future devel-
opment of the GrIS mass-balance is dependent on the behaviour of these marine-terminating glaciers and
their sensitivity to climate forcing. The definition of a marine-terminating glacier is an "outlet glacier as a
channel of fast-moving ice that drains an ice cap or ice sheet and terminates in the ocean, at either a floating
or grounded margin" (Carr et al., 2013a), meaning that they are not only influenced by air temperature, but
also by sea temperature and seasonal ice concentrations.

CALVING

Marine-terminating glaciers differentiate from land glaciers as they have high calving rates. This holds that
the calving C in Equation 2.2 is high, and that even with a positive SMB By a glacier can have a negative mass
balance. Ice discharge is considered to be a dominating mechanism in the mass loss of the existing ice-sheets,
and might have been responsible for the retreat of the Northern ice sheets during the last deglaciation (Nick,
2006). Calving events were also captured in SAR-images, as one can see in Figure 2.2.

The calving flux is defined as the volume of ice that breaks off per unit time and per unit vertical area of
the terminus (Paterson, 1994). From observations, it is shown that water depth is an important factor for the
calving rate. Glaciers with a shallow terminus show less calving compared to glaciers ending in deep water.
Nick (2006) modelled calving is dependent on water depth d, ice thickness at the glaciers front Hy and the
calving sensitivity c:

C=-cdHy. (2.4)

The unit of C is m?/ yr, and thus the calving sensitivity ¢ represents the inverse of time (yr!). The calving
flux C is directly related to the calving rate C when integrated over the width of a glacier, and converting the
volume to mass using the ice density p;... Therefore, the processes influencing C can be directly related to C:
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Figure 2.3: Overview of forcing factors induced by climate (black CAPS) and glacier specific controls (white CAPS). In italic the major
processes (black) and feedback mechanisms (white) are noted (Carr et al., 2013a).

C=Dpice f —cdHpdx (2.5)
width

The calving sensitivity c is an important parameter for a glacier, as it reflects the sensitivity to calve. How
c is exactly influenced remains a question with the current understanding of calving, but on a generic level it
is suggested to be combination between the flux and the mechanical properties of the ice (Nick, 2006, Nick
etal., 2010). The flux determines the amount of ice that is supplied to the terminus, meaning that a higher flux
meaning that more ice is available to calve. The mechanical properties are complex to capture, but it should
represent the strength of the ice to avoid ice breaking off. Mechanically, calving is related to the stress at the
terminus, if that exceeds the yield stress, the ice will break. Many processes can influence this, deep crevasses
will lead to higher stresses for example, and additional stresses occur if there is water in the crevasses. Ge-
ometric effects also play are role: a wider and/or thinner terminus is likely to have higher lateral stresses,
and thus calving is expected to increase. The presence of sea ice will reduce longitudinal stresses, thereby
decreasing the calving sensitivity. All these aspects are represented by the calving sensitivity ¢, and this is
an important parameter that is still poorly understood in glacier models. An attempt to model the calving
sensitivity has been performed by Nick et al. (2010) and Morlighem et al. (2016), but they are still generic
approaches that do not capture the complete calving processes, such as the influence of crevasses and but-

tressing.

EXTERNAL FORCING

A marine-terminating outlet glacier loses mass through by runoff (melt) or by calving. The influence of cli-
mate forcing on these processing is important to understand the future evolution of marine-terminating out-
let glaciers. The interaction of marine-terminating glaciers with climate forcing is mainly governed by three
external forcing variables:

e Surface Air Temperature (SAT).

¢ Sea Ice Fraction (SIF).
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¢ Ocean Temperature (OT), here it will be differentiated into:

— Sea Surface Temperature (SST),

— Deep Ocean Temperature (DOT).

Their relative importance is different for each glacier, meaning that each glacier responds differently to
climate change. In this study, we will focus on Surface Air Temperature (SAT), Sea Ice Fraction (SIF) and Sea
Surface Temperature (SST). In Figure 2.3 it can be seen that these variables are connected to various physi-
cal processes in and around a glacier, and that they also interact with each other through various feedback
mechanisms, i.e. a warmer SST and SAT leads to a reduction in SIE

Surface Air Temperature (SAT) has an important role in the SMB, and controls the availability of meltwa-
ter. A higher SAT will lead to a higher ELA, thereby increasing the ablation zone. Meltwater is formed at the
ablation zones and will drain its way to the glacier basin. At the glacier basin a channel system is formed by
the water (see Figure 2.4), that initially is inefficient, leading to pressure below the glacier causing the water
to act like a lubricant. This causes surface uplift, reduces basal stresses and, following from equation 2.3,
leads to high glacier velocities (up to a 200 % increase (Moon et al., 2014)). Depending on topography and
meltwater availability, the system can become efficient when the channel system ends in the ocean and the
water can flow away. Pressure will then drop and the glacier will slow down. This effect has been observed at
several glaciers, and is an important control in a glaciers flow velocity (Moon et al., 2014).

Subglacial hydrological system

) Dlstrl!:)uted and Increasingly efficient Ef‘ﬁcw_entand
inefficient system channelized system

e Ice flow direction _—

Figure 2.4: Overview of subglacial hydrology. Left is the tunnel system that a glacier has in its winter period, and under the influence
of meltwater availability the system will evolve during spring and summer to a potentially efficient system. In an inefficient system the
meltwater is trapped under the glacier. Consequently, it will act like a lubricant and allows a glacier speed-up. The efficient system does
not necessarily have to form each year (Carr et al., 2013a).

However, the effect of meltwater on interannual behaviour may be limited and of secondary importance
to fast flowing outlet glaciers (Carr et al., 2013b, Nick et al., 2010).

Sea Ice Fraction (SIF) influences the behaviour of a marine-terminating outlet glacier by controlling the
calving sensitivity. In this study, both sea ice (frozen sea) and sea ice melange (icebergs frozen in the fjord) are
considered together by SIE High concentrations of SIF are suggested to provide buttressing, exerting a small
force on the terminus of the glacier, thereby decreasing stresses at a glaciers terminus and reducing calving.
This effect is illustrated in Figure 2.5. High concentrations of sea ice are only found during winter and spring
periods, and the duration of this period is mainly influenced by sea and air temperature. Terminus advance
only happens when there is enough buttressing, and is commonly observed in winter and early spring (Howat
etal., 2010). Buttressing also decreases glacier flow speed as it acts an additional resistive force, i.e., increasing
the force induced by longitudinal stress gradients (Equation 2.3). Stere Gletscher has been found to show a 14
% speed-up after clearance of the sea ice (Walter et al., 2012). Although SIF are considered to be small forces,
their seasonal presence is suggested to be the difference between a positive or negative MB.

Long-term changes in their seasonal presence are suggested to influence the long-term evolution of marine-
terminating outlet glaciers. When the terminus advance in winter periods is smaller than the terminus retreat
in spring, a glacier will show long-term retreat. SIF is therefore considered to influence both seasonal as well
as long-term evolution (Carr et al., 2013a).

The role Ocean Temperature (OT) on the evolution of marine-terminating glaciers is not completely clear
in literature. It is one of the components that has not reached the level of understanding to allow realistic
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Figure 2.5: An illustration of the formation of sea ice melange. In A) the sea ice has formed and icebergs are frozen in the ice. In situation,
the sea-ice melange provides buttressing, thereby reducing calving rates and slowing down the glaciers. In B) the sea ice has vanished,
and there is no buttressing. (Carr et al., 2013a).

predictions (Bamber et al., 2007). This is mainly due to the fact that accurate oceanic observations at glaciers
are missing. Four mechanisms in the interaction of oceanic forcing on outlet glaciers are identified: subma-
rine melting and thinning of floating sections, grounding line retreat, alternation of calving front geometry at
grounding line and SIF loss due to warming (Carr et al., 2013a). The latter influences the seasonal evolution of
glaciers and can be properly observed, but the other mechanisms are difficult to assess due to the fact that it
happens subsurface, at the grounding line. The absence of subsurface observations means that most studies
use Sea Surface Temperatures (SST) (Moon et al., 2014, Moon et al., 2015) to represent oceanic forcing.

The relative importance of submarine melting on glacier evolution is poorly understood, but potentially
very big. Observations have shown that oceanic forcing acts as an important form of ice ablation, poten-
tially in the order of hundreds of meters in one summer, although varying significantly from one fjord to
the next (Rignot et al., 2010, Rignot et al., 2015). Observations in East-Greenland have shown that there is a
distinct difference in glacier evolution for glaciers in warmer and in colder waters (Seale et al., 2011). Three
distinct water layers, Atlantic Water, Polar Water, Subglacial Fresh Water, and three mixed water layers, Mixed
Water, Plume Water and Surface Water, are identified to be present in the Uummannagq-region (citeauthor-
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Figure 2.6: Two types of termini. The terminus of type A is connected to the grounding line, the terminus of type B has a floating tongue
(Straneo et al., 2013).

Chauche2014, 2014). It is suggested that the Atlantic Water (AW), warm (> 2.5°C), salty, subsurface water
originating from the tropics, have triggered a large number of glaciers to retreat (Rignot et al., 2016). The AW
can be found below 250 m, covered by cold (< 1°C) Polar Water (PW) and potentially Mixed Water (MW) from
submarine melting. As these waters originate from the ocean, their temperature is denoted as Deep Ocean
Temperature (DOT). Based on these studies, here it is argued that that Equation 2.2 should be extended for
marine-terminating glaciers:

Bs+C+B,=0, (2.6)

where B, is the Oceanic Mass Balance (OMB). Due to the lack of continuous sub-surface observations
and the poor understanding of subsurface processes it is very hard to quantify the OMB.

There is an interesting feedback between meltwater and submarine melting, as meltwater can induce
fjord circulation. An outflow of fresh meltwater leads to buoyancy driven circulation in the fjord, introducing
convection driven melting at the grounding line and forced convection that drives the inflow of deep, warm
ocean waters. This process has a major impact on melting at the grounding line, and therefore meltwater is
likely to result in summertime melting near the grounding line, regardless of ambient seawater temperature
(Rignot et al., 2010, Carr et al., 2013b, Jenkins, 2011). The relative importance of these processes to the long-
term evolution remains unclear, and suggested to be different for each glacier (Carr et al., 2013a).

Sea Surface Temperature (SST) are suggested to mainly influence SIE and consequently they influence
terminus behaviour. Surface waters are covering the top 15 meters, and consists of a mix of polar waters and
meltwater that is also influenced by solar insolation and atmospheric melting (Chauché et al., 2014).

In this study, data will be presented of Surface Air Temperatures, Sea Ice Fraction and Sea Surface Temper-
ature. It is chosen to use Sea Surface Temperature (SST), and not Deep Ocean Temperature (DOT) as there
is simply no proper long-term record of these temperatures, but also because DOT influences subsurface
processes which are not observed with SAR.

GLACIER-SPECIFIC FACTORS

The processes that influence a marine-terminating outlet glaciers have been discussed, as well as their rela-
tion to climate forcing. However, the role of that climatic forcing variables have on the evolution of marine-
terminating glaciers is different for each glacier. Glacier-specific factors, such as fjord topography, fjord
bathymetry, terminus type, etc, are suggested to control the influence of climate forcing on the glaciologi-
cal processes (Carr et al., 2013a).

The terminus type, grounded or floating, influences the sensitivity to calving (see Figure 2.6). Floating
termini are more sensitive to subglacial melt and, under influence of increased stresses, calving events are
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Figure 2.7: An overview of the terminal moraine shoal that is formed by sediment transport at the glacier bed. The terminal moraine
shoal acts like a sill, and acts a resistive force on the glacier. An advancing glacier has to push the terminal moraine shoal ahead, like a
bulldozer Fischer and Powell (1998).

more likely to occur. Grounded termini are regarded less sensitive, but under influence of oceanic forcing the
grounded line can retreat and the terminus can become a floating terminus. In practice, many glaciers have
an intermediate terminus type, and it is hard to classify glaciers as completely grounded or completely float-
ing. In addition, it is hard to determine which terminus type a glacier has using SAR images. A bathymetric
survey by (Rignot et al., 2015) showed that Rink Isbrae and Stere Gletscher have no typical floating tongue, but
a seasonal tongue can be formed.

Another important aspect of the stability of a glacier to external forcing (SST, SAT, SIF) depends on the
fjord topography. Carr et al. (2013b) found that for a region in Northwest Greenland the behaviour of specific
glaciers is mainly influenced by their topographic situation. A narrow fjord width relaxes lateral stresses, that
will lead to a reduced calving sensitivity ¢ and thus leads to a relatively stable MB. Similarly, a shallow fjord
lowers the calving flux according to equation 2.5. Glacier terminus retreat is therefore observed to be step-
wise, from narrow section to narrow section.

Fjord bathymetry is considered to be an important control on the long-term evolution of a marine-terminating
glacier. Most marine-terminating glaciers form a terminal moraine shoal by sediment deposit at its terminus
location (illustrated in Figure 2.7), thereby creating a stable position in the fjord by decreasing the calving flux
(Bs+ C =0). During a period with a high SMB or a low calving flux (Bs + C > 0), the glacier is able to advance
slowly, thereby pushing its moraine shoal (Powell, 1990) in front of its terminus. In this situation, it can sus-
tain relatively low calving flux until it advances to a position where it remains in equilibrium. If at some point
the SMB decreases or the calving sensitivity ¢ increase, the glacier may leave it’s equilibrium (Bs + C < 0),
followed by a retreat into deeper waters where it’s calving flux is increased even more. This positive feedback
enhances rapid retreat (Nick, 2006). Consequently, marine-terminating glaciers have observed to be either
slowly advancing or rapidly retreating (Post, 1975, Meier and Post, 1987).

Where a retreating land-terminating glacier will re-advance the moment the SMB becomes positive again,
a marine-terminating might not be able to due to its increased calving flux. On the contrary, the SMB might
also become more negative during its rapid retreat. It is suggested by Fischer and Powell (1998) that the ter-
minal moraine shoal also provides a restraining force (basal) against glacier flow. As can be seen in Equation
2.3, a decrease in basal resistive forcing will cause a glacier to accelerate. An increase in velocity will lead to
thinning (Van der Veen, 2013), that will lead to a larger ablation area and that in turn lowers the SMB. Re-
treat of a marine-terminating glaciers leads to a lower SMB and a higher calving flux. Hence, variations in the
mass budget can put a marine-terminating glacier in a positive feedback loop, that is irreversible until a new
equilibrium position is found. This is confirmed by observations, which found that retreat of the terminus
position leads to a decrease in restraining forces and can lead to a rapid speedup, as for example observed at
Alison glacier where velocities increased up to 63 % (Carr et al., 2013b). In conclusion, the terminal moraine
shoal facilitates a stable position of the terminus, but enhances rapid retreat when the terminus retreats from
this position.

Carr et al. (2013b) also states that the magnitude of seasonal retreat is dependent on the forcing param-
eters during the summer period, but that the magnitude of interannual retreat is in particular influenced by
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the topographic situation and not directly by forcing parameters. This is illustrated by the fact that Igdlugdlip
Sermia terminus position was stable in a narrow fjord situation for several decades, but is expected to retreat
rapidly as the inland fjord topography might facilitate this retreat. This behaviour is confirmed by Moon et al.
(2015), as observations showed that meltwater is important for a glacier’s seasonal behaviour, but interannual
changes are imposed by terminus changes. These observations are in line with the expected behaviour ac-
cording to the rapid retreat scenario described earlier, where retreat of marine-terminating glaciers imposes
a positive feedback that, even during colder periods, is sustained until the calving C is small enough to bal-
ance the SMB (either by a reduced calving sensitivity c or a lower fjord depth d). Questions remain about how
these patterns connect at different timescales and across different regions, and in what timescales glaciers
are able to build a new marine shoal.

CLASSIFICATION OF SEASONAL BEHAVIOUR

As each glacier and its sensitivity to external forcing is unique, it is also expected that glaciers show a different
seasonal behaviour. This is important to understand, because seasonal behaviour might have consequences
on the long-term stability of a glacier.

The seasonal behaviour of glaciers can be divided into three classes (Moon et al., 2014): terminus con-
trolled behaviour, meltwater driven without an efficient drainage system and meltwater driven with an effi-
cient drainage system. The first type does not occur often on a regular basis, in contrary to the latter two. The
latter two are closely connected, with the note that an efficient drainage system does not have to be formed
each year. It was observed that in low-melt regions an inefficient system was sustained, leading to an early
summer speed-up and relatively stable speeds the rest of the year. In high-melt regions the channel system
became efficient, leading to a late summer minimum. One can see this as an negative feedback, where more
meltwater does not lead to increased glacier velocities, but to a quicker formation of an efficient drainage
system leading to reduced glacier velocities (Moon et al., 2014).

2.1.3. REGIONAL ASPECTS

The glaciological concepts of marine-terminating outlet glaciers have been introduced, and it has been dis-
cussed that marine-terminating glaciers are influenced by climate forcing, and that glacier-specific factors
are controlling this influence. However, most studies performed on GrIS outlet glaciers are mainly focussed
on a small number of large glaciers (Jakobshavn Isbrae, Hellheim, Petermann). The conclusions and rela-
tions found on those glaciers should not be extrapolated to all GrIS glaciers without studying more glaciers
and during a longer time-span (Carr et al., 2013a). The aim of this study is to study more glaciers during a
longer time-span, and to identify which factors play a role in their different sensitivity to climate forcing.

Therefore, it is especially interesting to compare seasonal and long-term behaviour of glaciers which are
subject to approximately the same climate forcing, over a prolonged period of time. For this thesis the Uum-
mannaq region is considered, a shielded fjord system in west-Greenland that is connected to Baffin Bay with
a 50 km channel. It came to its name by the little village, Uummannagq, that is build on a rock in the mid-
dle of the fjord system. This region has been chosen for the research of because of its data availability and
the shielded topographic situation. There is much data coverage from 1992-2014 over this region, and also
SST, SAT and SIF data is available. Next to this, the shielded fjord system makes that SAT, SIF and SST can be
considered approximately the same over the region, making it possible to compare the behaviour between
glaciers under the same climate forcing. Ten Glaicers can be found in this region, as depicted in Figure 2.9, of
which Stere glacier and Rink Isbree are the largest and most observed. Based on data availability it is chosen
to study 7 of the 10 glaciers, including the fast flowing Stere glacier and Rink Isbrze.

In Figure 2.8 the yearly discharge of the Greenlandic glaciers is given, which shows that the the 15 largest
glaciers are responsible for 50% of the cumulative discharge for the GrIS. Two of the glaciers in the Uummannag-
region, Stere glacier and Rink Isbrae, can be found in the top 15.

The largest and most studied glacier of the GrIS, Jakobshavn, is only 100 km South of Stegre Gletscher. It
showed a rapid retreat and acceleration after the breakup of its floating tongue. As this glacier is close to the
region of interest, it is interesting to understand when, why and how it retreated. It was observed that it re-
treated 20 km after the Little Ice Age (that lasted until 1850) until it found a stable position around 1950. In
1997 the 15 km long floating tongue started to collapse and in 2004 it was completely dissolved (Nick et al.,
2010). During this period the glacier accelerated from 6 km/yr to 13 km/yr, and the speed-up has observed
to propagate inland together with sustained thinning. Many studies have been performed to understand the
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rapid retreat of Jakobshavn (Nick et al., 2010). It is suggested that the collapse of the ice-tongue followed after
a sharp decline of sea ice and due to oceanic forcing at it’s grounding line (Joughin et al., 2008). The glaciers
in the Uummannaq-region might have the potential to undergo a similar retreat and acceleration, and are
therefore interesting to study.
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